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Text:

At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-S-Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given
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(i.e. particle content and gauge symmetries define SM)

— But this new view on the SM poses new questions —
1. All SM4 couplings known, infinite interactions of the SMEFT totally unknown. 

Which organising principles?
2. Which symmetry? B and L accidental or true symmetries 

(quantum gravity forbids exact continuous global symmetry). 
3 Similarly, other structures of SM4 now calls for further explanations 

(custodial protection/GIM-FCNC…) 

— SM    =   SMEFT —  

3

What is the SM?

We certainly know that the SM is not *complete* 
and it should be considered as a low energy EFT,

therefore there is no reason to stop at dim-4 operators.  

SM is consistent 
(i.e. closed under radiative corrections and no pathology, except maybe hypercharge Landau pole).

  SM   =   ?
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On $ impo%ance of selection rul&
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Dimensional Analysis
[S]m = 0

S =

Z
d4xL

[L]m = 4

L = @µ�@
µ�+ . . . [�]m = 1Scalar field

L =  †�0�µ@µ [ ]m = 3/2Spin-1/2 field

L = Fµ⌫F
µ⌫ + . . . with Fµ⌫ = @µA⌫ � @⌫Aµ + . . . [Aµ]m = 1Spin-1 field

Particle lifetime of a (decaying) particle: [⌧ ]m = �1 [� = 1/⌧ ]m = 1Width:

Cross-section (“area” of the target): [�]m = �2
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Lifetime “Computations”

The interactions responsible for the decay of muon and neutron are effectively of the form: 

L = GF  
4

[mass]4
[mass]�2 [mass]3/2⇥4

� / G2
Fm

5

[mass]

GF = Fermi constant: GF ⇠ 10�5

mproton
⇠ 10�5 GeV�2

muon and neutron are unstable particles

µ ! e⌫µ⌫̄e

n ! p e ⌫̄e

For the muon, the relevant mass scale is the muon mass mμ=105MeV:

�µ =
G2

Fm
5
µ

192⇡3
⇠ 10�19 GeV i.e. ⌧µ ⇠ 10�6 s

For the neutron, the relevant mass scale is (mn-mp)≈1.29MeV:

�n = O(1)
G2

F�m5

⇡3
⇠ 10�28 GeV i.e. ⌧n ⇠ 103 s

E T L
1eV 10-16s 10-7m

1 = ~c ⇠ 200MeV · fm
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Universality of Weak Interactions

The cross-terms generate both neutron decay and muon decay.
The life-times of the neutron and muon tell us that the relative factor between the e and the μ 

in the current is of order one:  the weak force has the same strength for e and μ.

τn ≈ 900s 

L = GF  
4

�µ =
G2

Fm
5
µ

192⇡3
⇠ 1/10�600

factor 192 not exactly correct 
because n and p are not elementary particles: 

form factors are involved

�n =
G2

F�m5

192⇡3
⇠ 1/150

µ ! e⌫µ⌫̄e n ! p e ⌫̄e
τμ ≈ 10-6s 

L = GF (n̄pē⌫e + µ̄⌫µē⌫e)
?

By analogy with electromagnetism, one can see the Fermi force as a current-current interaction
(vector-vector interaction instead of scalar-scalar interaction)

Jµ = (n̄�µp) + (ē�µ⌫e) + (µ̄�µ⌫µ) + . . .L = GF J⇤
µJ

µ
with

it can be shown (thanks to the transformation law of spin-1/2 field given before) that 
this Lagrangian is invariant under Lorentz transformation

?
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What if particles were spin-0?

[mass]4

L = GF�
4

[mass]1⇥4

[mass]0
[mass]

� / G2
Fm

�µ =
�
10�600��1

=
G2

Fmµ

192⇡2
�n = (150)

�1
=

G2
F (mn �mp)

192⇡2

1011 =
�µ

�n
=

mµ

mn �mp
= 102

TH 
prediction

?

It could still have been true but we would need to give up universality of the Fermi interactions. 
Remember theorists like to connect phenomena that are seemingly different. 

Even more true when they follow from simple assumptions.
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Pion decay(s)
What about π± decay τπ ≈10-8s? 

Does it mean that our way to compute decay rate is wrong?
Is pion decay mediated by another interaction?

The pion is a composite particle: does is mean that the form factors drastically change our estimates?
Is the weak interaction non universal, i.e. is the value of GF processus dependent?

Why                                    ?   And not                                                          ?�(⇡� ! e�⌫̄e)

�(⇡� ! µ�⌫̄µ)
⇠ 10�4

�(⇡� ! e�⌫̄e)

�(⇡� ! µ�⌫̄µ)
⇠ (m⇡ �me)5

(m⇡ �mµ)5
⇠ 500

EXP TH

⇡� ! µ⌫̄µ ⇡� ! e�⌫̄e
experimentally the pions decay dominantly into muons and not electrons. 
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Weak interactions maximally violates P

�(⇡� ! e�⌫̄e)

�(⇡� ! µ�⌫̄µ)
/ m2

e

m2
µ

⇠ 2⇥ 10�5 ⇠ 10�4
obs

Extra phase-space factor

SM is a Chiral Theory

60
27Co ! 60

28Ni + e� + ⌫̄e only left-handed (LH) e- produced 

!-

e-"e

⇒⇒

Conservation of momentum and spin
imposes to have a RH e-

Weak decays proceed only w/ LH e-

So the amplitude is prop. to me

LDirac =  ̄L�
µ@µ L +  ̄R�

µ@µ R +m
�
 ̄L R +  ̄R L

�

Lorentz structure  
of fermion mass

direction of momentum direction of spin
⇒

 Weak interactions act only on LH particles (and RH anti-particles) 
this property has an important consequence (aka selection rule) for pion decay

Selection rules are important to get the right estimates
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Pathology at High Energy
What about weak scattering process, e.g .                    ?e⌫e ! e⌫e

[mass]�2
[mass]�2⇥2 [mass]2

� / G2
FE

2 non conservation of probability 
(non-unitary theory)

inconsistent at high energy

Jµ = (n̄�µp) + (ē�µ⌫e) + (µ̄�µ⌫µ) + . . .L = GF J⇤
µJ

µ
with

The same Fermi Lagrangian will thus also contain a term 

that will generate e-!e scattering whose cross-section can be guessed by dimensional arguments
GF (ē�µ⌫e)(⌫̄e�

µe)

It means that, at high-energy, the quantum corrections to the classical contribution can be sizeable:

� / G2
FE

2 +
1

16⇡2
G4

FE
6 + . . .GF GF GF

⌫e

e e

⌫e ⌫e⌫e
⌫e

e
e

e

unless new degrees of freedom appear before to change the behaviour of the scattering 

The theory becomes non-perturbative at an energy Emax =
2
p
⇡p

GF
⇠ 100GeV–1TeV
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Electroweak Interactions

� / G2
FE

2 � / g4
E2

m2
W (E2 +m2

W )

 Low energy  High energy 

GF / g2

m2
W

— matching —

The Fermi interaction is not a fundamental interaction of Nature.
It is a low energy effective interaction.

GF

⌫e

e e

⌫e
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From Gauge Theory to Fermi Theory
We can derive the Fermi current-current contact interactions by “integrating out” the gauge bosons, 
i.e., by replacing in the Lagrangian the W’s by their equation of motion. Here is a simple derivation: 

(a better one should take taking into account the gauge kinetic term and the proper form of the fermionic current that we’ll figure out 
tomorrow,  for the moment, take it as a heuristic derivation)

@L
@W+

µ
= 0 ) W�

µ =
g

m2
W

J�
µThe equation of motion for the gauge fields:

L = �m2
WW+

µ W�
⌫ ⌘µ⌫ + gW+

µ J�
⌫ ⌘µ⌫ + gW�

⌫ J+
⌫ ⌘µ⌫

J+µ = n̄�µp+ ē�µ⌫e + µ̄�µ⌫µ + . . . and J�µ =
�
J+µ

�⇤

Plugging back in the original Lagrangian, we obtain an effective Lagrangian (valid below the mass of the gauge 

bosons):

L =
g2

m2
W

J+
µ J�

⌫ ⌘µ⌫

which is the Fermi current-current interaction. The Fermi constant is given by
(the correct expression involves a different normalisation factor) 

GF =
g2

m2
W

But what is the origin of the W mass?
By the way, it is not invariant under SU(2) gauge transformation…

That’s what the Higgs mechanism will take care of!
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Swampland: UV/IR mixing

14
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Particle Physics & Quantum Gravity
Can the SM be embedded in a theory of quantum gravity at the Planck scale?

Can QG be really decoupled at low energy?
Would certainly be true if any QFT can be consistently coupled to QG

Ib
an

ez
 @

 S
U

SY
’1

8

SM

Landscape

Swampland

Regions in SM 
parameter space 

forbidden

Instead Vafa conjectured in 2005 that there exists a swampland 

This conjecture has potentially far-reaching implications for phenomenology.

https://indico.cern.ch/event/689399/contributions/2953687/attachments/1694568/2727259/SUSY-2018.pdf
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Landscape/Swampland Conjectures
0) No exact global symmetry For a review, see Banks, Seiberg ‘10

1) Gravity is the weakest force

In any UV complete U(1) gauge theory there must exist at least one charged particle 
with mass M such that: M/MP < g . q

Arkani-Hamed, Motl, Nicolis, Vafa ‘06

Why? otherwise extremal charged BH cannot decay!

BH

Q=M

q1, M1

q2=M2

BH can decay iff M1+M2<M, i.e. M1<M-M2=Q-q2=q1

http://arxiv.org/abs/arXiv:1011.5120
http://arxiv.org/abs/hep-th/0601001
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2) non-susy AdS vacua (Vmin<0) are unstable

hHi < 1.6
⇤1/4
4

Y⌫

Consider the SM (with cc) compactified on a circle of radius R

 57

The SM + gravity on a circle S1

The radius potential :

Consider the lightest sector : �, gµ⌫ , ⌫1,2,3

�, gµ⌫

One� loop Casimir energy

⌫iFrom 4D c.c.

⌫i with periodic b.c. contributes positively!!

Arkani-Hamed et al. 2007

Heavier particles have exponentially small contribution

Majorana neutrinos leads to an AdS vacuum ⇒ in swampland

SM with 3 families but without Higgs also develops AdS vacuum ⇒ in swampland

⇒ Large quantum corrections end up in swampland (for fixed Λ4 and Yν)

Ib
an

ez
 @

 S
U

SY
’1

8

Dirac neutrinos avoid AdS vacuum iif mν4 < Λ4

Ooguri,Vafa ’16

Ibanez, Martin-Lozano, Valenzuela ’17

Landscape/Swampland Conjectures

https://indico.cern.ch/event/689399/contributions/2953687/attachments/1694568/2727259/SUSY-2018.pdf
http://arxiv.org/abs/arXiv:1610.01533
http://arxiv.org/abs/arXiv:1706.05392
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• Pure positive cosmological constant, i.e. vacuum energy, (dS vacuum) is forbidden 

• Quintessence: 

• Quintessence + Higgs: 

• Quintessence + axion:

18

Swampland Conjectures
3)                                     with c is O(1) for any field configurationMP k ~5�i

V (�i) k> cV (�i)

V (✓,�) = ⇤4e��/MP + ⇤4
QCD(1� cos(✓/f)) + V0

⇤4

⇤4 + V0
@(✓ = 0,� = 0)

⇤4

⇤4 + ⇤4
QCD + V0

@(✓ = ⇡f,� = 0)

at least one of them is as small as

O

✓
cc

QCD4

◆
⇠

(10�3 eV)4

(200MeV)4
⇠ 10�44

Obied, Ooguri, Spodyneiko, Vafa ’18

⇤4

⇤4 + �v4 + V0
@(H = 0,� = 0)

⇤4

⇤4 + V0

@(H = v,� = 0)

at least one of them is as small as

O

✓
cc

EW4

◆
⇠

(10�3 eV)4

(100GeV)4
⇠ 10�56

V (H,�) = ⇤4
e
��/MP + �(|H|2 � v

2)2 + V0

V (�) = ⇤4e��/MP
0.6 >  > c

Planck data swampland conjecture

Agrawal, Obied, Steinhart, Rafa ‘18

Denef, Hebecker, Wrase ‘18

Murayama, Yamazaki, Yanagida ‘18

MP k ~5�i
V (�i) k

V (�i)
=

MP k ~5�i
V (�i) k

V (�i)
=

http://arxiv.org/abs/hep-th/0601001
http://arxiv.org/abs/1806.09718
http://arxiv.org/abs/arXiv:1807.06581
http://arxiv.org/abs/arXiv:1809.00478
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Planck data swampland conjecture

Agrawal, Obied, Steinhart, Rafa ‘18

Denef, Hebecker, Wrase ‘18

Murayama, Yamazaki, Yanagida ‘18

MP k ~5�i
V (�i) k

V (�i)
=

MP k ~5�i
V (�i) k

V (�i)
=

It is not that String Theory rules out the SM as we know it.
But non-trivial interactions among seemingly decoupled sectors must exist:

UV enforces interactions among IR degrees of freedom,
like anomaly conditions enforce constraints on IR physics.

http://arxiv.org/abs/hep-th/0601001
http://arxiv.org/abs/1806.09718
http://arxiv.org/abs/arXiv:1807.06581
http://arxiv.org/abs/arXiv:1809.00478
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EFTs for Hi's data
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M. Zuckerberg, Harvard graduation ceremony speech, May 25, 2017

“the success comes from the freedom to fail”
one doesn’t have to succeed on the first try

How to report Higgs data: from κ to EFT

Oversimplified PR plot
1) not a unique coupling to each particle

2) powerful complementarity/synergy with non-Higgs measurements not visible 
(e.g. EW, diboson, top)

Higgs at FCC.
To summarise the Higgs programme…











Note that y-axis is logarithmic!
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Future colliders

more, depending on the luminosity. The production rate of particles 
already within the LHC reach, such as top quarks or Higgs bosons, 
will increase by even larger factors. During its planned 25 years of 
data-taking, more than 1010�+LJJV�ERVRQV�ZLOO�EH�FUHDWHG�E\�)&&�
hh, which is 10,000 times more than collected by the LHC so far and 
100 times more than will be available by the end of LHC operations. 
7KHVH�DGGLWLRQDO�VWDWLVWLFV�ZLOO�HQDEOH�WKH�)&&�KK�H[SHULPHQWV�WR�
improve the separation of Higgs signals from the huge backgrounds 
WKDW�DIÁLFW�PRVW�/+&�VWXGLHV��RYHUFRPLQJ�VRPH�RI�WKH�GRPLQDQW�
systematics that limit the precision attainable from the LHC. 

While the ultimate precision on most Higgs properties can only be 
DFKLHYHG�ZLWK�)&&�HH��VHYHUDO�GHPDQG�FRPSOHPHQWDU\�LQIRUPDWLRQ�
IURP�)&&�KK��)RU�H[DPSOH��WKH�GLUHFW�PHDVXUHPHQW�RI�WKH�FRXSOLQJ�
between the Higgs and the top quark necessitates that they be pro-
GXFHG�WRJHWKHU��UHTXLULQJ�DQ�HQHUJ\�EH\RQG�WKH�UHDFK�RI�WKH�)&&�HH��
At 100 TeV, almost 109 of the 1012 produced top quarks will radiate a 
Higgs boson, allowing the top-Higgs interaction to be measured with 
a statistical precision at the 1% level – a factor 10 improvement over 
what is hoped for from the LHC. Similar precision can be reached for 
+LJJV�GHFD\V�WKDW�DUH�WRR�UDUH�WR�EH�VWXGLHG�LQ�GHWDLO�DW�)&&�HH��VXFK�
as those to muon pairs or to a Z and a photon. All of these measure-
PHQWV�ZLOO�EH�FRPSOHPHQWDU\�WR�WKRVH�REWDLQHG�ZLWK�)&&�HH��DQG�
will use them as reference inputs to precisely correlate the strength 
of the signals obtained through various production and decay modes. 

One respect in which a 100 TeV proton–proton collider would 
come to the fore is in revealing how the Higgs behaves in private. 
The Higgs is the only particle in the SM that interacts with itself. 
$V�WKH�+LJJV�VFDODU�SRWHQWLDO�GHÀQHV�WKH�SRWHQWLDO�HQHUJ\�FRQWDLQHG�
LQ�D�ÁXFWXDWLRQ�RI�WKH�+LJJV�ÀHOG��WKHVH�VHOI�LQWHUDFWLRQV�DUH�QHDWO\�

GHÀQHG�DV�WKH�GHULYDWLYHV�RI�WKH�
scalar electroweak potential. 
With the Higgs boson being an 
excitation about the minimum of 
this potential, we know that its 
ÀUVW�GHULYDWLYH�LV�]HUR��7KH�VHF-
ond derivative of the potential is 
simply the Higgs mass, which 
is already known to sub-per-
cent accuracy. But the third and 
fourth derivatives are unknown, 
and unless we gain access to 

Higgs self-interactions they could remain so. The rate of Higgs pair-
production events, which in some part occur through Higgs self-
LQWHUDFWLRQV��ZRXOG�JURZ�SUHFLSLWRXVO\�DW�)&&�KK�DQG�HQDEOH�WKLV�
unique property of the Higgs to be measured with an accuracy of 
5% per cent. Among many other uses, such a measurement would 
comprehensively explore classes of baryogenesis models that rely 
on modifying the Higgs potential, and thus help us to understand the 
origin of matter. 
)&&�KK�ZRXOG�DOVR�DOORZ�DQ�H[KDXVWLYH�H[SORUDWLRQ�RI�QHZ�7H9�

scale phenomena. Indirect evidence for new physics can emerge 
from the scattering of W bosons at high energy, from the produc-
tion of Higgs bosons at very large transverse momentum, or by test-
ing the far “off-shell” nature of the Z boson via the measurement 
of lepton pairs with invariant masses in the multi-TeV region. The 
plethora of new particles predicted by most models of symmetry-
breaking alternative to the SM can be searched for directly, thanks 
to the immense mass reach of 100 TeV collisions. The search for 
dark matter, for example, will cover the possible space of param-
eters of many theories relying on weakly interacting massive par-
ticles, guaranteeing a discovery or ruling them out. Theories that 
address the hierarchy problem will also be conclusively tested. 
)RU�VXSHUV\PPHWU\��WKH�PDVV�UHDFK�RI�)&&�KK�SXVKHV�EH\RQG�WKH�
UHJLRQV�PRWLYDWHG�E\�WKLV�SX]]OH�DORQH��)RU�FRPSRVLWH�+LJJV�WKHR-
ries, the precision Higgs coupling measurements and searches for 
new heavy resonances will fully cover the motivated territory. A 
100 TeV proton collider will even confront exotic scenarios such 
DV�WKH�WZLQ�+LJJV��ZKLFK�DUH�QLJKWPDULVKO\�GLIÀFXOW�WR�WHVW��7KHVH�
theories predict very rare or exotic Higgs decays, possibly visible 
DW�)&&�KK�WKDQNV�WR�LWV�HQRUPRXV�+LJJV�SURGXFWLRQ�UDWHV�

Beyond these examples, a systematic effort is ongoing to catego-
ULVH�WKH�PRGHOV�WKDW�FDQ�EH�FRQFOXVLYHO\�WHVWHG��DQG�WR�ÀQG�WKH�ORRS-
holes that might allow some models to escape detection. This work 
ZLOO�LQÁXHQFH�WKH�ZD\�GHWHFWRUV�IRU�WKH�QHZ�FROOLGHU�DUH�GHVLJQHG��
:RUN�LV�DOUHDG\�VWDUWLQJ�LQ�HDUQHVW�WR�GHÀQH�WKH�IHDWXUHV�RI�WKHVH�
GHWHFWRUV��DQG�HIIRUWV�LQ�WKH�)&&�&'5�VWXG\�ZLOO�IRFXV�RQ�FRP-
prehensive simulations of the most interesting physics signals. The 
H[SHULPHQWDO�HQYLURQPHQW�RI�D�SURWRQ²SURWRQ�FROOLGHU�LV�GLIÀFXOW�
due to the large number of background sources and the additional 
noise caused by the occurrence of multiple interactions among the 
hundreds of billions of protons crossing each other at the same 
time. This pile-up of events will greatly exceed those observed 

1.000

0.100

0.010

HL-LHC FCC-ee FCC-hh FCC-eh

0.001
WW ggγγZZ Zγ HH tt bb cc TT BRinv Γtotμμ

(Far left). The FCC accelerator complex in 
the Geneva region, showing the location of 
key experimental areas. (Middle) Proposed 
timeline of the FCC project shown in 
comparison with previous and existing 
CERN colliders. (Left) Fig. 1. Together, 
FCC-ee, hh and eh can provide detailed 
measurements on the Higgs properties. The 
ÀJXUH�VKRZV�LQGLFDWLYH�SUHFLVLRQ�LQ�WKH�
determination of couplings to gauge 
bosons, quarks and leptons, as well as of 
the Higgs self-coupling, of its total width 
and of the invisible decay rate. Firmer 
estimates will appear in the CDR. 

Future colliders 
like the FCC will be 
needed to explore 
these fundamental 
mysteries more 
deeply.

V
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M. Zuckerberg created FaceMash before Facebook

J.K. Rowling  got rejected 12 times by editors before she 
published Harry Potter

Beyonce wrote hundreds of songs before ‘Halo’

... Physicists used signal strengths to report Higgs data before ...

M. Zuckerberg, Harvard graduation ceremony speech, May 25, 2017

“the success comes from the freedom to fail”
one doesn’t have to succeed on the first try

How to report Higgs data: from κ to EFT
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In the SM, once the numerical value of the Higgs mass is specified, all the couplings of the Higgs
boson to fermions, bosons and to itself are specified within the model. It is therefore in general not
possible to perform a fit to experimental data within the context of the SM where Higgs couplings are
treated as free parameters. While it is possible to test the overall compatibility of the SM with the data,
it is not possible to extract information about deviations of the measured couplings with respect to their
SM values.

A theoretically well-defined framework for probing small deviations from the SM predictions —
or the predictions of another reference model — is to use the state-of-the-art predictions in this model
(including all available higher-order corrections) and to supplement them with the contributions of addi-
tional terms in the Lagrangian, which are usually called “anomalous couplings”. In such an approach and
in general, not only the coupling strength, i.e. the absolute value of a given coupling, will be modified,
but also the tensor structure of the coupling. For instance, the HW+W− LO coupling in the SM is pro-
portional to the metric tensor gµν , while anomalous couplings will generally also give rise to other tensor
structures, however required to be compatible with the SU(2)×U(1) symmetry and the corresponding
Ward-Slavnov-Taylor identities. As a consequence, kinematic distributions will in general be modified
when compared to the SM case.

Since the reinterpretation of searches that have been performed within the context of the SM
is difficult if effects that change kinematic distributions are taken into account and since not all the
necessary tools to perform this kind of analysis are available yet, the following additional assumption is
made in this simplified framework:

– Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into ac-
count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.
This means in particular that the observed state is assumed to be a CP-even scalar.

3.1 Definition of coupling scale factors
In order to take into account the currently best available SM predictions for Higgs cross sections, which
include higher-order QCD and EW corrections [61–63], while at the same time introducing possible
deviations from the SM values of the couplings, the predicted SM Higgs cross sections and partial decay
widths are dressed with scale factors κi. The scale factors κi are defined in such a way that the cross
sections σii or the partial decay widths Γii associated with the SM particle i scale with the factor κ2i
when compared to the corresponding SM prediction. Table 2 lists all relevant cases. Taking the process
gg → H → γγ as an example, one would use as cross section:

(σ · BR) (gg → H → γγ) = σSM(gg → H) · BRSM(H → γγ) ·
κ2g · κ2γ
κ2H

(2)

where the values and uncertainties for both σSM(gg → H) and BRSM(H → γγ) are taken from Ref. [63]
for a given Higgs mass hypothesis.

By definition, the currently best available SM predictions for all σ · BR are recovered when all
κi = 1. In general, this means that for κi #= 1 higher-order accuracy is lost. Nonetheless, NLO QCD
corrections essentially factorize with respect to coupling rescaling, and are accounted for wherever pos-
sible. This approach ensures that for a true SM Higgs boson no artifical deviations (caused by ignored
NLO corrections) are found from what is considered the SM Higgs boson hypothesis. The functions
κ2VBF(κW, κZ,mH), κ2g(κb, κt,mH), κ2γ (κb, κt, κτ, κW,mH) and κ2H(κi,mH) are used for cases where
there is a non-trivial relationship between scale factors κi and cross sections or (partial) decay widths,
and are calculated to NLO QCD accuracy. The functions are defined in the following sections and all re-
quired input parameters as well as example code can be found in Refs. [63,64]. As explained in Sec. 3.2.3
below, the notation in terms of the partial widths ΓWW(∗) and ΓZZ(∗) in Table 2 is meant for illustration
only. In the experimental analysis the 4-fermion partial decay widths are taken into account.

4

individual coupling rescaling factors
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Figure 11.17: Likelihood contours in the (κF , κV ) plane for the ATLAS-CMS
combination for the main decay channels separately (left) and for the individual
combination of all channels for ATLAS and CMS separately and the complete
combined contour (right) [141].

The global fit is only sensitive to the relative sign of κV and κF . By convention
negative values of κF can be considered. Such values are not excluded a priori, but would
imply the existence of new physics at a light scale and would also raise questions about
the stability of such a vacuum [235]. Among the five low mass Higgs channels, only the
γγ is sensitive to the sign of κF through the interference of the W and t loops as shown
in Eq. (11.19). The current global fit disfavors a negative value of κF at more than five
standard deviations. A specific analysis for the Higgs boson production in association
with a single top quark has been proposed [236, 237] in order to more directly probe the
sign of κF . All available experimental data show a fair agreement of the SM prediction
of the couplings of the Higgs boson to fermions and gauge bosons. The results shown
in Fig. 11.17 assume that κF ≥ 0, however in Ref. [141], a similar combination is done
without this assumption. The combined sensitivity to the exclusion of a negative relative
sign, is approximately 5σ in this model. It is interesting to note that although none of
the channels have a significant sensitivity to resolve the sign ambiguity, the combination
can, mainly through the W − t interference in the H → γγ channel and the H → W+W−

channel. The observed exclusion is fully compatible with the expectation [141]. The
combined measurements of these parameters:

κV = 1.04 ± 0.05

κF = 0.98+0.11
−0.10

Is already at the 5% level for the κV parameter with the Run 1 dataset.
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µi =
�[i ! h]

(�[i ! h])SM
µf =

BR[h ! f ]

(BR[h ! f ])SM

48 11. Status of Higgs boson physics

constrained by the indirect gluon fusion process, in the case of the bb channel, the bulk of
the constraint comes from the ttH process.

Figure 11.14: Two dimensional likelihood contours for individual production
signal strengths for the V BF + V H versus ggF + ttH processes for various Higgs
boson decay modes for the ATLAS and CMS experiment combination.

V. Main quantum numbers and width of the Higgs boson

V.1. Main quantum numbers JPC

Probing the Higgs boson quantum numbers is essential to further unveiling its coupling
properties. The measurements of the signal event yields of the observed new state in all
the channels discussed in Sections III and IV and their compatibility with the SM Higgs
boson predictions, give a qualitative, but nonetheless compelling indication of its nature.
This qualitative picture is further complemented by the implications of the observation of
the particle in the diphoton channel. According to the Landau–Yang theorem [200], the
observation made in the diphoton channel excludes the spin-1 hypothesis and restricts
possibilities for the spin of the observed particle to 0 or 2.

The Landau–Yang theorem does not apply if the observed state is not decaying to a
pair of photons but to a pair of scalars subsequently decaying to two very collimated
pairs of photons (as for example in the case of H → a1a1 → 4γ). This possibility has not
been rigorously excluded but is not experimentally favored since tight selection criteria
are applied on the electromagnetic shower shapes of the reconstructed photons. A more
systematic analysis of shower shapes and the fraction of conversions could be performed to

October 6, 2016 14:51
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Well suited parametrization for inclusive measurements 
but doesn’t do justice to full possible SM deformations & rich diff. information

LHCHXSWG ’12

How to report Higgs data: from κ to EFT

http://arxiv.org/abs/arXiv:1209.0040
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Well suited parametrization for inclusive measurements 
but doesn’t do justice to full possible SM deformations & rich diff. information

1) No SU(2)xU(1) gauge invariant formalism

2) Missing some important symmetry properties of SM, 
already well constrained e.g. in EW precision measurements

3) very difficult to go beyond LO

Main drawbacks of µ and κ 

LHCHXSWG ’12

How to report Higgs data: from κ to EFT

http://arxiv.org/abs/arXiv:1209.0040
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Higgs Couplings: Kappa vs EFT
Complementarity between the two approaches

Kappa:
• Close connection to exp. measurements
• Widely used
• Exploration tool (very much like epsilons for LEP)
• Doesn’t require BSM theoretical computations 
• Could still valid even with light new physics, i.e. exotic decays
• Captures leading effects of UV motivated scenarios (SUSY, composite)
• Main drawbacks: focused on inclusive quantities, not general

(SM)EFT:
• Allows to put Higgs measurements in perspective with other measurements (EW, 

diboson, flavour…)
• Connects measurements at different scales (particularly relevant for high-energy 

colliders CLIC, FCC-hh)
• Fully exploits more exclusive observables (polarisation, angular distributions…)
• Can accommodate subleading effects (loops, dim-8…)
• Fully QFT consistent framework
• Assumptions about symmetries more transparent
• Valid only if heavy new physics
• Main drawbacks: assume mass gap with New Physics, not general (no new particle 

with a Higgs-generated mass)

L = L = LSM +
X

d,i

ci Oi
d

⇤d�4

ghXX = X gSMhXX

HEFT
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with a Higgs-generated mass)

L = L = LSM +
X

d,i

ci Oi
d

⇤d�4

ghXX = X gSMhXX

HEFT

Why performing a κ-fit is always a good idea? 
it can be more easily compared to the fits often 

performed by the various collaborations  
➙ validation of the procedure/code (in particular the 
treatment of uncertainties and  correlations and the 

combination of ATLAS-CMS data/projections)
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    # $
beyond LO

EFT validitymatching

choice
of basis

power
counting

EFT

 correlations between different channels/observables
 combination of measurements at different energies

e.g. EW precision data and Higgs measurements
 test of self-consistency

Pros:

symmetry
linear vs non-linear

EFT

Not unique!
Useful tools to probe 

broad classes of dynamics 
and to report  experimental results

in a meaningful way 

allow to focus on channels yet 
unconstrained and more likely to offer 

new discovery opportunities

unique to EFT
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Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h

H
†
DµHf̄�

µ
f

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

vacuum

e.g.

(assuming that the Higgs boson is part of a doublet)
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Higgs physics vs BSM 
Several deformations
 away from the SM 

affecting Higgs properties 
are already probed in the vacuum

One can use h→ZZ→4l to probe this deformation 
but hard time to compete with LEP bounds

consistency check
not discovery mode

(assuming EW symmetry linearly realized 
and that new physics is heavy)

https://indico.in2p3.fr/getFile.py/access?contribId=216&sessionId=8&resId=0&materialId=slides&confId=9116
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e.g.

G G
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g2s
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2
µ⌫ +

|H|2
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2
µ⌫ !

✓
1

g2s

+
v
2
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◆
G

2
µ⌫

Effects that on the vacuum, H = v, give only 
a redefinition of the SM couplings:

⨂ ⨂

G G
Not physical!

But can affect h physics:

G G

⨂h
affects GG →h!

operator
not visible in the vacuum

(redefinition of input 
parameter)

this BSM operator is visible only in Higgs physics!

Higgs/BSM Primaries
There are others deformations away from the SM 

that are harmless in the vacuum 
and need a Higgs field to be probed

operator
visible in Higgs physics
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http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
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(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|
2Bµ⌫B

µ⌫ , OGG = g2
s
|H|

2GA

µ⌫
GAµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a

µ⌫
, OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O3W =
1

3!
g✏abcW

a ⌫

µ
W b

⌫⇢
W c ⇢µ , O3G =

1

3!
gsfABCG

A ⌫

µ
GB

⌫⇢
GC ⇢µ , (8)

and the CP-odd operators

O
B eB = g02|H|

2Bµ⌫
eBµ⌫ , O

G eG = g2
s
|H|

2GA

µ⌫
eGAµ⌫ , (9)

O
HfW = ig(DµH)†�a(D⌫H)fW a

µ⌫
, O

H eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O3fW =
1

3!
g✏abcfW a ⌫

µ
W b

⌫⇢
W c ⇢µ , O3 eG =

1

3!
gsfABC

eGA ⌫

µ
GB

⌫⇢
GC ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and

gauge bosons, OWB = g0gH†�aHW a

µ⌫
Bµ⌫ and OWW = g2|H|

2W a

µ⌫
W µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O3W and O3G (and the corresponding CP-odd ones) have three field-strengths

and then their corresponding coe�cients should scale as c3W ⇠ g2/g2⇤ and c3G ⇠ g2
s
/g2⇤ respec-

tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to

begin with. Operators of the first class involving the up-type quark are

Oyu
= yu|H|

2Q̄L
eHuR ,

O
u

R
= (iH†

$
DµH)(ūR�

µuR) ,

O
q

L
= (iH†

$
DµH)(Q̄L�

µQL) ,

O
(3) q
L

= (iH†�a
$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�2H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,

that when needed the Hermitian conjugate of a given operator is included in the analysis. In

the first class we have, in addition, the four-fermion operators:

O
q

LL
= (Q̄L�

µQL)(Q̄L�
µQL) , O

(8) q
LL

= (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

O
u

LR
= (Q̄L�

µQL)(ūR�
µuR) , O

(8)u
LR

= (Q̄L�
µTAQL)(ūR�

µTAuR) ,

O
u

RR
= (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4O
H eB + O

B eB + O
W eB = 0 and 4O

HfW + O
WfW + O

W eB = 0.
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up to a flat direction between between 
the top/gluon/photon couplings

Almost a 1-to-1 
correspondence

Coupling!fit!I!
• VH(>bb!included!in!ATLAS!
• Comparable!numbers!for!κW,κZ,!κt,!and!κγ!between!the!experiments!
• Couplings!can!be!determined!with!2(7%!precision!at!3000Z(1!!for!CMS!
Scenario!2!

!

10/17/14! 6!

ATLAS!ProjecDon!

Atlas projection
With some important differences

1) width hypothesis built-in

2) κW/κZ is not a primary 
(constrained by Δρ and TGC)

3) κg, κγ, κZγ do not separate 
UV and IR contributions

Azatov ’15
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=
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the 6 others have been measured (~15%)
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Gupta, Pomarol, Riva  ’14
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http://arxiv.org/abs/arXiv:1405.0181


CG — Gif2023 26

Channel

categories Br

ggF  VBF   VH   ttH

Cross Section 13 TeV (8 TeV) 48.6 (21.4) pb* 3.8 (1.6) pb 2.3 (1.1) pb 0.5 (0.1) pb

γγ 0.2 % ✓ ✓ ✓ ✓
ZZ 3% ✓ ✓ ✓ ✓

WW 22% ✓ ✓ ✓ ✓
    ττ           6.3 % ✓ ✓ ✓ ✓
   bb 55% ✓ ✓ ✓ ✓

Zγ and γγ∗ 0.2 % ✓ ✓ ✓ ✓
μμ 0.02 % ✓ ✓ ✓ ✓

Invisible 0.1 % ✓ (monojet) ✓ ✓ ✓

Nano Overview of Main Higgs Analyses at (HL) LHC 
O

bs
er

ve
d 

m
od

es

Remaining to be 
observed

Limits

Most channels already covered at the Run 2 with only 5% (~150 fb-1) of full HL-LHC dataset!

~8 M vets produced ~600 k vets produced ~400 k vets produced ~80 k evts produced

*N3LO

20

The LHC Scalar Harvest 
(8M Brout-Englert-Higgs bosons produced so far)

evts evts evts

Table courtesy to M. Kado
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The Higgs Rates PDG’2024 (to appear)
28 11. Status of Higgs Boson Physics
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Figure 11.3: Combined measurements by ATLAS and CMS of the products ‡ · BR, normalised
to the SM predictions, for the five main production and five main decay modes.

higgs:fig:MuGeneral

combination determines the global signal strength to be1082

µ = 1.09 ± 0.11 = 1.09 ± 0.07 (stat.) ± 0.04 (expt.) ± 0.03 (th.bkg.) ± 0.07 (th. sig.), (11.15)

where the statistical, experimental uncertainties as well as the theoretical uncertainties on the1083

background and on the signal are reported separately. The ATLAS Run-2 combination of the1084

global signal strength yields [176]:1085

µ = 1.05 ± 0.06 = 1.05 ± 0.03 (stat.) ± 0.03 (exp.) ± 0.02 (th.bkg.) ± 0.04 (th. sig.), (11.16)

while the CMS Run-2 combination yields [177] µ = 1.002 ± 0.057.1086

These overall signal strengths are fully compatible with the SM expectation, µ = 1, with a1087

precision of 6%. It is interesting to note that the main uncertainty in these measurements arises1088

from the limited precision in the theoretical predictions for the signal production processes. The1089

precision reached with the individual experiments combinations using partial Run-2 data sets have1090

already exceeded the full Run-1 ATLAS and CMS combination precision.1091

11.3.6.2 Main decay modes1092
higgs:sec:subsection4.2

Despite the large number of decay channels, since the cross sections cannot be independently1093

measured, from the measurements described in this section it is impossible to measure the decay1094

branching fractions without a loss of generality. The simplest assumption that can be made is1095

that the production cross sections are those of the SM, which is equivalent to assume that, for all1096

i indices, µi = 1. All branching fractions µf can then be measured in a simple 5 parameter fit.1097

Results of these measurements are reported in Fig. 11.3.1098

DRAFT 12th September, 2023 2:13pm- Not for public distribution

limited statistics

latest results not included 
(bb is easier in VH)

A few outliers in the matrix but the row/columns combinaisons are in good agreement with SM predictions

Measured production and decay rates (normalised to SM)
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Figure 11.3: Combined measurements by ATLAS and CMS of the products ‡ · BR, normalised
to the SM predictions, for the five main production and five main decay modes.
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combination determines the global signal strength to be1082

µ = 1.09 ± 0.11 = 1.09 ± 0.07 (stat.) ± 0.04 (expt.) ± 0.03 (th.bkg.) ± 0.07 (th. sig.), (11.15)

where the statistical, experimental uncertainties as well as the theoretical uncertainties on the1083

background and on the signal are reported separately. The ATLAS Run-2 combination of the1084

global signal strength yields [176]:1085

µ = 1.05 ± 0.06 = 1.05 ± 0.03 (stat.) ± 0.03 (exp.) ± 0.02 (th.bkg.) ± 0.04 (th. sig.), (11.16)

while the CMS Run-2 combination yields [177] µ = 1.002 ± 0.057.1086

These overall signal strengths are fully compatible with the SM expectation, µ = 1, with a1087

precision of 6%. It is interesting to note that the main uncertainty in these measurements arises1088

from the limited precision in the theoretical predictions for the signal production processes. The1089

precision reached with the individual experiments combinations using partial Run-2 data sets have1090

already exceeded the full Run-1 ATLAS and CMS combination precision.1091

11.3.6.2 Main decay modes1092
higgs:sec:subsection4.2

Despite the large number of decay channels, since the cross sections cannot be independently1093

measured, from the measurements described in this section it is impossible to measure the decay1094

branching fractions without a loss of generality. The simplest assumption that can be made is1095

that the production cross sections are those of the SM, which is equivalent to assume that, for all1096

i indices, µi = 1. All branching fractions µf can then be measured in a simple 5 parameter fit.1097

Results of these measurements are reported in Fig. 11.3.1098
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combination determines the global signal strength to be1082

µ = 1.09 ± 0.11 = 1.09 ± 0.07 (stat.) ± 0.04 (expt.) ± 0.03 (th.bkg.) ± 0.07 (th. sig.), (11.15)

where the statistical, experimental uncertainties as well as the theoretical uncertainties on the1083

background and on the signal are reported separately. The ATLAS Run-2 combination of the1084

global signal strength yields [176]:1085

µ = 1.05 ± 0.06 = 1.05 ± 0.03 (stat.) ± 0.03 (exp.) ± 0.02 (th.bkg.) ± 0.04 (th. sig.), (11.16)

while the CMS Run-2 combination yields [177] µ = 1.002 ± 0.057.1086

These overall signal strengths are fully compatible with the SM expectation, µ = 1, with a1087

precision of 6%. It is interesting to note that the main uncertainty in these measurements arises1088

from the limited precision in the theoretical predictions for the signal production processes. The1089

precision reached with the individual experiments combinations using partial Run-2 data sets have1090

already exceeded the full Run-1 ATLAS and CMS combination precision.1091

11.3.6.2 Main decay modes1092
higgs:sec:subsection4.2

Despite the large number of decay channels, since the cross sections cannot be independently1093

measured, from the measurements described in this section it is impossible to measure the decay1094

branching fractions without a loss of generality. The simplest assumption that can be made is1095

that the production cross sections are those of the SM, which is equivalent to assume that, for all1096

i indices, µi = 1. All branching fractions µf can then be measured in a simple 5 parameter fit.1097

Results of these measurements are reported in Fig. 11.3.1098
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1. Note
the Higgs total width measurement from the o↵-shell Higgs processes at the HL-LHC is not
included in the global fit.
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are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.

• Vector couplings to fermions: while corrections to the QED and QCD ver-
tices are protected by gauge invariance, the electroweak interactions of fermions
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The �̂gY
X,L/R

are, again, 3x3 matrices in flavor space and parameterize, in par-
ticular, absolute modifications of the EW couplings. Also, not all terms in the
previous equation are independent and the following relations hold to dimension
6:
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with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities
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Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:

�X ⌘ X �XSM, �X ⌘
�X

XSM
. (17)

For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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. (18)

Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While

10

Higgs couplings fits 
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1. Note
the Higgs total width measurement from the o↵-shell Higgs processes at the HL-LHC is not
included in the global fit.
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observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities

ge↵ 2
HX

⌘
�H!X

�SM
H!X

. (15)

9

for the Higgs e↵ective couplings, or the quantities ge↵
Zff,L/R

for the electroweak e↵ective
couplings, defined from:

�Z!e+e� =
↵MZ

6 sin2 ✓w cos2 ✓w
(|ge↵

Zee,L
|
2 + |ge↵

Zee,R
|
2), Ae =

|ge↵
Zee,L

|
2
� |ge↵

Zee,R
|
2

|ge↵
Zee,L

|2 + |ge↵
Zee,R

|2
. (16)

Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:

�X ⌘ X �XSM, �X ⌘
�X

XSM
. (17)

For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:

�gff
V,L/R

⌘
(�̂gf

V,L/R
)ff

gf,SM
V,L/R

. (18)

Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While

10

Higgs couplings fits 
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Relaxed symmetry assumptions 
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Why going beyond inclusive Higgs processes?

access to Higgs couplings @ mH 
κV  κF Contours (1) 

All vector and fermion couplings are scaled by!κV and!κF 

All results in agreement with SM (κV = κf = 1) within 1� 

22 

κV  κF Contours (2) 
Allow for negative κF (which changes the sign of t-W loop interference) 

Note: all physical quantities depend on a product of two κ’s ⇔ 
          other two quadrants are symmetric with respect to (0,0)  

•  Almost 5s exclusion  
    of kF < 0  !!! 
 
•  Some decays in least 

significant production 
channels pulled towards 
inverted interference 

27 

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale μ ≈ mH 
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Why going beyond inclusive Higgs processes?

access to Higgs couplings @ mH 

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

(important to check that the Higgs boson ensures perturbative unitarity)

1. off-shell gg → h* → ZZ → 4l

2. boosted Higgs: Higgs+ high-pT jet

3. double Higgs production

Examples of interesting channels to explore further:

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale μ ≈ mH 
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Boosted Higgs
  inability to resolve the top loops

 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels 
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right

4

e.g. Grazzini, Sargsyan ’13 

the inclusive rate 
doesn’t “see” the finite mass of the top 

L =
↵scg

12⇡
|H|2Ga 2

µ⌫ +
↵c�

2⇡
|H|2Fµ⌫ + ytctq̄LH̃tR|H|2

fermionic top-partners in composite Higgs models  exactly lead to                                .                    

�(h ! ��)

SM
= (1 + (c� � 4ct/9)v

2)2
�(gg ! h)

SM
= (1 + (cg � ct)v

2)2

�ct = �cg =
9

4
�c�

 short distance physics (new particles running in the loop)cannot disentangle 
 long distance physics (modified top coupling) ➾ ➾

(*) unless it doesn’t decouple 
(e.g. 4th generation)

14%-4% @ LHC300-LHC3000  vs  10%-4% @ ILC500-ILC1000
14 14 500 1000

having access to htt final state will resolve this degeneracy 
but notoriously difficult channel

http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1002.1011
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regime to probe the spectrum of top partners in composite Higgs models, whereas Section 4

looks at the h + jet process as a way to probe light stops in supersymmetric extensions

of the SM. Finally, Section 5 collects our conclusions. We also include an Appendix, where

formulae for the pp ! h+jet cross section mediated by CP -violating couplings are reported.

2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [23] and shortly after

with a di↵erent notation in Ref. [24], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy

g

g

g

h

t

q q

g h
t

q

q̄

g

h

t

g

g

g

h

Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

5
For brevity, we denote the sum qg + q̄g by qg.

6
In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due to

the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [22,25,26]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due to

the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [22,25,26]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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always subdominant (<2%)
the fraction gg/gq changes with pT 

@14TeV, gg/gq=67/31 for pT >100GeV 
gg/gp=42/57 for pT >800GeV

34

Resolving top loop: Boosted Higgs

cut open the top loops

high pT ≈ Higgs off-shell  
 we “see” the details of the particles running 

inside the loops

panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.

5

the high pT tail 
is tens’ % sensitive   
to the mass of topBaur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only 
NLOmt is not known 

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 

http://inspirehep.net/record/283530
http://arxiv.org/abs/arXiv:1206.0157
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Resolving top loop: Boosted Higgs

cut open the top loops

high pT ≈ Higgs off-shell  
 we “see” the details of the particles running 

inside the loops

panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.
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the high pT tail 
is tens’ % sensitive   
to the mass of topBaur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only 
NLOmt is not known 

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 

p
s [TeV] pmin

T
[GeV] �SM

p
min
T

[fb] � ✏ gg, qg [%]

14

100 2200 0.016 0.023 67, 31

150 830 0.069 0.13 66, 32

200 350 0.20 0.31 65, 34

250 160 0.39 0.56 63, 36

300 75 0.61 0.89 61, 38

350 38 0.86 1.3 58, 41

400 20 1.1 1.8 56, 43

450 11 1.4 2.3 54, 45

500 6.3 1.7 2.9 52, 47

550 3.7 2.0 3.6 50, 49

600 2.2 2.3 4.4 48, 51

650 1.4 2.6 5.2 46, 53

700 0.87 3.0 6.2 45, 54

750 0.56 3.3 7.2 43, 56

800 0.37 3.7 8.4 42, 57

100
500 970 1.8 3.1 72, 28

2000 1.0 14 78 56, 43

Table 1: Summary table of the cross sections for pp ! hj at proton-proton colliders with
p
s = 14TeV and

p
s = 100TeV. The third, fourth and fifth column show, for the given cut

on pT > pmin
T

, the parameters of the semi-numerical formula in Eq. (2.4). The last column

shows the fraction of the SM cross section coming from the partonic subprocesses gg and qg.

The contribution of the qq̄ channel is always smaller than 2%.
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Don’t think it is easy to produce a Higgs with high pT
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Grojean, Salvioni, Schlaffer, Weiler  ‘13
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Resolving top loop: Boosted Higgs

cut open the top loops

high pT ≈ Higgs off-shell  
 we “see” the details of the particles running 

inside the loops

panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.
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MCHM 5, x = 0.1

Composite Higgs Model 
top partners contributions

inclusive rate: O(%)

with high-pT cut: O(x10’%)

high-pT tail “sees” the top partners that are missed by the inclusive rate
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Boosted Higgs
high pT tail discriminates short and long distance physics contribution to gg ➙ h

Are the NLOm QCD corrections (not known) going to destroy all the sensitivity? 
Frontier priority: N3LO∞ for inclusive xs or NLOmt for pT spectrum?

competitive/complementary to htt channel  
for the measure the top-Higgs coupling
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(partonic analysis in the boosted “ditau-jets” channel)

10-20% precision on κt

see Schlaffer et al ’14 for a more complete analysis including WW channel 
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(d) Scale variation

Figure 2: Figures (a)-(c) show the 95% CL contours obtained from the �2 in Eq. (2.11) for

di↵erent choices of the actual parameters 0
t
and 0

g
, or equivalently of µ0

incl and R
0. The

colors blue, red and black correspond to 0
t
= 0.8, 1.0 and 1.2, respectively, or equivalently to

the indicated values of R0 = R(0
t
,
p
µ0
incl � 0

t
). The gray band is obtained by considering

only the inclusive measurement. The SM point is indicated by the black star. Figure (d)

shows the variation of the 95% CL contours for di↵erent choices of the renormalization and

factorization scale µ. For all plots we assumed an integrated luminosity of
R
L dt = 3 ab�1

and
p
s = 14TeV.
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(d) Scale variation

Figure 2: Figures (a)-(c) show the 95% CL contours obtained from the �2 in Eq. (2.11) for

di↵erent choices of the actual parameters 0
t
and 0

g
, or equivalently of µ0

incl and R
0. The

colors blue, red and black correspond to 0
t
= 0.8, 1.0 and 1.2, respectively, or equivalently to

the indicated values of R0 = R(0
t
,
p
µ0
incl � 0

t
). The gray band is obtained by considering

only the inclusive measurement. The SM point is indicated by the black star. Figure (d)

shows the variation of the 95% CL contours for di↵erent choices of the renormalization and

factorization scale µ. For all plots we assumed an integrated luminosity of
R
L dt = 3 ab�1

and
p
s = 14TeV.
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Breaking the degeneracy: 14 vs 100 TeV
• Rough estimate: combine boosted and inclusive measurements using

simple χ (no backgrounds)

• For boosted regime consider ℎ → 𝜏𝜏, and take ratio of cross sections to 

reduce theory uncertainty:

• Discrimination power on 𝜅 improves strongly at 100 TeV

Grojean, ES, Schlaffer and Weiler

A perfect case for  
a very energetic machine 
tth increases by 10 from 14 to 100TeV 

h+jpT>600GeV increases by 210 

Azatov, Grojean, Paul, Salvioni ’16 

http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/1309.5273
http://arXiv.org/abs/1309.5273
http://arxiv.org/abs/arXiv:1405.4295
http://arXiv.org/abs/1309.5273
http://arXiv.org/abs/1309.5273
http://arxiv.org/abs/1608.0097
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Low pT: bounding light quark Yukawa’s
Bounding light quark Yukawa couplings from di↵erential
distributions 1606.09253,1606.09621,1608.04376

I Modifications of the light quark Yukawa
couplings modify the di↵erential
distributions.

I Sudakov’s dilogarithms 1606.09253 enhance
the production cross-section

⇠ kQ
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Q

m2
h

ln2
p2?
m2

Q

modifications are especially important in
the region mQ ⌧ p? ⌧ mh.

I The main contribution appears from the
interference with the top quark loop, which
scales as yQ not y2

Q .

 Bishara et al  ’16 
[1606.09253] 

 Soreq et al  ’16 
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 Bonner, Logan ’16 
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http://arxiv.org/abs/arXiv:1606.09253
http://arxiv.org/abs/arXiv:1606.09621
http://arxiv.org/abs/arXiv:1608.04376
https://indico.lal.in2p3.fr/event/3116/session/2/contribution/6/material/slides/0.pdf
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Bounding light quark Yukawa couplings from di↵erential
distributions 1606.09253,1606.09621,1608.04376

I from h ! ��,ZZ ,WW using pT 2 [0, 70] GeV

http://arxiv.org/abs/arXiv:1606.09253
http://arxiv.org/abs/arXiv:1606.09621
http://arxiv.org/abs/arXiv:1608.04376
https://indico.lal.in2p3.fr/event/3116/session/2/contribution/6/material/slides/0.pdf
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Off-shell Higgs
Off-shell Higgs effects naively small  

since the width is small (ΓH=4MeV, ΓH/mH =3x10-5) for a 125 GeV Higgs 
but enhancement due to the particular couplings of H to VLNarrow width approximation for Higgs boson

How can it fail? 

ΓH / MH=1/30,000


It fails spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.


At least 15% of the cross section 
comes from m4l>130GeV.


3 phenomena happening in the 
tail.

Similar tail for H→WW.

12

Kauer, Passarino,arXiv:1206.4803
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|
2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the

5

M++00

Higgs
⇠ log2

ŝ
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SM: cancelation forced by unitarity 
BSM: deviations of Higgs couplings at large s will be amplified

Glover, van der Bij ’89

ˆ

N.#De#Filippis! A,er#the#discovery,#Benasque,#Spain,#April#07>17,#2014# 4 

Constraint'on'the'ΓH'from'H*(126)"ZZ'
F.#Caola,#K.#Melnikov#(Phys.#Rev.#D88#(2013)#054024)#and##
J.#Campbell#et#al.#(arXiv:1311.3589)##
showed#how#this#feature#can#be#turned#into#a#constraint'on'the'total'Higgs'width''

Once#µ#is#fixed#a#determinaOon#of#r#is#obtained#and#so#for#ΓH#:##

The#interference#with#conOnuum#gg#→#ZZ#is#taken#into#account#at#high#mass##"##gg2VV/MCFM'
VBF#producOon#is#10%#at#high#mass#"#PHANTOM#

µ#from#CMS#4l#paper#arXiv:1312.5333#
#and#provide#result#in#two#ways:#

�µ#expected”:#use#expected#signal#strength##

�µ#observed”:#use#observed#signal#strength##

FF>'so'measuring'the'raTo'of'σoffFpeak'and'σonFpeak'"'measurement'of'ΓH'

Analysis of gg→H*→ZZ→4l 
 (about 15% of the Higgs events are far off-shell with m4l>300GeV)

CMS 2202.06923
ATLAS 2304.01532  

http://inspirehep.net/record/268478
https://arxiv.org/abs/2202.06923
https://arxiv.org/abs/2304.01532
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since the width is small (ΓH=4MeV, ΓH/mH =3x10-5) for a 125 GeV Higgs 
but enhancement due to the particular couplings of H to VL
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e.g. Dobrescu, Lykken ’12

Access to the Higgs width @ LHC?

Narrow Width Approx.: on-shell off-shell
ratios of κ only 

no direct access to the width itself 
(upper bound if κV < 1 is assumed)

different width dependence  
ΓH can be fitted w/o assumption

often said, it is impossible to measure the Higgs width at the LHC. Not quite true. 
it can be done either via off-shell measurements or via the mass shift in gg➝h➝γγ
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Mass width from on+off-shell combination
● Higgs off-shell production established at 3 sigma by both experiments 

○ 4l off-shell result update in CMS  

● Indirect measurement of the width (combining with on-shell 
and assuming SM)
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What do we learn? BRinv <85%? 
Not competitive with global fits on BRinv: BRinv < 20% 

Model independent analysis might not be robust because of unitarity issues 
(gi(mh) might be quite different than gi(m4l))

Englert, Spannowski ’14

https://arxiv.org/abs/2202.06923
https://arxiv.org/abs/2304.01532
http://arxiv.org/abs/arXiv:1206.4803
http://arxiv.org/abs/arXiv:1307.4935
http://arxiv.org/abs/hep-ph/0302233
http://arxiv.org/abs/arXiv:1311.3589
http://arxiv.org/abs/arXiv:1405.0285
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since the width is small (ΓH=4MeV, ΓH/mH =3x10-5) for a 125 GeV Higgs 
but enhancement due to the particular couplings of H to VL

N.#De#Filippis! A,er#the#discovery,#Benasque,#Spain,#April#07>17,#2014# 4 

Constraint'on'the'ΓH'from'H*(126)"ZZ'
F.#Caola,#K.#Melnikov#(Phys.#Rev.#D88#(2013)#054024)#and##
J.#Campbell#et#al.#(arXiv:1311.3589)##
showed#how#this#feature#can#be#turned#into#a#constraint'on'the'total'Higgs'width''

Once#µ#is#fixed#a#determinaOon#of#r#is#obtained#and#so#for#ΓH#:##

The#interference#with#conOnuum#gg#→#ZZ#is#taken#into#account#at#high#mass##"##gg2VV/MCFM'
VBF#producOon#is#10%#at#high#mass#"#PHANTOM#

µ#from#CMS#4l#paper#arXiv:1312.5333#
#and#provide#result#in#two#ways:#

�µ#expected”:#use#expected#signal#strength##

�µ#observed”:#use#observed#signal#strength##

FF>'so'measuring'the'raTo'of'σoffFpeak'and'σonFpeak'"'measurement'of'ΓH'

Analysis of gg→H*→ZZ→4l 
 (about 15% of the Higgs events are far off-shell with m4l>300GeV)

CMS 2202.06923
ATLAS 2304.01532  
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|
2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the

5

interfering gg ! ZZ background there is also a non-interfering irreducible background,

produced by the qq̄ ! ZZ process.The SM amplitude for gg ! ZZ was computed for the

first time in Ref. [22]. As pointed out in Ref. [23], the o↵-shell Higgs contribution is enhanced

for on-shell Z bosons, which makes the large
p
ŝ � 2mZ region particularly relevant for Higgs

couplings measurements. It is interesting to observe that the amplitude generated by the cg

coupling grows with partonic center-of-mass energy
p
ŝ like

M
++00
cg ⇠ ŝ , (2.7)

to be compared to the triangle amplitude mediated by the top loop, which grows like

M
++00
ct ⇠ log

ŝ

m2
t

, (2.8)

in the notation for helicity amplitudes of Ref. [22].4 Thus for ŝ � m2
t the discriminating

power of the o↵-shell Higgs production becomes stronger. However, at very high energies

the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
c8g2s

16⇡2v4
Gµ⌫G

µ⌫ (D�H)† D�H . (2.9)

The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as

M
++00
c8 ⇠ ŝ2. (2.10)

Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale

p

ŝ ⇠

r
cg, cy
c8

v . (2.11)

Therefore, our analysis, based on Eq. (2.2), is valid only up to this scale and it would not

make sense to consider bins at higher energy in the analysis. Furthermore, when squaring

4Even though the amplitude for the Higgs-mediated diagram in Eq. (2.8) is logarithmically divergent at

large ŝ, in the SM unitarity is preserved thanks to the exact cancellation of the divergence against the box

diagram contribution [22,24].
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Access to top Yukawa coupling?

strong departure of the Higgs low energy theorem in the far off-shell region
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degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross
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However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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Azatov, Grojean, Paul, Salvioni ’14
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Off-shell Higgs
Off-shell Higgs effects naively small  

since the width is small (ΓH=4MeV, ΓH/mH =3x10-5) for a 125 GeV Higgs 
but enhancement due to the particular couplings of H to VL
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µ#from#CMS#4l#paper#arXiv:1312.5333#
#and#provide#result#in#two#ways:#

�µ#expected”:#use#expected#signal#strength##

�µ#observed”:#use#observed#signal#strength##

FF>'so'measuring'the'raTo'of'σoffFpeak'and'σonFpeak'"'measurement'of'ΓH'
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 (about 15% of the Higgs events are far off-shell with m4l>300GeV)

CMS 2202.06923
ATLAS 2304.01532  

c t

g

g

Z

Z
g

g
Z

Z

c g

g

g

Z

Z

Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy
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where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross
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However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
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ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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interfering gg ! ZZ background there is also a non-interfering irreducible background,

produced by the qq̄ ! ZZ process.The SM amplitude for gg ! ZZ was computed for the

first time in Ref. [22]. As pointed out in Ref. [23], the o↵-shell Higgs contribution is enhanced

for on-shell Z bosons, which makes the large
p
ŝ � 2mZ region particularly relevant for Higgs

couplings measurements. It is interesting to observe that the amplitude generated by the cg

coupling grows with partonic center-of-mass energy
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ŝ like
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cg ⇠ ŝ , (2.7)

to be compared to the triangle amplitude mediated by the top loop, which grows like
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in the notation for helicity amplitudes of Ref. [22].4 Thus for ŝ � m2
t the discriminating

power of the o↵-shell Higgs production becomes stronger. However, at very high energies

the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
c8g2s

16⇡2v4
Gµ⌫G

µ⌫ (D�H)† D�H . (2.9)

The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as
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++00
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Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale
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Therefore, our analysis, based on Eq. (2.2), is valid only up to this scale and it would not

make sense to consider bins at higher energy in the analysis. Furthermore, when squaring

4Even though the amplitude for the Higgs-mediated diagram in Eq. (2.8) is logarithmically divergent at

large ŝ, in the SM unitarity is preserved thanks to the exact cancellation of the divergence against the box

diagram contribution [22,24].
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Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy
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where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|
2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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Figure 5: Prospects for a 14TeV analysis with an integrated luminosity of 3 ab�1 and for the

injected SM signal: expected posterior probability as a function of ct, assuming the constraint

ct + cg = 1 and to observe the SM signal. The black curve corresponds to the nonlinear

analysis including all bins, at 68% probability we find ct 2 [0.74, 1.28]. The red curve was

obtained using only the categories below 600GeV and at 68% we have ct 2 [0.1, 1.25] The

brown curve corresponds to the linear analysis including all bins, which gives ct 2 [0.36, 1.66]

at 68%.

a dimension-8 operator. We can estimate the Wilson coe�cients of the dimension-6 and

dimension-8 operators in Eqs. (2.2) and (2.9) as

cg = cy ⇠
Y 2
⇤ v2

M2
⇤
,

c8 ⇠
Y 2
⇤ v4

M4
⇤
. (3.22)

This implies that the dimension-8 operators will become important at the scale

p
s ⇠ M⇤ , (3.23)

where our analysis breaks down.9 Therefore to remain in the region of validity of the EFT

approach, when deriving the bounds on the model parameter space we only considered the

9 As a side comment, we note that an exact treatment of the gg ! ZZ amplitude in this model requires

the computation of box diagrams with two di↵erent massive fermions in the loop. These diagrams are

exactly the same as those for the SM contribution to the gg ! WW process, mediated by top and bottom

quarks [50]. Within this work, however, we chose to remain within the EFT approach and leave the analysis

of the e↵ects of the dimension-8 operators for future study.
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all bins

bins < 600 GeV
14 TeV 

3/ab

0.74 1.28

linear w/all bins

0.1 1.25
0.36 1.66

provides an alternative to ttH to measure the top Yukawa coupling

Azatov, Grojean, Paul, Salvioni ’16

https://arxiv.org/abs/2202.06923
https://arxiv.org/abs/2304.01532
http://arxiv.org/abs/1406.1757
http://arxiv.org/abs/1608.0097
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Prospectives: HL-LHC14TeV,300/fb and FCC100TeV,20/ab
Combination @ 14 TeV 3ab�1 projections 1608.00977
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Figure : orange- Higgs pair production (bb �� final state), red o↵-shell Higgs

pair production, grey - h+j, blue- inclusive, purple- tth

cu = 1� ct

Combination @ 100 TeV 20ab�1 projections 1608.00977
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g

hh ~ align with tth 
because hh SM amplitude is imaginary  

while $g contribution is real 
hence SM/BSM interference prop. to $t 

Azatov, Grojean, Paul, Salvioni ’16

See LHC H WG public note 2203.02418

http://arxiv.org/abs/1608.0097
https://arxiv.org/abs/2203.02418


CG — Gif2023 39

How to measure $ Hi's self-c(pling
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The Higgs self-couplings plays important roles
1) controls the stability of the EW vacuum
2) dictates the dynamics of EW phase transition and potentially conditions the 
generation of a matter-antimatter asymmetry via EW baryogenesis 

One missing beast: h3

Does it need to be measured with high accuracy?
difficult to design new physics scenarios that dominantly affect the Higgs self-couplings 

and leave the other Higgs coupling deviations undetectable

Higgs self-coupling prospects

40

15Double Higgs production in the SM

-

Negative interference  decreases cross section:

Small production cross section:

Two diagram have very dependant energy dependence. In the high       limit

Best Significance for double Higgs production not necessarily the best to constrain
the trilinear

15Double Higgs production in the SM

-

Negative interference  decreases cross section:

Small production cross section:

Two diagram have very dependant energy dependence. In the high       limit

Best Significance for double Higgs production not necessarily the best to constrain
the trilinear

Introduction: Higgs couplings

In the Standard Model, the Higgs self-coupling is predicted in terms of other input 

parameters. At tree level, 
<latexit sha1_base64="Z5OsppgUSciJblOnubwjDnnftGE="></latexit>

LSM � �m2
h

s
GF

2
p
2
h3

The same applies to single-Higgs couplings, such as for instance  : hZZ

<latexit sha1_base64="bEaZ7M2e70sSVuPlQXPwJEfutLg="></latexit>

LSM � m2
Z

qp
2GF hZµZ

µ

Measuring these interactions, to test whether they agree with SM or not, 

is central to present and future collider physics program

<latexit sha1_base64="nok+BGPVaufefjDuXneG316qf/g=">AAACMHicbZDLSgMxFIYz9VbrrerSTbAIbiwztajLggvdCBXtBTptyaRn2tDMxSRTKMM8khsfRTcKirj1KUzbWWjrD4Gf75zDyfmdkDOpTPPNyCwtr6yuZddzG5tb2zv53b26DCJBoUYDHoimQyRw5kNNMcWhGQognsOh4QwvJ/XGCIRkgX+vxiG0PdL3mcsoURp181d2D7gi3XjQOU2wDQ8RG2HbFYTG/RSe4NR1Ylt4+O4mSeIF0s0XzKI5FV40VmoKKFW1m3+2ewGNPPAV5UTKlmWGqh0ToRjlkOTsSEJI6JD0oaWtTzyQ7Xh6cIKPNOlhNxD6+QpP6e+JmHhSjj1Hd3pEDeR8bQL/q7Ui5V60Y+aHkQKfzha5EccqwJP0cI8JoIqPtSFUMP1XTAdEp6V0xjkdgjV/8qKpl4rWWbF8Wy5USmkcWXSADtExstA5qqBrVEU1RNEjekHv6MN4Ml6NT+Nr1pox0pl99EfG9w/IKKoC</latexit>

�h3 ⌘
gh3 � gSMh3

gSMh3

are these  
different from zero?

<latexit sha1_base64="Imj209E1o3rhvmXOxotfqPU0uTs=">AAACMHicbZDLSsNAFIYn9VbrLerSzWAR3FiS4m1ZcKEboaK9QFPLZHrSDp1cnJkUSsgjufFRdKOgiFufwmmbhbb+MPDznXM4c3434kwqy3ozcguLS8sr+dXC2vrG5pa5vVOXYSwo1GjIQ9F0iQTOAqgppjg0IwHEdzk03MHFuN4YgpAsDO7UKIK2T3oB8xglSqOOeel0gSvSSfr1eoodeIjZEDueIDTpZfAIZ+4+cYSPb6/TNJkjHbNolayJ8LyxM1NEmaod89nphjT2IVCUEylbthWpdkKEYpRDWnBiCRGhA9KDlrYB8UG2k8nBKT7QpIu9UOgXKDyhvycS4ks58l3d6RPVl7O1Mfyv1oqVd95OWBDFCgI6XeTFHKsQj9PDXSaAKj7ShlDB9F8x7ROdltIZF3QI9uzJ86ZeLtmnpZOb42KlnMWRR3toHx0iG52hCrpCVVRDFD2iF/SOPown49X4NL6mrTkjm9lFf2R8/wB6wqpv</latexit>

�hV V ⌘ ghV V � gSMhV V

gSMhV V
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Large Higgs self-coupling Scenarios

As previous slides quantify, single-Higgs coupling measurements will reach the 

precision stage far before tests of  

This makes                  an important quantity for a new physics model: 

if it is large, self-coupling measurements probe genuinely new ground 

However, in canonical models addressing hierarchy problem (composite Higgs, SUSY) 

and prospects to observe deviations in  are limited

h3

h3

Example: Minimal Composite Higgs 5+5, 
  Composite Twin Higgs 8+1

This talk: naturalness and δh3/δhVV

<latexit sha1_base64="ZdTV/Cnzn8ZxClVDrFH6e2/Vnfc="></latexit>����
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Generically:

Particular exceptions: 
Higgs DM-portal models or custodial EW quadruplet, Gegenbauer goldstones 

not for composite/susy
DiVita et al,: 1704.01953 Falkowski, Rattazzi: 1902.05936 Durieux, McCullough, Salvioni: 2209.00666
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FIG. 1. Parameter scan of the type-I 2HDM in the (mH � mH± , mA � mH±) parameter plane. Left: the colour indicates

the mean value of 
(2)
�

in each hexagon-shaped patch; right: the colour indicates the mean value of the ratio 
(2)
�

/
(1)
�

. In the
colour bar of the left-hand plot, the red line indicates the current experimental upper limit on �.

regarded as excluded if only one-loop contributions were
incorporated in the theoretical prediction. Furthermore,

the purple-highlighted part of the 
(2)

�
curve indicates the

parameter region that will be probed in the future at the
HL-LHC, based on the projection for the upper limit on
� discussed above.

One can see thatconfronting the existing experimental
limit on the trilinear Higgs coupling with state-of-the-art
theoretical predictions incorporating contributions up to
the two-loop order excludes important parts of the pa-
rameter regions of extensions of the SM that would other-
wise be allowed by all relevant experimental and theoreti-
cal constraints. In the displayed example (with M = mH

kept fixed5 at 600 GeV) the � constraint gives rise to
an upper limit on mA of mA . 900 GeV, while the con-
straint from NLO perturbative unitarity would allow mA

values of up to 1020 GeV. The impact of the � constraint
would be much smaller if only the one-loop contributions
were included in the theoretical prediction (indicated by

the part of the 
(1)

�
curve that is highlighted in orange).

The sensitivity of the HL-LHC in this example will allow
one to probe mA values down to about 800 GeV via an
upper limit on � or a measurement of a non-SM value.
While future data from the LHC will clearly further en-
hance the impact of the � constraint for probing possible
scenarios of electroweak symmetry breaking, it should be
mentioned that the impact of the theoretical constraint
from perturbative unitarity (indicated by the grey area

5
Di↵erent choices of M = mH lead to qualitatively similar results

for the same amount of splitting between the masses.
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•  Lepton colliders are precision 
machines.  Actually measure LO tree-
level and NLO, NNLO, etc:

•  Can probe new physics in loops as well!
– New physics = new state, modified coupling

What if ECM < 2 mh + mZ?
•  At 240 GeV:


•  But what if we have:

•  We would never know?
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What if ECM < 2 mh + mZ?
•  Lepton colliders are precision 

machines.  Actually measure LO tree-
level and NLO, NNLO, etc:

•  Can probe new physics in loops as well!
– New physics = new state, modified coupling

Self-Coupling at NLO

•  At NLO modified coupling enters in the 
following loops:


•  And also:                         

+( )

Conclusions
•  In fact, the following two scenarios

                               or

are distinguishable due to NLO effects.

•  Indirect constraint has ambiguity

•  Measurements at multiple energies can 
lead to ellipse-plot constraints.
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Anatomy of O6 corrections

h

h
h

O6

f

f̄

f

h

h
h

O6

t

t t

t

g

g
h

h
h

O6

�

�

W W

W

W

Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.

In the case of the decays of the Higgs to light fermion pairs f = q, `, we write
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where N q
c = 3, N `

c = 1 and all quark masses mq are understood as MS masses renormalised
at the scale mh, while m` denotes the pole mass of the corresponding lepton. The O(�)

correction to the partial decay width �(h ! ff̄) stem from the graph displayed on the
left-hand side in Figure 2. We obtain
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and analogue definitions for the tensor coefficients C1 and C2. Notice that the flavour-
dependent contributions are suppressed by light-fermion masses compared to the flavour-
independent contribution proportional to B0

0 that arises from the wave function renormal-
isation of the Higgs boson. The corrections �f are hence to very good approximation
universal.

The shifts in the partial width for a Higgs boson decaying into a pair of EW gauge
bosons can be cast into the form [39]
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and include the contributions from both the production of one real and one virtual EW
gauge boson h ! V V ⇤ or two virtual states h ! V ⇤V ⇤. In (4.4) the total decay width of
the relevant gauge boson is denoted by �V and the integrand can be written as
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– 6 –

All production & decays channels receive two types 
of contributions: i) a process dependent one, which 
is linear in c6; ii) a universal one associated to Higgs 
wave function renormalization, which contains a 
piece quadratic in c6 

Gorbahn & UH, 1607.03773; Degrassi et al., 1607.04251; Bizoń, et al., 1610.05771

O6 corrections to VVh vertex
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads
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where GF = 1/(
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2v2) is the Fermi constant, gµ⌫ is the metric tensor, while mV and qµ
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with i = 1, 2 denote the mass and the 4-momenta of the external gauge bosons. The
indices and momenta are assigned to the vertex as V µ(q1) + V ⌫(q2) ! h(q1 + q2) with
(q1 + q2)2 = m2

h
, i.e. an on-shell Higgs boson. Notice that �µ⌫

V
(q1, q2) contains only Lorentz

structures that gives rise to a non-vanishing contribution when the vertex is contracted
with massless fermion lines, which is equivalent to including only transversal gauge-boson
polarisations "µ

i
(qi) in an on-shell calculation by requiring "i(qi) · qi = 0.

The form factors entering (3.1) can be expressed in terms of the following 1-loop
Passarino-Veltman (PV) scalar integrals
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function renormalisation. We determine the relevant contributions using FeynArts [37] and
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function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads
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What if ECM < 2 mh + mZ?
•  At 240 GeV:


•  But what if we have:

•  We would never know?
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What if ECM < 2 mh + mZ?
•  Lepton colliders are precision 

machines.  Actually measure LO tree-
level and NLO, NNLO, etc:

•  Can probe new physics in loops as well!
– New physics = new state, modified coupling

Self-Coupling at NLO

•  At NLO modified coupling enters in the 
following loops:


•  And also:                         

+( )

Conclusions
•  In fact, the following two scenarios

                               or

are distinguishable due to NLO effects.

•  Indirect constraint has ambiguity

•  Measurements at multiple energies can 
lead to ellipse-plot constraints.



L = LSM

�240� = 100 (2�Z + 0.014�h)%

L = LSM � 1

3!
�hASMh3

M. McCullough ’14

Anatomy of O6 corrections

h

h
h

O6

f

f̄

f

h

h
h

O6

t

t t

t

g

g
h

h
h

O6

�

�

W W

W

W

Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.

In the case of the decays of the Higgs to light fermion pairs f = q, `, we write

��(h ! ff̄) =
Nf

c GF mhm2
f

4
p

2⇡

 
1 �

4m2
f

m2
h

!3/2

�f , (4.1)

where N q
c = 3, N `

c = 1 and all quark masses mq are understood as MS masses renormalised
at the scale mh, while m` denotes the pole mass of the corresponding lepton. The O(�)

correction to the partial decay width �(h ! ff̄) stem from the graph displayed on the
left-hand side in Figure 2. We obtain

�f =
� c̄6

(4⇡)2
Re
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� 12m2
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h
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f
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h
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h
, m2

f

�
, (4.3)

and analogue definitions for the tensor coefficients C1 and C2. Notice that the flavour-
dependent contributions are suppressed by light-fermion masses compared to the flavour-
independent contribution proportional to B0

0 that arises from the wave function renormal-
isation of the Higgs boson. The corrections �f are hence to very good approximation
universal.

The shifts in the partial width for a Higgs boson decaying into a pair of EW gauge
bosons can be cast into the form [39]

��(h ! V V ) =
1

⇡2

Z
m

2
h

0

dq21 mV �V
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V

)2 + m2
V

�2
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Z (mh�q1)2

0
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V

)2 + m2
V

�2
V

IV , (4.4)

and include the contributions from both the production of one real and one virtual EW
gauge boson h ! V V ⇤ or two virtual states h ! V ⇤V ⇤. In (4.4) the total decay width of
the relevant gauge boson is denoted by �V and the integrand can be written as

IV =
GF m3

h

8
p

2⇡
NV

q
↵(q21, q

2
2, m

2
h
) �(q21, q

2
2, m

2
h
) �V , (4.5)

with NW = 1, NZ = 1/2 and

↵(x, y, z) =
⇣
1 �

x

z
�

y

z

⌘2
�

4xy

z2
, �(x, y, z) = ↵(x, y, z) +

12xy

z2
. (4.6)
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All production & decays channels receive two types 
of contributions: i) a process dependent one, which 
is linear in c6; ii) a universal one associated to Higgs 
wave function renormalization, which contains a 
piece quadratic in c6 
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads
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where GF = 1/(
p

2v2) is the Fermi constant, gµ⌫ is the metric tensor, while mV and qµ
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with i = 1, 2 denote the mass and the 4-momenta of the external gauge bosons. The
indices and momenta are assigned to the vertex as V µ(q1) + V ⌫(q2) ! h(q1 + q2) with
(q1 + q2)2 = m2

h
, i.e. an on-shell Higgs boson. Notice that �µ⌫

V
(q1, q2) contains only Lorentz

structures that gives rise to a non-vanishing contribution when the vertex is contracted
with massless fermion lines, which is equivalent to including only transversal gauge-boson
polarisations "µ

i
(qi) in an on-shell calculation by requiring "i(qi) · qi = 0.

The form factors entering (3.1) can be expressed in terms of the following 1-loop
Passarino-Veltman (PV) scalar integrals
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Figure 10. Histograms for “CMS-II” (300 fb�1). The distributions represented are, from left to
right and from top to bottom: 1) best values, 2) 1� region lower limit, 3) 1� region upper limit, 4)
2� region lower limit, 5) 2� region upper limit, 6) p > 0.05 region lower limit, 7) p > 0.05 region
upper limit, 8) 1� region width, 9) 2� region width, 10) p > 0.05 region width.
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Figure 11. As Fig. 10 for “CMS-HL-II” (3000 fb�1).
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example, we find that for the scenario P4


1�

�
= [0.86, 1.14] , 

2�

�
= [0.74, 1.28] , 

p>0.05

�
= [0.28, 1.80] . (5.8)

Considering as before n = 10000 pseudo-measurements, the histograms analogous to those
in Fig. 10 and 11 are shown in Fig. 13. Again, we find the indication that, most-likely, in
this optimistic scenario stronger bounds than those reported in Eq. (5.8) could be set.

20

This bound is not very stringent: for |�| . 10 one gets ⇤ . 5 TeV. For values of �
within the expected high-luminosity LHC bounds, perturbativity loss is thus well above

the energy range directly testable at the LHC.

As a last point, we comment on the issue of the stability of the Higgs vacuum. As

pointed out in ref. [6], if the only deformation of the Higgs potential is due to the (H†
H)3

operator, the usual vacuum is not a global minimum for � & 3. In this case the vacuum

becomes metastable, although it could still have a long enough lifetime. Additional de-

formations from higher-dimensional operators can remove the metastability bound, even

for large values of �. A lower bound � > 1 can also be extracted if we naively require

the Higgs potential to be bounded from below for arbitrary values of the Higgs VEV hhi,

i.e. if we require the coe�cient of the (H†
H)3 operator to be positive. This constraint,

however, is typically too restrictive. Our estimate of the e↵ective potential, in fact, is only

valid for relatively small values of the Higgs VEV, which satisfy " = ✓g
2
⇤hhi

2
/m

2
⇤ . 1.

For large values of hhi the expansion in the Higgs field breaks down and the estimate of

the potential obtained by including only dimension-6 operators is not reliable any more

and the whole tower of higher-dimensional operators should be considered. In this case

large negative corrections to the Higgs trilinear coupling could be compatible with a stable

vacuum. Examples of such scenarios are the composite Higgs models in which the Higgs

field is identified with a Goldstone boson. In these models the Higgs potential is periodic

and a negative coe�cient for the e↵ective (H†
H)3 operator does not generate a runaway

behavior of the potential.

3 Fit from inclusive single-Higgs measurements

As we mentioned in the introduction, single-Higgs production measurements can be sen-

sitive to large variations of the Higgs trilinear self-coupling. These e↵ects arise at loop

level and can be used to extract some constraints on the � parameter. Under the as-

sumption that only the trilinear Higgs coupling is modified, � can be constrained to the

range � 2 [�0.7, 4.2] at the 1� level and � 2 [�2.0, 6.8] at 2� [6] at the end of the high

luminosity phase of the LHC. This result was obtained by assuming that the experimental

uncertainties are given by the ‘Scenario 2’ estimates of CMS [26, 27], in which the the-

ory uncertainties are halved with respect to the 8TeV LHC run and the other systematic

uncertainties are scaled as the statistical errors. The actual precision achievable in the

high-luminosity LHC phase could be worse than this estimate, leading to a slightly smaller

sensitivity on �. Nevertheless the result shows that single Higgs production could be

competitive with other measurements, for instance double-Higgs production, in the deter-

mination of the Higgs self coupling.

A similar analysis, focusing only on the gluon fusion cross section and on the H ! ��

branching ratio, was presented in ref. [5]. With this procedure a bound � 2 [�7.0, 6.1] at

the 2� level was derived, whose overall size is in rough agreement with the result of ref. [6].

In section 2.3 we saw that large corrections to the Higgs self-couplings are seldom

generated alone and are typically accompanied by deviations in the other Higgs interactions.

In scenarios that predict O(1) corrections to �, single Higgs couplings, such as Yukawa
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a priori 25 measurements
but for an on-shell particles, at most 10 physical quantities

since only products σxBR are measured
only 9 independent constraints

interactions or couplings with the gauge bosons, usually receive corrections of the order of

5�10%. Since these corrections modify single-Higgs processes at tree level, their e↵ects are

comparable with the ones induced at loop level by a modification of the Higgs self-coupling.

In these scenarios, a reliable determination of � thus requires a global fit, in which also

the single-Higgs coupling distortions are properly included.

In this section we will perform such a fit, taking into account deformations of the SM

encoded by the 10 e↵ective operators introduced in section 2 (see eq. (2.5)). As we will

see, when all the e↵ective operators are turned on simultaneously, some cancellations are

possible, resulting in an unconstrained combination of the e↵ective operators. This flat

direction can not be resolved by taking into account only inclusive single-Higgs production

measurements. Additional observables are thus needed to disentangle deviations in the

Higgs self-coupling from distortions of single-Higgs interactions. We will discuss various

possibilities along this line in sections 4 and 5.

Before performing the actual fit, it is also important to mention that large deviations

in � could in principle also have an impact on the determination of single-Higgs couplings.

We will discuss this point in section 3.3.

3.1 Single-Higgs rates and single-Higgs couplings

As a preliminary step in our analysis, we focus on single Higgs couplings neglecting the

e↵ects of � and we perform a global fit exploiting single-Higgs processes.

Measurements of the production and decay rates of the Higgs boson are usually re-

ported in terms of signal strengths, i.e. the ratio of the measured rates with respect to the

SM predictions. The total signal strength, µf

i
, for a given production mode i and decay

channel h ! f , is thus given by

µ
f

i
= µi ⇥ µ

f =
�i

(�i)SM
⇥

BR[f ]

(BR[f ])SM
. (3.1)

Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the

combinations of these production and decay modes can be extracted at the high-luminosity

LHC with a precision better than 10�20%. It is thus possible to linearly expand the signal

strengths as

µ
f

i
' 1 + �µi + �µ

f
, (3.2)

since quadratic terms are negligible.

As can be seen from eq. (3.2), a rescaling of the production rates µi ! µi+� can be ex-

actly compensated by a rescaling of the branching ratios µf
! µ

f
��. For this reason, out of

7For simplicity we neglect the µ
+
µ
� and cc̄ decay modes and assume that no invisible decay channels

are present.
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direction can not be resolved by taking into account only inclusive single-Higgs production

measurements. Additional observables are thus needed to disentangle deviations in the

Higgs self-coupling from distortions of single-Higgs interactions. We will discuss various

possibilities along this line in sections 4 and 5.

Before performing the actual fit, it is also important to mention that large deviations

in � could in principle also have an impact on the determination of single-Higgs couplings.

We will discuss this point in section 3.3.
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e↵ects of � and we perform a global fit exploiting single-Higgs processes.

Measurements of the production and decay rates of the Higgs boson are usually re-

ported in terms of signal strengths, i.e. the ratio of the measured rates with respect to the

SM predictions. The total signal strength, µf
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, for a given production mode i and decay

channel h ! f , is thus given by
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Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the
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LHC with a precision better than 10�20%. It is thus possible to linearly expand the signal

strengths as
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, (3.2)

since quadratic terms are negligible.

As can be seen from eq. (3.2), a rescaling of the production rates µi ! µi+� can be ex-

actly compensated by a rescaling of the branching ratios µf
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��. For this reason, out of
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Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the
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5�10%. Since these corrections modify single-Higgs processes at tree level, their e↵ects are

comparable with the ones induced at loop level by a modification of the Higgs self-coupling.
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encoded by the 10 e↵ective operators introduced in section 2 (see eq. (2.5)). As we will

see, when all the e↵ective operators are turned on simultaneously, some cancellations are
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direction can not be resolved by taking into account only inclusive single-Higgs production
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Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the

combinations of these production and decay modes can be extracted at the high-luminosity

LHC with a precision better than 10�20%. It is thus possible to linearly expand the signal
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are present.
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direction can not be resolved by taking into account only inclusive single-Higgs production

measurements. Additional observables are thus needed to disentangle deviations in the

Higgs self-coupling from distortions of single-Higgs interactions. We will discuss various

possibilities along this line in sections 4 and 5.

Before performing the actual fit, it is also important to mention that large deviations

in � could in principle also have an impact on the determination of single-Higgs couplings.

We will discuss this point in section 3.3.
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ported in terms of signal strengths, i.e. the ratio of the measured rates with respect to the
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channel h ! f , is thus given by
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f =
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Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the

combinations of these production and decay modes can be extracted at the high-luminosity

LHC with a precision better than 10�20%. It is thus possible to linearly expand the signal
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, (3.2)

since quadratic terms are negligible.
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actly compensated by a rescaling of the branching ratios µf
! µ
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5�10%. Since these corrections modify single-Higgs processes at tree level, their e↵ects are

comparable with the ones induced at loop level by a modification of the Higgs self-coupling.

In these scenarios, a reliable determination of � thus requires a global fit, in which also

the single-Higgs coupling distortions are properly included.

In this section we will perform such a fit, taking into account deformations of the SM

encoded by the 10 e↵ective operators introduced in section 2 (see eq. (2.5)). As we will

see, when all the e↵ective operators are turned on simultaneously, some cancellations are

possible, resulting in an unconstrained combination of the e↵ective operators. This flat

direction can not be resolved by taking into account only inclusive single-Higgs production

measurements. Additional observables are thus needed to disentangle deviations in the

Higgs self-coupling from distortions of single-Higgs interactions. We will discuss various

possibilities along this line in sections 4 and 5.

Before performing the actual fit, it is also important to mention that large deviations

in � could in principle also have an impact on the determination of single-Higgs couplings.

We will discuss this point in section 3.3.
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ported in terms of signal strengths, i.e. the ratio of the measured rates with respect to the
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channel h ! f , is thus given by
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f =
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Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the

combinations of these production and decay modes can be extracted at the high-luminosity

LHC with a precision better than 10�20%. It is thus possible to linearly expand the signal

strengths as
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since quadratic terms are negligible.

As can be seen from eq. (3.2), a rescaling of the production rates µi ! µi+� can be ex-

actly compensated by a rescaling of the branching ratios µf
! µ
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��. For this reason, out of
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interactions or couplings with the gauge bosons, usually receive corrections of the order of

5�10%. Since these corrections modify single-Higgs processes at tree level, their e↵ects are

comparable with the ones induced at loop level by a modification of the Higgs self-coupling.

In these scenarios, a reliable determination of � thus requires a global fit, in which also

the single-Higgs coupling distortions are properly included.

In this section we will perform such a fit, taking into account deformations of the SM

encoded by the 10 e↵ective operators introduced in section 2 (see eq. (2.5)). As we will

see, when all the e↵ective operators are turned on simultaneously, some cancellations are

possible, resulting in an unconstrained combination of the e↵ective operators. This flat

direction can not be resolved by taking into account only inclusive single-Higgs production

measurements. Additional observables are thus needed to disentangle deviations in the

Higgs self-coupling from distortions of single-Higgs interactions. We will discuss various

possibilities along this line in sections 4 and 5.

Before performing the actual fit, it is also important to mention that large deviations

in � could in principle also have an impact on the determination of single-Higgs couplings.

We will discuss this point in section 3.3.

3.1 Single-Higgs rates and single-Higgs couplings

As a preliminary step in our analysis, we focus on single Higgs couplings neglecting the

e↵ects of � and we perform a global fit exploiting single-Higgs processes.

Measurements of the production and decay rates of the Higgs boson are usually re-

ported in terms of signal strengths, i.e. the ratio of the measured rates with respect to the

SM predictions. The total signal strength, µf
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, for a given production mode i and decay

channel h ! f , is thus given by
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f =
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. (3.1)

Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the

combinations of these production and decay modes can be extracted at the high-luminosity

LHC with a precision better than 10�20%. It is thus possible to linearly expand the signal

strengths as
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, (3.2)

since quadratic terms are negligible.

As can be seen from eq. (3.2), a rescaling of the production rates µi ! µi+� can be ex-

actly compensated by a rescaling of the branching ratios µf
! µ
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��. For this reason, out of
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interactions or couplings with the gauge bosons, usually receive corrections of the order of

5�10%. Since these corrections modify single-Higgs processes at tree level, their e↵ects are

comparable with the ones induced at loop level by a modification of the Higgs self-coupling.

In these scenarios, a reliable determination of � thus requires a global fit, in which also

the single-Higgs coupling distortions are properly included.

In this section we will perform such a fit, taking into account deformations of the SM

encoded by the 10 e↵ective operators introduced in section 2 (see eq. (2.5)). As we will

see, when all the e↵ective operators are turned on simultaneously, some cancellations are

possible, resulting in an unconstrained combination of the e↵ective operators. This flat

direction can not be resolved by taking into account only inclusive single-Higgs production

measurements. Additional observables are thus needed to disentangle deviations in the

Higgs self-coupling from distortions of single-Higgs interactions. We will discuss various

possibilities along this line in sections 4 and 5.

Before performing the actual fit, it is also important to mention that large deviations

in � could in principle also have an impact on the determination of single-Higgs couplings.

We will discuss this point in section 3.3.

3.1 Single-Higgs rates and single-Higgs couplings

As a preliminary step in our analysis, we focus on single Higgs couplings neglecting the

e↵ects of � and we perform a global fit exploiting single-Higgs processes.

Measurements of the production and decay rates of the Higgs boson are usually re-

ported in terms of signal strengths, i.e. the ratio of the measured rates with respect to the

SM predictions. The total signal strength, µf
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, for a given production mode i and decay

channel h ! f , is thus given by
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Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the

combinations of these production and decay modes can be extracted at the high-luminosity

LHC with a precision better than 10�20%. It is thus possible to linearly expand the signal

strengths as
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, (3.2)

since quadratic terms are negligible.

As can be seen from eq. (3.2), a rescaling of the production rates µi ! µi+� can be ex-

actly compensated by a rescaling of the branching ratios µf
! µ

f
��. For this reason, out of

7For simplicity we neglect the µ
+
µ
� and cc̄ decay modes and assume that no invisible decay channels

are present.
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Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the
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comparable with the ones induced at loop level by a modification of the Higgs self-coupling.

In these scenarios, a reliable determination of � thus requires a global fit, in which also

the single-Higgs coupling distortions are properly included.

In this section we will perform such a fit, taking into account deformations of the SM

encoded by the 10 e↵ective operators introduced in section 2 (see eq. (2.5)). As we will

see, when all the e↵ective operators are turned on simultaneously, some cancellations are

possible, resulting in an unconstrained combination of the e↵ective operators. This flat

direction can not be resolved by taking into account only inclusive single-Higgs production

measurements. Additional observables are thus needed to disentangle deviations in the

Higgs self-coupling from distortions of single-Higgs interactions. We will discuss various

possibilities along this line in sections 4 and 5.

Before performing the actual fit, it is also important to mention that large deviations

in � could in principle also have an impact on the determination of single-Higgs couplings.

We will discuss this point in section 3.3.
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Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the

combinations of these production and decay modes can be extracted at the high-luminosity

LHC with a precision better than 10�20%. It is thus possible to linearly expand the signal
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since quadratic terms are negligible.

As can be seen from eq. (3.2), a rescaling of the production rates µi ! µi+� can be ex-

actly compensated by a rescaling of the branching ratios µf
! µ

f
��. For this reason, out of

7For simplicity we neglect the µ
+
µ
� and cc̄ decay modes and assume that no invisible decay channels

are present.
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measurements. Additional observables are thus needed to disentangle deviations in the

Higgs self-coupling from distortions of single-Higgs interactions. We will discuss various

possibilities along this line in sections 4 and 5.

Before performing the actual fit, it is also important to mention that large deviations

in � could in principle also have an impact on the determination of single-Higgs couplings.

We will discuss this point in section 3.3.
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H ! bb̄
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H ! ⌧
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Table 1. Estimated relative uncertainties on the determination of single-Higgs production channels
at the high-luminosity LHC (14 TeV center of mass energy, 3/ab integrated luminosity and pile-
up 140 events/bunch-crossing). The theory, experimental (systematic plus statistic) and combined
uncertainties are listed in the ‘Theory’, ‘Experimental’ and ‘Combination’ columns respectively. All
the estimates are derived from refs. [10–12] and [3, 28].

The numbers listed in parentheses correspond to the 1� uncertainties obtained by consid-

ering only one parameter at a time, i.e. by setting to zero the coe�cients of all the other

e↵ective operators.

The comparison between the global fit and the fit to individual operators shows that

some bounds can significantly vary with the two procedures. The most striking case, as

noticed already in ref. [13], involves the czz and cz⇤ coe�cients, whose fit shows a high

degree of correlation. As a consequence, the constraints obtained in the global fit are more

than one order of magnitude weaker than the individual fit ones. This high degeneracy can

be lifted by including in the fit constraints coming from EW observables. Indeed, as we will

discuss later on, a combination of the czz and cz⇤ operators also modifies the triple gauge

couplings, generating an interesting interplay between Higgs physics and vector boson pair

production.

Another element of particular interest in the correlation matrix is the ĉgg – �yt entry.

The cleanest observable constraining these couplings is the gluon fusion cross section, which

however can only test a combination of the two parameters. In order to disentangle them

one needs to consider the ttH production mode. This process, however, has a limited

precision at the LHC, explaining the large correlation between ĉgg and �yt and the weaker

bounds in the global fit. Other ways to gain information about the top Yukawa coupling
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interactions or couplings with the gauge bosons, usually receive corrections of the order of

5�10%. Since these corrections modify single-Higgs processes at tree level, their e↵ects are

comparable with the ones induced at loop level by a modification of the Higgs self-coupling.

In these scenarios, a reliable determination of � thus requires a global fit, in which also

the single-Higgs coupling distortions are properly included.

In this section we will perform such a fit, taking into account deformations of the SM

encoded by the 10 e↵ective operators introduced in section 2 (see eq. (2.5)). As we will

see, when all the e↵ective operators are turned on simultaneously, some cancellations are

possible, resulting in an unconstrained combination of the e↵ective operators. This flat

direction can not be resolved by taking into account only inclusive single-Higgs production

measurements. Additional observables are thus needed to disentangle deviations in the

Higgs self-coupling from distortions of single-Higgs interactions. We will discuss various

possibilities along this line in sections 4 and 5.

Before performing the actual fit, it is also important to mention that large deviations

in � could in principle also have an impact on the determination of single-Higgs couplings.

We will discuss this point in section 3.3.

3.1 Single-Higgs rates and single-Higgs couplings

As a preliminary step in our analysis, we focus on single Higgs couplings neglecting the

e↵ects of � and we perform a global fit exploiting single-Higgs processes.

Measurements of the production and decay rates of the Higgs boson are usually re-

ported in terms of signal strengths, i.e. the ratio of the measured rates with respect to the

SM predictions. The total signal strength, µf

i
, for a given production mode i and decay

channel h ! f , is thus given by

µ
f
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f =
�i

(�i)SM
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(BR[f ])SM
. (3.1)

Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the

combinations of these production and decay modes can be extracted at the high-luminosity

LHC with a precision better than 10�20%. It is thus possible to linearly expand the signal

strengths as

µ
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i
' 1 + �µi + �µ

f
, (3.2)

since quadratic terms are negligible.

As can be seen from eq. (3.2), a rescaling of the production rates µi ! µi+� can be ex-

actly compensated by a rescaling of the branching ratios µf
! µ

f
��. For this reason, out of

7For simplicity we neglect the µ
+
µ
� and cc̄ decay modes and assume that no invisible decay channels

are present.
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H ! ��

ggF 0.07 0.05 0.05

VBF 0.22 0.16 0.15

ttH 0.17 0.12 0.12

WH 0.19 0.08 0.17

ZH 0.28 0.07 0.27

H ! ZZ

ggF 0.06 0.05 0.04

VBF 0.17 0.10 0.14

ttH 0.20 0.12 0.16

WH 0.16 0.06 0.15

ZH 0.21 0.08 0.20

H ! WW
ggF 0.07 0.05 0.05

VBF 0.15 0.12 0.09

H ! Z� incl. 0.30 0.13 0.27

H ! bb̄
WH 0.37 0.09 0.36

ZH 0.14 0.05 0.13

H ! ⌧
+
⌧
� VBF 0.19 0.12 0.15

Table 1. Estimated relative uncertainties on the determination of single-Higgs production channels
at the high-luminosity LHC (14 TeV center of mass energy, 3/ab integrated luminosity and pile-
up 140 events/bunch-crossing). The theory, experimental (systematic plus statistic) and combined
uncertainties are listed in the ‘Theory’, ‘Experimental’ and ‘Combination’ columns respectively. All
the estimates are derived from refs. [10–12] and [3, 28].

The numbers listed in parentheses correspond to the 1� uncertainties obtained by consid-

ering only one parameter at a time, i.e. by setting to zero the coe�cients of all the other

e↵ective operators.

The comparison between the global fit and the fit to individual operators shows that

some bounds can significantly vary with the two procedures. The most striking case, as

noticed already in ref. [13], involves the czz and cz⇤ coe�cients, whose fit shows a high

degree of correlation. As a consequence, the constraints obtained in the global fit are more

than one order of magnitude weaker than the individual fit ones. This high degeneracy can

be lifted by including in the fit constraints coming from EW observables. Indeed, as we will

discuss later on, a combination of the czz and cz⇤ operators also modifies the triple gauge

couplings, generating an interesting interplay between Higgs physics and vector boson pair

production.

Another element of particular interest in the correlation matrix is the ĉgg – �yt entry.

The cleanest observable constraining these couplings is the gluon fusion cross section, which

however can only test a combination of the two parameters. In order to disentangle them

one needs to consider the ttH production mode. This process, however, has a limited

precision at the LHC, explaining the large correlation between ĉgg and �yt and the weaker

bounds in the global fit. Other ways to gain information about the top Yukawa coupling
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Figure 2. �
2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [26] (dashed curve).

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

In fig. 3 we compare the fit in the (�yt, ĉgg) and (�yb, ĉ��) planes obtained by setting

the Higgs trilinear to the SM value (�� = 0), with the results obtained by allowing ��

to vary in the ranges |��|  10 and |��|  20.

In the (�yt, ĉgg) case (left panel of fig. 3), there is a strong (anti-)correlation between

the two parameters as we explained in section 3.1. When the Higgs self-coupling is included

in the fit the strong correlation is still present. The constraint along the correlated direction

becomes significantly weaker, even if we restrict �� to the range |��|  10. The constraint

in the orthogonal direction is instead only marginally a↵ected.

In the case of the (�yb, ĉ��) observables, we find that the 1� uncertainty on the deter-

mination of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed

to take values up to |��| ⇠ 20.

This above discussion makes clear that a global fit on the single-Higgs observables

can not be properly done without including some assumption on the allowed values of the

trilinear self-coupling of the Higgs (see section 2.3). If � can sizably deviate from the SM

value (�� & 5) including it into the fit is mandatory in order to obtain accurate predictions
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encoded by the 10 e↵ective operators introduced in section 2 (see eq. (2.5)). As we will

see, when all the e↵ective operators are turned on simultaneously, some cancellations are

possible, resulting in an unconstrained combination of the e↵ective operators. This flat

direction can not be resolved by taking into account only inclusive single-Higgs production

measurements. Additional observables are thus needed to disentangle deviations in the

Higgs self-coupling from distortions of single-Higgs interactions. We will discuss various

possibilities along this line in sections 4 and 5.

Before performing the actual fit, it is also important to mention that large deviations

in � could in principle also have an impact on the determination of single-Higgs couplings.

We will discuss this point in section 3.3.

3.1 Single-Higgs rates and single-Higgs couplings

As a preliminary step in our analysis, we focus on single Higgs couplings neglecting the

e↵ects of � and we perform a global fit exploiting single-Higgs processes.

Measurements of the production and decay rates of the Higgs boson are usually re-

ported in terms of signal strengths, i.e. the ratio of the measured rates with respect to the

SM predictions. The total signal strength, µf

i
, for a given production mode i and decay

channel h ! f , is thus given by

µ
f

i
= µi ⇥ µ

f =
�i

(�i)SM
⇥

BR[f ]

(BR[f ])SM
. (3.1)

Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W
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LHC with a precision better than 10�20%. It is thus possible to linearly expand the signal
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Higgs self-coupling from distortions of single-Higgs interactions. We will discuss various

possibilities along this line in sections 4 and 5.

Before performing the actual fit, it is also important to mention that large deviations

in � could in principle also have an impact on the determination of single-Higgs couplings.

We will discuss this point in section 3.3.
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As a preliminary step in our analysis, we focus on single Higgs couplings neglecting the

e↵ects of � and we perform a global fit exploiting single-Higgs processes.

Measurements of the production and decay rates of the Higgs boson are usually re-

ported in terms of signal strengths, i.e. the ratio of the measured rates with respect to the

SM predictions. The total signal strength, µf

i
, for a given production mode i and decay

channel h ! f , is thus given by

µ
f

i
= µi ⇥ µ

f =
�i

(�i)SM
⇥

BR[f ]

(BR[f ])SM
. (3.1)

Obviously the production and decay signal strengths can not be separately measured and

only their products are directly accessible.

Single Higgs production can be extracted with good accuracy at the LHC in five main

modes: gluon fusion (ggF), vector boson fusion (VBF), associated production with a W

or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the

main Higgs decay channels are into ZZ, WW , ��, ⌧+⌧� and bb̄.7 A large subset of all the

combinations of these production and decay modes can be extracted at the high-luminosity

LHC with a precision better than 10�20%. It is thus possible to linearly expand the signal

strengths as

µ
f

i
' 1 + �µi + �µ

f
, (3.2)

since quadratic terms are negligible.

As can be seen from eq. (3.2), a rescaling of the production rates µi ! µi+� can be ex-

actly compensated by a rescaling of the branching ratios µf
! µ

f
��. For this reason, out of

7For simplicity we neglect the µ
+
µ
� and cc̄ decay modes and assume that no invisible decay channels

are present.
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cannot determine univocally 10 EFT parameters!
one flat direction is expected!
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Process Combination Theory Experimental

H ! ��

ggF 0.07 0.05 0.05

VBF 0.22 0.16 0.15

ttH 0.17 0.12 0.12

WH 0.19 0.08 0.17

ZH 0.28 0.07 0.27

H ! ZZ

ggF 0.06 0.05 0.04

VBF 0.17 0.10 0.14

ttH 0.20 0.12 0.16

WH 0.16 0.06 0.15

ZH 0.21 0.08 0.20

H ! WW
ggF 0.07 0.05 0.05

VBF 0.15 0.12 0.09

H ! Z� incl. 0.30 0.13 0.27

H ! bb̄
WH 0.37 0.09 0.36

ZH 0.14 0.05 0.13

H ! ⌧
+
⌧
� VBF 0.19 0.12 0.15

Table 1. Estimated relative uncertainties on the determination of single-Higgs production channels
at the high-luminosity LHC (14 TeV center of mass energy, 3/ab integrated luminosity and pile-
up 140 events/bunch-crossing). The theory, experimental (systematic plus statistic) and combined
uncertainties are listed in the ‘Theory’, ‘Experimental’ and ‘Combination’ columns respectively. All
the estimates are derived from refs. [10–12] and [3, 28].

The numbers listed in parentheses correspond to the 1� uncertainties obtained by consid-

ering only one parameter at a time, i.e. by setting to zero the coe�cients of all the other

e↵ective operators.

The comparison between the global fit and the fit to individual operators shows that

some bounds can significantly vary with the two procedures. The most striking case, as

noticed already in ref. [13], involves the czz and cz⇤ coe�cients, whose fit shows a high

degree of correlation. As a consequence, the constraints obtained in the global fit are more

than one order of magnitude weaker than the individual fit ones. This high degeneracy can

be lifted by including in the fit constraints coming from EW observables. Indeed, as we will

discuss later on, a combination of the czz and cz⇤ operators also modifies the triple gauge

couplings, generating an interesting interplay between Higgs physics and vector boson pair

production.

Another element of particular interest in the correlation matrix is the ĉgg – �yt entry.

The cleanest observable constraining these couplings is the gluon fusion cross section, which

however can only test a combination of the two parameters. In order to disentangle them

one needs to consider the ttH production mode. This process, however, has a limited

precision at the LHC, explaining the large correlation between ĉgg and �yt and the weaker

bounds in the global fit. Other ways to gain information about the top Yukawa coupling
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Figure 1. Variation of the Higgs basis parameters along the flat direction as a function of the Higgs
trilinear coupling �. The gray bands correspond to the 1� error bands at the high-luminosity LHC
(see eq. (3.4)).

It must be stressed that the exact flat direction could in principle be lifted if we

include in the signal strengths computation also terms quadratic in the EFT parameters.

The additional terms, however, become relevant only for very large values of �, so that

for all practical purposes we can treat the flat direction as exact. Notice moreover that,

when the quadratic terms become important, one must a priori also worry about possible

corrections from higher-dimensional operators, which could become comparable to the

square of dimension-6 operators.

As we discussed in the previous section, additional observables can provide independent

bounds on the Higgs couplings. In particular some of the strongest constraints come from

the measurements of TGC’s and of the h ! Z� branching ratio. In the fit of the single-

Higgs couplings these constraints were enough to get rid of the large correlation between

czz and cz⇤ and to improve the bound on ĉz� . The impact on the global fit including the

Higgs trilinear coupling is instead limited. The reason is the fact that the combination

of parameters tested in TGC’s (see appendix B) and in h ! Z� are ‘aligned’ with the

flat direction, i.e. they involve couplings whose values along the flat direction change very

slowly (see fig. 1). Although the flat direction is no more exact, even assuming that the

TGC’s and cz� can be tested with arbitrary precision, very large deviations in the Higgs

self-coupling would still be allowed.

production and decay signal strengths are approximately equal to the SM ones, namely |�µi| < 0.005,

|�µ
f
| < 0.005 for |�| < 20.
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The particular direction of this flat direction
tells that adding new data on diboson or h⇾Zγ won’t help much
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Figure 3. Constraints in the planes (�yt, ĉgg) (left panel) and (�yb, ĉ��) (right panel) obtained
from a global fit on the single-Higgs processes. The darker regions are obtained by fixing the Higgs
trilinear to the SM value � = 1, while the lighter ones are obtained through profiling by restricting
�� in the ranges |��|  10 and |��|  20 respectively. The regions correspond to 68% confidence
level (defined in the Gaussian limit corresponding to ��

2 = 2.3).

for the single-Higgs couplings. On the other hand, if we have some theoretical bias that

constrains the Higgs self-coupling modifications to be small (�� . few), a restricted fit in

which only the corrections to single-Higgs couplings are included is reliable.

We will see in the following that the situation can drastically change if we include in

the fit additional measurements that can lift the flat direction. In particular we will focus

on the measurement of double Higgs production in the next section and of di↵erential single

Higgs distributions in section 5.

4 Double Higgs production

A natural way to extract information about the Higgs self-coupling is to consider Higgs

pair production channels. Among this class of processes, the production mode with the

largest cross section [51], which we can hope to test with better accuracy at the LHC,

is gluon fusion.16 Several analyses are available in the literature, focusing on the various

Higgs decay modes. The channel believed to be measurable with the highest precision is

hh ! bb�� [20, 55–61]. In spite of the small branching ratio (BR ' 0.264%), its clean

final state allows for high reconstruction e�ciency and low levels of backgrounds. In the

following we will thus focus on this channel for our analysis.

Additional final states have also been considered in the literature, in particular hh !

bbbb [62–65], hh ! bbWW
⇤ [58, 63, 66] and hh ! bb⌧

+
⌧
� [58, 62, 63, 67, 68]. All these

channels are plagued by much larger backgrounds. In order to extract the signal, one

16It has been pointed out in ref. [52] that the WHH and ZHH production modes could provide a good

sensitivity to positive deviations in the Higgs self-coupling. As we will see in the following, the gluon fusion

channel is instead more sensitive to negative deviations. The associated double Higgs production channels

could therefore provide useful complementary information for the determination of �. For simplicity we

only focus on the gluon fusion channels in the present analysis. We leave the study of the V HH channels,

as well as of the double Higgs production mode in VBF (see refs. [53, 54]), for future work.
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Does h3 modify the fit to other couplings? 
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Figure 4. Left: The solid curve shows the global �2 as a function of the corrections to the Higgs
trilinear self-coupling obtained from a fit exploiting inclusive single Higgs and inclusive double Higgs
observables. The dashed line shows the fit obtained by neglecting the dependence on �� in single-
Higgs observables. The dotted line is obtained by exclusive fit in which all the EFT parameters,
except for ��, are set to zero. Right: The same but using di↵erential observables for double Higgs.

must rely on configurations with boosted final states and more involved reconstruction

techniques, which limit the achievable precision.

The dependence of the double Higgs production cross section on the EFT parameters

has been studied in refs. [20, 68–70]. It has been shown that a di↵erential analysis taking

into account the Higgs pair invariant mass distribution can help in extracting better bounds

on the relevant EFT parameters.

On top of the dependence on �, double Higgs production is sensitive at leading order

to 4 additional EFT parameters, namely �yt, �y
(2)

t
, ĉgg and ĉ

(2)

gg . The explicit expression of

the cross section is given in appendix A, eq. (A.16). As we discussed in section 2, in the

linear EFT description only �yt and ĉgg are independent parameters, while the other two

correspond to the combinations given in eq. (2.6). By a suitable cut-and-count analysis

strategy, the total SM Higgs pair production cross section is expected to be measured with

a precision ⇠ 50% at the high-luminosity LHC [20]. These estimates are in good agreement

with the recent projections by ATLAS [61].

As a first point, we focus on the determination of the trilinear Higgs self-coupling. In

the left panel of fig. 4 we show the �2 as a function of �. The solid curve corresponds to the

result of a global fit including single-Higgs and inclusive double-Higgs observables. All the

single-Higgs EFT parameters have been eliminated by profiling. The dashed curve shows

how the fit is modified if we neglect the dependence on � in single-Higgs processes. Finally,

the dotted curve is obtained by performing an exclusive fit, in which all the deviations in

single-Higgs couplings are set to zero.

As expected, the measurement of double-Higgs production removes the flat direction

that was present in the fit coming only from single-Higgs observables. The global fit

constrains the Higgs trilinear self-coupling to the intervals � 2 [0.0, 2.5] [ [4.9, 7.4] at

68% confidence level and � 2 [�0.8, 8.5] at 95%. As we can see by comparing the solid

and dashed lines in fig. 4, the fit of � is almost completely determined by Higgs pair

– 22 –

NLO single H vs double Higgs

double Higgs first! 
single Higgs observables at NLO plays a marginal role in determining h3 

differential double Higgs removes degenerate minima

Be careful: if non-linear EFT, more parameters are needed!
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Figure 5. Left: �
2 as a function of the Higgs trilinear self-coupling. The green bands are obtained

from the di↵erential analysis on single-Higgs observables and are delimited by the fits corresponding
to the optimistic and pessimistic estimates of the experimental uncertainties. The dotted green
curves correspond to a fit performed exclusively on �� setting to zero all the other parameters, while
the solid green lines are obtained by a global fit profiling over the single-Higgs coupling parameters.
Right: The red lines show the fits obtained by a combination of single-Higgs and double-Higgs
di↵erential observables. In both panels the dark blue curves are obtained by considering only
double-Higgs di↵erential observables and coincide with the results shown in fig. 4.

in bins with fewer events. The uncertainties for the two scenarios are reported in tables 7

and 8.

Notice that the invariant mass of some processes is not directly accessible experimen-

tally, since the event kinematics can not be fully reconstructed. We nevertheless use it for

our analysis for simplicity. As a cross check, we verified that performing the analysis with

transverse momentum binning does not significantly modify the results of the fit. Since our

estimates of the experimental uncertainties and our analysis strategy are quite crude, we

do not expect our numerical results to be fully accurate. They must instead be interpreted

as rough estimates which can however give an idea of the discriminating power that we

could expect by the exploitation of di↵erential single-Higgs distributions.

As a first step we consider the impact on the determination of single-Higgs couplings.

Including the di↵erential information in the fit helps in reducing the correlation between

czz and cz⇤. The overall change in the fit is however small and the 1� intervals are nearly

unchanged with respect to the ones we obtained in the inclusive analysis (see eq. (3.5)).

More interesting results are instead obtained when we focus on the extraction of the

Higgs trilinear self-coupling. We find that di↵erential distributions are able to lift the

flat direction we found in the inclusive single-Higgs observables fit. The solid green lines

in fig. 5 show the �
2 obtained in a global fit on single-Higgs observables including the

di↵erential information from associated production modes. The two lines correspond to

the ‘optimistic’ and ’pessimistic’ assumptions on the experimental uncertainties. Through

this procedure one could constrain the Higgs trilinear coupling to the interval |��| . 5

at the 1� level. An exclusive fit, in which all the single-Higgs couplings deviations are set

to zero, gives a range � 2 [�0.8, 3.5] at 1� and � 2 [�2, 7] at 2� (dotted green lines),

which is significantly smaller than the one obtained through a global fit, as can be seen by

– 25 –

Is differential single H @ NLO a good option?
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interesting potential option
but more detailed estimates of exp. uncertainties are required

to fully asses its potential
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Higgs self-coupling prospects
ECFA Higgs study group ‘19

50% sensitivity: establish that h3≠0 at 95%CL
20% sensitivity: 5σ discovery of the SM h3 coupling

5% sensitivity: getting sensitive to quantum corrections to Higgs potential
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Higgs@FC WG November 2019

Don’t need to reach HH threshold 
to have access to h3. 

Z-pole run is very important 
if the HH threshold cannot be reached

1

The determination of h3 at FCC-hh 
relies on HH channel, 

for which FCC-ee is of little direct help.
But the extraction of h3 

requires precise knowledge of yt.
1% yt ↔ 5% h3

2

Precision measurement of yt needs ee
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EFTs for composite Hi's models
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Composite Higgs Anomalous Couplings
Giudice, Grojean, Pomarol, Rattazzi ‘07

cH � O(1)L � cH
2f2
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2

�
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(⇥µh)2 + . . .

Modified  
Higgs propagator

Higgs couplings  
rescaled by ~
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⇤ 1� cH
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2f2
⇥ 1� �/2

Higgs anomalous coupling: a = √1-ξ≈ 1-ξ/2

� = v2/f2

49

f=compositeness scale of the Higgs boson

Typical resonance mass: mρ=gρ×f. Strong coupling: mρ⨠f

http://arxiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
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EFT = dimensional analysis
It is important to remember that couplings are not dimensionless

Chapter 2. Effective Lagrangians for the Higgs boson

Mn ~n

scalar field � 1 1/2

fermion field  3/2 1/2

vector field Aµ 1 1/2

mass m 1 0

gauge coupling g 0 �1/2

quartic coupling � 0 �1

Yukawa coupling yf 0 �1/2

Table 2.1 – Mass and ~ dimensionalities of the classical SM fields and couplings for c = 1
but ~ 6= 1. This follows trivially from the dimensionality of the quantum mechanical
action [S] = ~ when ~ is put back into place.

than derivatives. This remark greatly simplifies the list of relevant operators.

The list of dimension-6 operators has been discussed at length in the literature [54–63], for
recent reviews see Refs. [64, 65]. There exist various bases for the dimension-6 operators
related by field redefinitions, or equivalently, the classical equations of motion. In the
following we will adopt the basis discussed in Refs. [53, 65] which has several advantages.
Firstly, it captures the effects of a well motivated set of new physics models in only a
minimal number of operators. Universal theories, for instance, describing those models
whose low energy effects can be encoded solely in higher dimensional operators consisting
of SM bosons, can be captured by only 14 operators corresponding to the 14 degrees of
freedom parametrising all possible NP effects. Composite Higgs models without particle
compositeness are an example of such models. If the elementary fermions couple to the
strong sector, also fermionic operators are induced. Thus potentially complicated, linear
combinations (as would be needed for example in the basis of Ref. [63]) can be avoided.
The operators in this basis are furthermore directly related to experimentally measured
quantities which simplifies the procedure to set bounds on the coefficients [52]. Secondly,
under reasonable assumptions, this basis allows one to distinguish operators arising from
tree and loop level diagrams when integrating out the heavy particles. Their coefficients
are hence expected to be of different size, i.e. loop suppressed or not [53]. As discussed in
Refs. [53, 65], the dimension-6 operators fall into the following three categories.

Tree level operators with extra powers of Higgs fields or SM fermions. Op-
erators in this first category are built from products of SM bilinears. They appear by
integrating out heavy scalars, fermions or vectors at tree level and contain extra powers
of Higgs fields or SM fermions thus contributing additional powers of gH and gfL,R

.
According to the power counting in Eq. (2.21) and Table 2.1, these operators can be
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extra Higgs leg:  
(strongly-interacting light Higgs)

custodial breaking

loop-suppressed strong dynamicsminimal coupling: 
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SILH Effective Lagrangian
extra derivative: 
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The Higgs couplings deviates from SM ones (a=b=c=1)  
and the deviations are controlled by  cH and cy 

Anomalous couplings  are related to the coset symmetry and not the spectrum of resonances

Composite Higgs  
vs.  

SM Higgs

Goldstone Higgs  
for large f 

a=1-v2/2f2  b=1-2 v2/f2

Uniqueness of Goldstone models 
 in the SM vicinity

— a single operator at dimension-6 level  
controls the amplitudes —
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Higgs anomalous couplings
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Composite Higgs

A rough comparison with data: courtesy of R.Torre

Higher order effects, from resonances exchange, should 
be also taken into account

53

Fit of Higgs couplings

Current fit of Higgs couplings to gauge boson and fermions

✦ assumption

✦ bounds
• MCHM4
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2 3 Signal and Background Modeling

ℓ

W

Z

νℓ

ℓ′

ℓ′

q′

q
W∗ ρT

Figure 1: The ⌃TC (and aTC) production in pp collisions at the LHC occurs primarily through
quark annihilation into an intermediate W⇥ boson.

tem is composed of a pixel detector with three barrel layers at radii between 4.4 and 10.2 cm
and a silicon strip tracker with 10 barrel detection layers extending outwards to a radius of
1.1 m. Each system is completed by two end caps, extending the acceptance up to |⇥| < 2.5.
A lead tungstate crystal electromagnetic calorimeter with fine transverse (D⇥, D�) granular-
ity and a brass-scintillator hadronic calorimeter surround the tracking volume and cover the
region |⇥| < 3. The steel return yoke outside the solenoid is in turn instrumented with gas
detectors which are used to identify muons in the range |⇥| < 2.4. The barrel region is covered
by drift tube chambers and the end cap region by cathode strip chambers, each complemented
by resistive plate chambers.

3 Signal and Background Modeling
The signal and background samples have been obtained using detailed Monte Carlo simula-
tions. The Monte Carlo event generator PYTHIA 6.4 [20] has been used for producing the W ⌅ and
⌃TC [21] samples. Fully leptonic decays W ⇤ `⌅ and Z ⇤ `+`� with ` = e, µ are considered
in this analysis. The contribution of the leptonic decays of ⌥’s from W or Z is considered as a
background.

The W ⌅ samples have been generated in steps of 100 GeV ranging from 300 to 900 GeV. For TC,
we concentrate on three LSTC mass points not excluded by other experiments which cover
a phase space region accessible with less than 5 fb�1. These masses along with the pro-
duction cross sections for signal (⌃TC/ aTC) convoluted with the decay branching fractions
to WZ and their subsequent leptonic decays are listed in Table 1. The implementation in
PYTHIA includes both the vector and axial-vector resonances, ⌃TC and aTC respectively, with
M(aTC) = 1.1M(⌃TC). This helps to naturally suppress the electroweak parameter S, since the
first set of vector resonances (⌃TC) and the first set of axial-vector resonances (aTC) are nearly
degenerate. In addition, the TC parameters, MV (for techni-vectors) and MA (for aTC), were set
to be equal to M(⌃TC) and M(�TC), where M(�TC) is the mass of the �TC particle.

The relationship between M(⌃TC) and M(⇧TC) significantly affects the BR(⌃TC ⇤ WZ). If
M(⌃TC) > 2M(⇧TC), the WZ branching ratio is reduced by approximately ten times, while the
WZ branching ratio approaches 100% if M(⌃TC) < M(⇧TC) + MW . For this study we assume
a parameter set used in the Les Houches study [21] (M(⇧TC) =

3
4 M(⌃TC)� 25 GeV) and also

investigate the dependence of the results on the relative values of the ⌃TC and ⇧TC masses.

Some of the background processes have been generated using PYTHIA, while the others have
been generated using the ALPGEN [22], MADGRAPH [23] and POWHEG [24] generators. These
backgrounds can be divided into physics and instrumental. The physics backgrounds include
ZZ production in which one of the leptons is either outside the detector acceptance or mis-

Dominant decays into longitudinal SM gauge bosons

where T± = (⌃1 ± i⌃2)/2.

Furthermore, the SM gauge boson self interactions after the rotation produce the cou-

plings of ⇧ to the electroweak gauge bosons. In particular, the cubic gauge boson vertices

with one ⇧ are given by

� g2

4g⌅

�
 µW

+
⇥ W�

µ �  µW
�
⇥ W+

µ

⇥
⇧0⇥�

g
⇧
g2 + g⇤2

4g⌅

⇤
( µW

�
⇥ Zµ �  µZ⇥W

�
µ )⇧+⇥ + h.c.

⌅
+. . . (4.3)

where the dots stand for cyclic permutations of the fields in each vertex.

4.2 Decays

The cubic gauge vertices in Eq. (4.3) induce the dominant decay of ⇧ is into a pair of

longitudinally polarized electroweak gauge bosons. The leading order decay widths can be

computed using the Goldstone boson equivalence theorem,
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In our numerical analysis below we use the full ⇧ ⌃ V V matrix element that also takes into

account decays into transversely polarized gauge bosons. These correct the leading order

widths by ⇤ 50% for m⌅ ⇤ 350 GeV, and by ⇤ 10% for m⌅ ⇤ 1 TeV. In Eq. (4.3) the

charged resonances couple to WZ and not to W�. This is a consequence of our assumption

that the strength of the ⇧3 vertex in the original lagrangian is set by the hidden SU(2) gauge

coupling g⌅. Departure from the gauge coupling, g3⌅ = g⌅ + ⇥, would result in the ⇧W�

vertex suppressed by ⇥g2/g2⌅ which would allow for subleading decays ⇧± ⌃ W±�, as studied

in Ref. [35].

The heavy resonances also decay to the SM fermions via the couplings in Eq. (4.2),

however, these decays are strongly suppressed in the interesting parameter space (for m⌅ ⇧
2mW ). For example, the leptonic branching fractions are given by

Br(⇧± ⌃ e±⇤) ⌅ 2Br(⇧0 ⌃ e+e�) ⌅ 16m4
W

m4
⌅

(4.5)

For m⌅ ⇤ TeV this is already less than 10�3. Conversely, the branching fraction into the

electroweak gauge bosons is practically equal to 1 throughout the interesting parameter

space. Thus, the main discovery channel at the Tevatron and LHC is the search for resonant

production of W+W� and W±Z pairs.
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Suppressed decays to SM quarks and leptons

where T± = (⌃1 ± i⌃2)/2.

Furthermore, the SM gauge boson self interactions after the rotation produce the cou-

plings of ⇧ to the electroweak gauge bosons. In particular, the cubic gauge boson vertices

with one ⇧ are given by

� g2

4g⌅

�
 µW

+
⇥ W�

µ �  µW
�
⇥ W+

µ

⇥
⇧0⇥�

g
⇧
g2 + g⇤2

4g⌅

⇤
( µW

�
⇥ Zµ �  µZ⇥W

�
µ )⇧+⇥ + h.c.

⌅
+. . . (4.3)

where the dots stand for cyclic permutations of the fields in each vertex.

4.2 Decays

The cubic gauge vertices in Eq. (4.3) induce the dominant decay of ⇧ is into a pair of

longitudinally polarized electroweak gauge bosons. The leading order decay widths can be

computed using the Goldstone boson equivalence theorem,

�(⇧0 ⌃ W+W�) ⌅ �(⇧± ⌃ ZW±) ⌅
m⌅g2⌅⇤⇤
48⌅

=
m5

⌅

192⌅g2⌅v
4
. (4.4)

In our numerical analysis below we use the full ⇧ ⌃ V V matrix element that also takes into

account decays into transversely polarized gauge bosons. These correct the leading order

widths by ⇤ 50% for m⌅ ⇤ 350 GeV, and by ⇤ 10% for m⌅ ⇤ 1 TeV. In Eq. (4.3) the

charged resonances couple to WZ and not to W�. This is a consequence of our assumption

that the strength of the ⇧3 vertex in the original lagrangian is set by the hidden SU(2) gauge

coupling g⌅. Departure from the gauge coupling, g3⌅ = g⌅ + ⇥, would result in the ⇧W�

vertex suppressed by ⇥g2/g2⌅ which would allow for subleading decays ⇧± ⌃ W±�, as studied

in Ref. [35].

The heavy resonances also decay to the SM fermions via the couplings in Eq. (4.2),

however, these decays are strongly suppressed in the interesting parameter space (for m⌅ ⇧
2mW ). For example, the leptonic branching fractions are given by

Br(⇧± ⌃ e±⇤) ⌅ 2Br(⇧0 ⌃ e+e�) ⌅ 16m4
W

m4
⌅

(4.5)

For m⌅ ⇤ TeV this is already less than 10�3. Conversely, the branching fraction into the

electroweak gauge bosons is practically equal to 1 throughout the interesting parameter

space. Thus, the main discovery channel at the Tevatron and LHC is the search for resonant

production of W+W� and W±Z pairs.

16

searches in WW, WZ channels in DY processes
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 1 TeV

500 GeV stops & sbottoms

wino, bino

Higgsinos

1st & 2nd family squarks

gluinos

SUSY MASS SPECTRUM

 3 TeV

Higgs125 GeV Higgs

color fermionic

spin-1 resonances
spin-2 resonances

125 GeV

 1 TeV

500 GeV
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MCHM MASS SPECTRUM

resonances

Fig. 3. Natural expectations for the mass spectrum in supersymmetric models (left) and com-
posite Higgs models (right).

in most natural scenarios is the Higgsino, or the Gravitino for the case of GMSB
models. For composite Higgs models, the top partners are color fermionic resonances
with electric charges Q = 5/3, 2/3, �1/3 [15], and a phenomenology described in
detail in [50]. This is depicted in Fig. 3 where it is shown the mass spectrum of a
natural supersymmetric and composite Higgs model. Present limits on top partners
from the LHC Run 1 are around 500�800 GeV [51], scratching at present the most
natural region of the parameter space of the MSSM and MCHM. Nevertheless, it
will not be until the LHC Run 2 where the naturalness of these BSM will be really
at stake.

Clues for cosmological conundrums

Could TeV physics be behind other fundamental questions in particle physics and
cosmology, such as the origin of Dark Matter (DM), the abundance of matter
over anti-matter in our universe (Baryogenesis), the origin of inflation or neutrino
masses? Though not necessary the case, as the mandatory new-physics at the
Planck scale could be the true responsible for these phenomena, it is well possible
that some of these questions are addressed by TeV physics, opening an exciting
possibility of resolving these mysteries in well controlled experiments, such as TeV
colliders. The most likely of the above important questions to be addressed by TeV
new-physics is the DM origin. This hope arises from the so-called ”WIMP miracle”:
A stable particle with mass of order the electroweak scale and O(1) renormalizable-
interactions is in the ballpark of the needed relic abundance for a DM candidate.
In the MSSM, as well as in the MCHM, we find many DM candidates [52]. For in-
stance, the lightest superpartner, if neutral, as the neutralinos (superpartners of the
Z, photon or Higgs), can be a good candidate for DM in certain ”well-tempered”
region of the parameter space [53]. Similarly, DM can arise in composite Higgs mod-

Expected spectrum in Composite Higgs ScenariosThe other resonances
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A combination of VV searches
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Jlν Jll
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for the W
0
! WLZL and Gbulk ! WLWL signal hypotheses is found in the mass range to

1.9 < mX < 2.1 TeV, while the excess extends down to mX = 1.8 TeV for the ZLZL sig-
nal hypothesis. In these mass ranges, the ATLAS data prefer a production cross section of
⇡ 10 fb, while the CMS data favour smaller values (⇡ 3 fb) and are more consistent with the
no-signal hypothesis. The maximum-likelihood (ML) combined cross section is essentially
identical to the corresponding ATLAS value. The scan of the profiled likelihood functions
are compared in Figure 10 for mX = 2 TeV, corresponding to the largest signal significance.
Due to the large uncertainties on the signal strength, the best-fit cross-section values by
ATLAS and CMS are compatible within ±1� for W

0
! WLZL and Gbulk ! WLWL. The

compatibility is slightly reduced under the Gbulk ! ZLZL hypothesis.
In conclusion, the mild CMS excess reduce slightly the large ATLAS excess, but the

global significance stays well above 3 � for Gbulk ! WLWL and Gbulk ! ZLZL hypotheses
and close to 3 � for W

0
! WLZL. The preferred mass range for the excess after the

combination is for mX between ⇡ 1.9 and ⇡ 2 TeV.

Figure 7. Full hadronic CMS + ATLAS combined limits (black). The green (yellow) bands

represent the two sigma (one sigma) limits from our fit with the fudge factors. The read and blue

lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-only.

From left to right we show respectively the results for Gbulk ! WLWL, W
0
! WLZL and

Gbulk ! ZLZL selections and signal hypotheses.

Figure 11 shows the evolution of observed and expected limits when the signal is com-
posed by ZLZL and WLWL components.

– 12 –

Figure 8. The p-values from full hadronic CMS + ATLAS combination (black). The green (yellow)

bands represent the two sigma (one sigma) limits from our fit with the fudge factors. The red and

blue lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-

only. We also show the result of the combination without use of the fudge factors in dashed. From
left to right we show respectively the results for Gbulk ! WLWL, W

0
! WLZL and Gbulk ! ZLZL

selections and signal hypotheses.

Figure 9. Best fitted cross section for ATLAS and CMS combination in the VV ! JJ channel,

compared with the best fitted cross section from the individual results for ATLAS-only (red) and

CMS-only (blue). The green (yellow) bands represent the two sigma (one sigma) limits from our fit

with the fudge factors. From left to right we show respectively the results for Gbulk ! WLWL,

W
0
! WLZL and Gbulk ! ZLZL selections and signal hypotheses.
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Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,

Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual

ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed

(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the

ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value

to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and

not including them (dashed).
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Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,

Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual

ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed

(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the

ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value

to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and

not including them (dashed).
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not including them (dashed).
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F. Dias et al. http://arxiv.org/abs/1512.03371
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At 8 TeV, some excess in ZW decays (in jets) mostly in ATLAS:
The ATLAS Dijet Diboson excess  
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(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
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The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
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signal events, nsig, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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• Global significance evaluated to 2.5� after Look Elsewhere effect
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Spin-1 resonance searches: enhanced by large 
couplings from the 
composite sector

Glimpses at the LHC? suppressed by large couplings from the 
composite sector

H couplings vs searches for vector resonances
Precision /indirect searches (high lumi.) vs. direct searches (high energy)

 Precision Higgs study:  

 Direct searches for resonances:

DY production xs of resonances decreases as 1/gρ2
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Collider Energy Luminosity ⇠ [1�] References

LHC 14TeV 300 fb�1 6.6� 11.4⇥ 10�2 [60–62]

LHC 14TeV 3 ab�1 4� 10⇥ 10�2 [60–62]

ILC 250GeV 250 fb�1

4.8-7.8⇥10�3 [1, 62]
+ 500GeV 500 fb�1

CLIC 350GeV 500 fb�1

2.2 ⇥10�3 [62, 63]+ 1.4TeV 1.5 ab�1

+ 3.0TeV 2 ab�1

TLEP 240GeV 10 ab�1

2⇥10�3 [62]
+ 350GeV 2.6 ab�1

Table 3.1: Summary of the reach on ⇠ (see the text for the definition) for various collider options.

4 EWPT reassessment

As mentioned in the Introduction, EWPT, and in particular the oblique parameters Ŝ and T̂ ,

set some of the strongest constraints on CH models. However, as we stressed before, they su↵er

from an unavoidable model dependence, so that incalculable UV contributions can substantially

relax these constraints [19]. We believe that presenting the corresponding exclusion contours

in the previous plots without taking into account any possible UV contribution would lead to a

wrong and too pessimistic conclusion. Therefore we parametrize the new physics contributions

to Ŝ and T̂ as

�Ŝ =
g
2

96⇡2
⇠ log

✓
⇤

mh

◆
+

m
2
W

m2
⇢
+ ↵

g
2

16⇡2
⇠ ,

�T̂ = �
3g0 2

32⇡2
⇠ log

✓
⇤

mh

◆
+ �

3y2t
16⇡2

⇠ ,

(4.1)

where the first terms represent the IR contributions due to the Higgs coupling modifications

[11], the second term in �Ŝ comes from tree-level exchange of vector resonances and the last

terms parametrize short distance e↵ects. The scale ⇤ in eq. (4) represents the scale of new

physics, which we set to ⇤ = 4⇡f . We could instead use m⇢ to parametrize this scale, however,

here we have the situation in mind where m⇢ could be lighter than the typical resonances scale,

or the cut-o↵ scale, and our choice maximises the NP e↵ect, leading to a more conservative

bound. Moreover, being the sensitivity to this scale logarithmic, the final result only has a

mild sensitivity on this choice. The coe�cients ↵ and � are of order one and could have either

sign [19]. In the literature, a constant positive contribution to �T̂ has often been assumed to

relax the constraints from EWPT [53, 64]. However, the finite UV contributions of the form

of the last terms in eq. (4.1) arising from loops of heavy fermionic resonances always depend

on ⇠, significantly changing the EW fit compared to a constant contribution. In order to show

realistic constraints from EWPT, we define a �
2 as a function of ⇠, m⇢, ↵, �, i.e. �

2(⇠, m⇢, ↵, �),

and compute 95%CL exclusion contours in the (m⇢, ⇠) plane marginalising over ↵ and �. In

order to control the level of cancellation in the �
2 due to the contribution of the UV terms, we
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kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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CP violation in (SM)EFT
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CPV comes from mixing among quarks and the resulting couplings to W

CP-Violating Invariants in the SMEFT | Emanuele Gendy 15.11.2021 4

CP-Violation in the Standard Model

In the Electroweak sector, CP violation is encoded in the CKM matrix

Taken from: Matthew D. Schwartz, “Quantum Field Theory and the Standard Model”

Under CP:

so a complex CKM matrix breaks CP 
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Under CP:

so a complex CKM matrix breaks CP 
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Phases in CKM (can) break CP!
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if mu=mc,

enlarged U(2) flavour symmetry 


that can be used to remove phase in CKM

CPV ↔ ∃ phase in Lagrangian parameters 

to any number of generations. In appendix B, we consider generic properties of flavor-
invariants with three generations, in particular algebraic relations between them which are
consistent with the counting of physical parameters at leading order. Appendices D and
E then contain a full list of linear CP-odd invariants (for operators respectively bilinear
and quartic in fermion fields), which map to all independent Lagrangian parameters which
are physical at first BSM order. Finally, appendix F includes ✓QCD, which allows to build
flavor-invariants with new algebraic structures, but does not suffice to make new parameters
physical at leading order.

2 The collective nature of CP breaking in the SM(EFT)

In order to motivate why we define CP-odd invariants, it is useful to review first one impor-
tant and interesting aspect of CP breaking in SMEFT: it is collective. Indeed, it relies on
the simultaneous presence of several complex parameters in the Lagrangian, which cannot
all be made simultaneously real, even using the freedom to redefine fields (or equivalently,
to define appropriately the CP transformation). Readers familiar with the details of CP
violation in the SM can safely skip this section, although we use it to establish our con-
ventions and present several of the claims related to CP violation which will be repeatedly
encountered in this paper.

2.1 CP-violation and complex parameters

The usual lore is that complex parameters in the Lagrangian violate CP. At the level
of the fermionic Lagrangian, this claim leaves implicit crucial subtleties related to field
redefinitions. The correct statement is instead that the Lagrangian is CP-symmetric iff one
can redefine the fields so as to make all couplings real4. In the SM, this explains why only
one phase out of the six naively contained in the CKM matrix is physical and breaks CP.
For instance, were the CKM matrix equal to the following unitary matrix

VCKM =
�
��
�

72−21i
325

4
13 −

12i
13

−84−288i
325

24i
65

7
65

−96−28i
325 −57

65 −
24i
65

�
��
�

, (2.1)

it would not violate CP, although it is explicitly complex. Indeed, one can write

�
��
�

72−21i
325

4
13 −

12i
13

−84−288i
325

24i
65

7
65

−96−28i
325 −57

65 −
24i
65

�
��
�
=
�
��
�

3−4i
5 0 0

0 4−3i
5 0

0 0 3−4i
5

�
��
�

�
��
�

3
13

4
13

12
13

−12
13

24
65

7
65

− 4
13 −

57
65

24
65

�
��
�

�
��
�

4+3i
5 0 0

0 3+4i
5 0

0 0 4−3i
5

�
��
�

(2.2)

4This is strictly speaking only true for non-degenerate spectra, as there exists the possibility that the
couplings are pseudo-real, namely related to their complex conjugates via flavor transformations. Then
one would get a CP-symmetric Lagrangian iff there exists a flavor transformation which sends all couplings
to their complex conjugates at once. In this text, we focus mainly on non-degenerate spectra where the
statement holds, see section 4.2, appendix A and Ref. [3] for more details.
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to

=

and absorb all the factorized diagonal phases into the fermion fields, in order to obtain a
real orthogonal CKM matrix. Such a manipulation cannot be done for the following matrix,

VCKM =
�
��
�

2172−5004i
8125 −1784+432i

8125 −2427+5196i
8125

−3747+3996i
8125

3324+912i
8125

4772−1164i
8125

−308+144i
1105 −4389+2052i

5525
1848+864i

5525

�
��
�

, (2.3)

however, whether it yields a CPV SM depends on the fermion spectrum. Indeed, were two
quark masses equal, the kinetic lagrangian would have a U(2) flavor symmetry and allows
for more general fermion field redefinitions. For instance, if mu = mc, we can redefine the
two first flavors of up-type quarks in order to absorb the 2×2 unitary matrix which appears
at the top of the right-hand-side of the following equality,

�
��
�

2172−5004i
8125 −1784+432i

8125 −2427+5196i
8125

−3747+3996i
8125

3324+912i
8125

4772−1164i
8125

−308+144i
1105 −4389+2052i

5525
1848+864i

5525

�
��
�
=
�
��
�

−176+468i
625 −9−12i

25 0
351−132i

625
16+12i

25 0

0 0 77+36i
85

�
��
�

�
��
�

3
13

4
13

12
13

−12
13

24
65

7
65

− 4
13 −

57
65

24
65

�
��
�

(2.4)

obtaining again a real orthogonal CKM matrix.
As already appears in these numerical examples, and as we will repeatedly illustrate, it

is more convenient to phrase the condition of CP-violation in a way which does not demand
to scan over all possible field redefinitions. If the theory preserves CP, the following CP
transformation of the (non-degenerate) fermionic mass eigenstates  (together with those
of bosonic fields [3]) leaves the Lagrangian invariant in some field basis

(CP) (t, �x)(CP)−1 = �0C T (t,−�x) . (2.5)

As we anticipated, this implies that the Lagrangian couplings are real (in this field basis).
For instance, if we assume that there exists the following coupling in the theory,

L ⊃ c1212 � 1�
µ 2� � 1�µ 2� + h.c. , (2.6)

we learn from the invariance under the CP transformation in eq. (2.5) that c1212 is real.
However, the opposite statement is that the theory violates CP iff the transformation in
(2.5) is never a symmetry, whatever the field basis chosen. This is not equivalent to saying
that c1212 is complex in some basis, but that whatever the basis chosen, there exists at least
one Lagrangian parameter which is genuinely complex5. Therefore, the condition for CPV
which we look for takes the following schematic form

CPV ⇐⇒ Im (something independent of the field basis) ≠ 0

Such a basis-independent object precisely defines a CP-odd flavor-invariant, as we now
explain.

5For pseudo-real couplings, the statement is rather that all complex couplings cannot be turned simul-
taneously into their conjugates via a same change of basis. If the opposite held, there would exist two bases
where the imaginary parts of all complex quantities have opposite signs, while the real parts are identical,
therefore imaginary parts of flavor invariants vanish, since imaginary parts of products of coefficients of the
form Im (c1c2...cn) are linear combinations of terms with an odd numbers of imaginary parts Im ci.
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or

it t

E
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no complex phase after 

appropriate phase shifts of quark fields

phases absorbed by redefining quark fields

Are Phases a Sign of CPV?
Only after exhausting all flavour symmetries!

VCKM =

0
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12. CKM Quark-Mixing Matrix

Revised March 2020 by A. Ceccucci (CERN), Z. Ligeti (LBNL) and Y. Sakai (KEK).

12.1 Introduction
The masses and mixings of quarks have a common origin in the Standard Model (SM). They

arise from the Yukawa interactions with the Higgs condensate,

LY = ≠Y
d

ij Q
I
Li „ d

I
Rj ≠ Y

u
ij Q

I
Li ‘ „

ú
u

I
Rj + h.c., (12.1)

where Y
u,d are 3◊3 complex matrices, „ is the Higgs field, i, j are generation labels, and ‘ is the 2◊2

antisymmetric tensor. Q
I
L are left-handed quark doublets, and d

I
R and u

I
R are right-handed down-

and up-type quark singlets, respectively, in the weak-eigenstate basis. When „ acquires a vacuum
expectation value, È„Í = (0, v/

Ô
2), Eq. (12.1) yields mass terms for the quarks. The physical states

are obtained by diagonalizing Y
u,d by four unitary matrices, V

u,d
L,R, as M

f
diag = V

f
L Y

f
V

f†

R (v/
Ô

2),
f = u, d. As a result, the charged-current W

± interactions couple to the physical uLj and dLk

quarks with couplings given by

≠gÔ
2

(uL, cL, tL)“µ
W

+
µ VCKM

Q

ca
dL

sL

bL

R

db + h.c., VCKM © V
u

L V
d

L
† =

Q

ca
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

R

db . (12.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] is a 3 ◊ 3 unitary matrix. It can be
parameterized by three mixing angles and the CP -violating KM phase [2]. Of the many possible
conventions, a standard choice has become [3]

VCKM =

Q

ca
1 0 0
0 c23 s23
0 ≠s23 c23

R

db

Q

ca
c13 0 s13e

≠i”

0 1 0
≠s13e

i” 0 c13

R

db

Q

ca
c12 s12 0

≠s12 c12 0
0 0 1

R

db

=

Q

ca
c12c13 s12c13 s13e

≠i”

≠s12c23 ≠ c12s23s13e
i”

c12c23 ≠ s12s23s13e
i”

s23c13
s12s23 ≠ c12c23s13e

i” ≠c12s23 ≠ s12c23s13e
i”

c23c13

R

db , (12.3)

where sij = sin ◊ij , cij = cos ◊ij , and ” is the phase responsible for all CP -violating phenomena in
flavor-changing processes in the SM. The angles ◊ij can be chosen to lie in the first quadrant, so
sij , cij Ø 0.

It is known experimentally that s13 π s23 π s12 π 1, and it is convenient to exhibit this
hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = ⁄ = |Vus|


|Vud|2 + |Vus|2
, s23 = A⁄

2 = ⁄

----
Vcb

Vus

---- ,

s13e
i” = V

ú

ub = A⁄
3(fl + i÷) = A⁄

3(fl̄ + i÷̄)
Ô

1 ≠ A2⁄4
Ô

1 ≠ ⁄2 [1 ≠ A2⁄4(fl̄ + i÷̄)]
. (12.4)

These relations ensure that fl̄ + i÷̄ = ≠(VudV
ú

ub)/(VcdV
ú

cb) is phase convention independent, and the
CKM matrix written in terms of ⁄, A, fl̄, and ÷̄ is unitary to all orders in ⁄. The definitions of fl̄, ÷̄

reproduce all approximate results in the literature; i.e., fl̄ = fl(1≠⁄
2
/2+. . .) and ÷̄ = ÷(1≠⁄

2
/2+. . .),

and one can write VCKM to O(⁄4) either in terms of fl̄, ÷̄ or, traditionally,

VCKM =

Q

ca
1 ≠ ⁄

2
/2 ⁄ A⁄

3(fl ≠ i÷)
≠⁄ 1 ≠ ⁄

2
/2 A⁄

2

A⁄
3(1 ≠ fl ≠ i÷) ≠A⁄

2 1

R

db + O(⁄4) . (12.5)

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
1st June, 2020 8:27am
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CP-Violation in the Standard Model
CP-Violation must thus have a flavor-independent meaning. In the SM, this is provided by the 

Jarlskog Invariant 

<latexit sha1_base64="qGXhKVqMFviEInALUnL99DvZ5DY="></latexit>
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13s23c23 sin(�CKM)

In the standard parametrization 
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A

where

standard parametrisation

(particular choice of flavour basis)

Kobayashi and Maskawa ‘73

The SM4 Collective CPV
The well-known KM counting

• The position of this physical phase is (flavour)-basis dependent, e.g. 

• Up-basis: Yu=diag, Yd= VCKM.diag


• Down-basis: Yu=VCKM.diag, Yd=diag


• many other choices of flavour bases 

https://inspirehep.net/literature/81350
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It is known experimentally that s13 π s23 π s12 π 1, and it is convenient to exhibit this
hierarchy using the Wolfenstein parameterization. We define [4–6]
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CKM matrix written in terms of ⁄, A, fl̄, and ÷̄ is unitary to all orders in ⁄. The definitions of fl̄, ÷̄

reproduce all approximate results in the literature; i.e., fl̄ = fl(1≠⁄
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/2+. . .) and ÷̄ = ÷(1≠⁄
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and one can write VCKM to O(⁄4) either in terms of fl̄, ÷̄ or, traditionally,
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P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
1st June, 2020 8:27am

J4 = 6c12s12c
2
13s13c23s23

�
y2c � y2u

� �
y2t � y2u

� �
y2t � y2c

� �
y2s � y2d

� �
y2b � y2d

� �
y2b � y2s

�
sin �

� ⇠ 0.22

exercise 1: check that indeed J4 vanishes on the two examples of previous slide 

(one need mu=mc for the second one!)

exercise 2: check that for NF=2, J4 always vanishes

J4 = ImTr
⇣
[YuY

†
u , Yd Y

†
d ]

3
⌘

Wolfenstein ‘83

Jarlskog ‘85

see also Bernabeu, Branco, Gronau ‘86

Jarlskog Invariant
The SM CPV order 

• The lowest order flavour invariant sensitive to CPV


• Explicitly


• Even if δ~O(1), large suppression effects due to collective nature of CPV


• Important property: CP is conserved iff J4=0 (neglecting θQCD for now)

https://inspirehep.net/literature/192153
https://inspirehep.net/literature/216470
https://inspirehep.net/literature/227608
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L = y h ̄ 
Brod, Haisch, Zupan 

’13

Constrained indirectly: one-loop impact on Electric Dipole 
Moments (EDM): 

e.g.  de < 8.7 10-29 e cm  (ACME 13)

too strong to compete!

CP-violating Higgs couplings

HEFT2013, Oct 10 2013J. Zupan     Constraints on CPV Higgs...

electron EDM
• dominant contribution from 

2-loop Barr-Zee type diagram

• depends on electron yukawa

• setting ye=1 is then quite constraining

• the constraint vanishes, if the Higgs does not couple to electrons 

• e.g. if it only couples to the 3rd gen.

7

exp

δghtt ≲ 0.01~

Brod,Haisch,Zupan 13

 
7

As we know from the SM, the presence of phases alone does not necessary imply CPV. 

Take a SMEFT with just one generation and only turn on the modified Yukawa  operator!uH
<latexit sha1_base64="6NOgVxxHHTYae5RxpKUuHtwgFUY="></latexit>

L = LSM +
CuH

⇤2
|H|2Q̄LuRH̃

After EWSB this operator produces a correction to the electron EDM via a Barr-Zee type diagram

!Hu

<latexit sha1_base64="lHknxnLIgJJg6XR09ByVHkFZkh4="></latexit>
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Im(CuH)
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u
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h
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◆

CP violation in the SMEFT

One could argue that this phase can be removed redefining 

, but it will pop up again in the mass 

term , so actually

<latexit sha1_base64="Q49rxOzP6s0PRj/5GmvvwYfCtjw="></latexit>

uR ! e�i arg(CHu)uR

<latexit sha1_base64="RqSrm+PMye/jLcdzLlhVVI1vZsg="></latexit>

L � �mūLuR

yu =

p
2mu

v

�
1 + CuHv2/⇤2

�

 ! ei✓�
5

 • The Yukawa can be made real by chiral rotation: 


• The “phase” will appear in the mass


• The CPV effect is captured by Im (y†.m), which is invariant under chiral rotation

Trivial here, but can get complicated: 

• flavour indices, 

• links to UV parameters…

7

As we know from the SM, the presence of phases alone does not necessary imply CPV. 

Take a SMEFT with just one generation and only turn on the modified Yukawa  operator!uH
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After EWSB this operator produces a correction to the electron EDM via a Barr-Zee type diagram

!Hu

CP violation in the SMEFT

One could argue that this phase can be removed redefining 

, but it will pop up again in the mass 

term , so actually
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L = Yu Q̄H̃U + CuH |H|2Q̄H̃U

BSM CPV is also a Collective Effect
The example of electron EDM

• “Imaginary” Yukawa coupling gives rise to eEDM through Barr-Zee diagram

http://arxiv.org/abs/arXiv:1310.1385
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L = Yu Q̄H̃U + CuH |H|2Q̄H̃U

At higher loops, more phases can appear. 

• How many?

• How many constraints should we impose to ensure CP 

is conserved?

3x3 complex

(9R+9I)

3x3 complex

(9R+9I)

One can choose U(3)QxU(3)U transformations to make CuH (or ghuu) *real*

CPV effects ↔ Im CuH 

Phases can be moved to mass matrices — even in mass basis, ∃ residual U(1)’s to move 
phase around


(flavour basis fully specified by the location of the phase in the CKM matrix)

gijhuu hūiuj

Y ij

u
+ 3v2Cij

uH

de
e

/ ↵ye
16⇡3

(a I1 + b I2 + c I3)

Constrained indirectly: one-loop impact on Electric Dipole 
Moments (EDM): 

e.g.  de < 8.7 10-29 e cm  (ACME 13)

too strong to compete!

CP-violating Higgs couplings

HEFT2013, Oct 10 2013J. Zupan     Constraints on CPV Higgs...

electron EDM
• dominant contribution from 

2-loop Barr-Zee type diagram

• depends on electron yukawa

• setting ye=1 is then quite constraining

• the constraint vanishes, if the Higgs does not couple to electrons 

• e.g. if it only couples to the 3rd gen.

7

exp

δghtt ≲ 0.01~

Brod,Haisch,Zupan 13

 

At two loops and 1/Λ2 order, Barr-Zee diagrams depends only on three phases captured by 
three invariants (only diagonal phases can contribute at 2-loops because no FCNC in SM)

a, b, c functions of Yu onlywith In = Im Tr
⇣
Y †
u

�
Y
u
Y †
u

�n
CuH

⌘

CP ↔ CuH real matrix 

!

Dim-6 Yukawa’s Contribution to EDMs
CP doesn’t say Wilson coefficients are real
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CP-Violating Invariants in the SMEFT | Emanuele Gendy 15.11.2021 14

Which phases are physical for 3 flavors? When does the SMEFT break CP?

CP violation in the SMEFT

<latexit sha1_base64="iI5kUTXdzNsfj1LOH35YeGNNvQg="></latexit>

A = A(4) +A(6) + . . . ) |A(4)|2 + 2Re
⇣
A(4)A(6)⇤

⌘

CP iff J4=0

CP iff J4=0 & ???

How many conditions? 

Any relation with the number of phases that can appear in LSM6?

Beyond Jarlskog 
Necessary and sufficient conditions for CPV?
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• Of course, they are not all independent:
e.g., for 3 families, 

• Only need to consider only a finite set of invariants:

allow to capture the three phases in C(1,3)
HQ

in such limits. Another example is that of CuH .
When Yd = 0, one finds only two invariants in the associated set in Table 8, whereas three
sources of CPV remain as shown in Table 6. One could therefore conclude that one of the
invariants in the set should be replaced by the missing

ImTr �X2
uCuHY †

u
� . (A.27)

However, this choice would not allow to retain a sufficient rank for the set, as one finds

ImTr �X2
uCuHY †

u
� = (m2

u +m2
t )ImTr �XuCuHY †

u
� −m2

um
2
t ImTr �CuHY †

u
� (A.28)

when mu = mc (one can use formulae like (4.7) to express the mass factors in terms of
invariants), whereas all nine sources of CPV in CuH remain physical and independent in
this case, as per Tables 3 and 4. Therefore, it may seem that one needs strictly more than
nine invariants to capture the nine CPV phases in CuH . These examples suggest that the
necessary and sufficient conditions presented in section 4.1 are not sufficient anymore when
masses can vanish. However, this is a consequence of our assumption that invariants should
correspond to traces of a monomial of degree one in SMEFT coefficients, and arbitrary
degree in Yukawa matrices. Instead, one could enlarge the set of invariants and include
traces of sums over monomials of various degrees. For instance, defining instead Xu ≡
1+YuY †

u , and similarly for other fermions, without changing the expression of the invariants
is sufficient to ensure that the vanishing of our sets is a necessary and sufficient condition
for the conservation of CP at leading order.
B Generalities about invariants

B.1 Properties of 3 × 3 matrices

Here we discuss some properties of generic 3 × 3 matrices, which we use throughout the
paper and will refer to later on. We will follow mostly Ref. [24]. The starting point is the
Cayley–Hamilton theorem, which allows to rewrite the n-th power of a n × n matrix A in
terms of the powers < n, and that for n = 3 takes the form

A3 = A2Tr(A) − 1

2
A �Tr(A)2 −Tr�A2�� + 1

6
�Tr(A)3 − 3Tr�A2�Tr(A) + 2Tr�A3�� I3×3 .

(B.1)

Multiplying by A and taking the trace results in

Tr�A4� = 1

6
Tr(A)4 −Tr�A2�Tr(A)2 + 4

3
Tr�A3�Tr(A) + 1

2
Tr�A2�2. (B.2)

Shifting A → A + B + C in Eq. (B.2), with B and C some other generic 3 matrices, and
taking the terms of order A2BC, one obtains

0 = Tr(A)2Tr(B)Tr(C) −Tr(BC)Tr(A)2 − 2Tr(AB)Tr(A)Tr(C)+
+ 2Tr(AC)Tr(A)Tr(B) + 2Tr(ABC)Tr(A) + 2Tr(ACB)Tr(A)+
−Tr�A2�Tr(B)Tr(C) + 2Tr(AB)Tr(AC) +Tr�A2�Tr(BC)+
+ 2Tr(C)Tr�A2B� + 2Tr(B)Tr�A2C� − 2Tr�A2BC� − 2Tr�A2CB� − 2Tr(ABAC) .

(B.3)
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Beyond Jarlskog: Building SM6 invariants
Examples of invariants from with bilinear operators

• For each operators, e.g. the dim-6 Yukawa operators, we can build a 
series of CP-odd invariants:

Bonnefoy+ ‘21

Bonnefoy+ ‘23

https://arxiv.org/abs/2112.03889
https://arxiv.org/abs/2302.07288
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• If J4=0, we can find 699 independent invariants ⇒ minimal basis of invariants. 

“CP is conserved iff J4 and the invariants of the minimal basis are all vanishing”


• If J4≠0, we can actually build more invariants! Not surprising, because CP-
even BSM can interfere with CP-odd SM. But what was maybe unexpected is 
that many of these interfering invariants can be much larger than J4 → 
maximal basis of invariants.

dim (maximal basis) = number of physical (real and 
imaginary) parameters that can interfere with SM 


and thus can show up in observables at leading O(1/Λ2)

Opportunistic CPV relies on interference with SM phase but 
it doesn’t have to suffer from the same collective 

suppression!

How many independent invariants at a given order in Cabibbo expansion?

Opportunistic CP violation
Opportunistic CPV = interference with CKM phase
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Taylor rank at each order in � for all bilinear operators
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Figure 2: Number of independent invariants from the maximal (blue step-wise line) and the minimal
(dark yellow step-wise line) sets, denoted as Taylor rank rn in the text, at each order n in the � expansion
for all bilinear operators. At a fixed order in �, the top x-axis shows the value of ⇤ for which an invariant
appearing at such order would be comparable to J4, assuming it scales as v2�⇤2, with v ∼ 246 GeV the vev

of the Higgs field. The vertical dashed line marks the order �36 (corresponding to ⇤ = v, as indicated)
where the SM4 J4 shows up, while the horizontal lines mark the values for the maximal and minimal rank,
also labeled on the right y-axis. Each plot corresponds to a group of operators in Table 3 (excluding those

with 0 maximal and minimal sets), of which only one is chosen as a representative.
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• The BSM invariants are suppressed by scale of new physics

• but not necessarily by small Yukawa/mixing angles as J4

BSM CPV

Opportunistic 
CPV

1’000 TeV

                          7 BSM and 3 Opportunistic

                          invariants larger than J4

Λ~1’000 TeV →

dim.6 

up-Yukawa 


operator

I ⇠ �n v2

⇤2
> J4 ⇠ �36 $ ⇤ < �n/2�18 v

Scaling of Collective CPV BSM Effects
The new invariants don’t suffer from the same suppression factors

• The invariants can be evaluated in e.g. the up-flavour basis:
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Figure 4: Number of independent invariants from the maximal (blue step-wise line) and the minimal
(dark yellow step-wise line) sets, denoted as Taylor rank rn in the text, at each order n in the � expansion
for the sum of all bilinear operators (a), 4-Fermi operators (b), and all operators (c). At a fixed order in

�, the top x-axis shows the value of ⇤ for which an invariant appearing at such order would be
comparable to J4, assuming it scales as v2�⇤2. The vertical dashed line marks the order �36

(corresponding to ⇤ = v, as indicated) where the SM4 J4 shows up, while the horizontal lines mark the
values for the maximal and minimal rank, also labeled on the right y-axis. Finally, in each plot we

highlighted the sources of opportunistic CPV as the difference between maximal and minimal ranks.

5 Flavor scenarios

In the previous section, we explained how to compute the Taylor ranks of a set of CP-odd
invariants associated to a dimension-six operator. In order to do this, an understanding of
the �-scaling of the building blocks of each invariant was needed. For the Yukawa matrices,
this is done by means of the parametrization in Eqs. (2.5)-(2.11). On the other hand, the
flavor structure of the Wilson coefficients is obviously unknown, as it can only be specified
when measured or when a specific UV model is selected. To get the results displayed in
Figures 2, 3, and 4, we adopted an anarchic assumption, where all coefficient entries are
assumed to be O(1). However, different ansatzes, appropriately justified, can be made on
such coefficients. In the next sections, we consider four of these scenarios, starting from
the anarchic one used in the results above. We first summarize their characteristics, and,
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BSM CPV

Opportunistic 
CPV

1’000 TeV

 Λ~1’000 TeV → ~250 BSM and ~250 Opportunistic invariants larger than J4

maximal basis

(interference with CKM)

minimal basis

(“new phases”)

Scaling of Collective CPV BSM Effects
# independent invariants at O(λn) for dim-6 operators
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• Other constraints from CP-even observables: totally flavour generic/anarchic 
dim-6 operators are severely constrained. How do additional flavour 
structure affect the orders of CPV computed above in the generic case?

• Let’s first stick to the canonical flavour “model”: Minimal Flavour 
Violation
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Taylor rank at each order in � for all bilinear operators: flavor scenarios

Figure 6: Plot comparing the Taylor rank obtained for bilinear operators at each order in � for the four
different flavor scenarios described in the text: anarchic entries, Minimal Flavor Violation, U(2)5 and

Froggatt–Nielsen. The dashed vertical line marks the order �36 that characterizes the Jarlskog invariant
J4, while horizontal lines have been placed to indicate the minimal and maximal rank for each operator.
Each of the first 7 plots corresponds to a group of operators in Table 3 (excluding those with 0 maximal
and minimal sets), only one of which is chosen as a representative, while the last one is the total Taylor
rank for all bilinear operators. Notice that the line corresponding to MFV only becomes larger than the

minimal rank after reaching O��36
�. Indeed, the only way to start resolving real entries is via interference

with a CP-odd quantity. As the MFV flavorful building blocks are just Yu,d, the first possible object is the
familiar J4, appearing at �36.
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Models of Flavours
Beyond generic flavour model: MFV
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• Another popular flavour structure is alignment inherited e.g. from U(1)FN symmetry


• The U(1) charges of the quarks will imprint a particular scaling of the dim.6 WC:

Generic Flavour Structure

Λ >1’000 TeV ⇒ ~120 sources of CPV larger than SM
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MFV Flavour Structure

Λ > 5-10 TeV ⇒ ~50 sources of CPV larger than SM

We couldn’t explore effects of Flavour assumptions

on 4 Fermi operators (too computational intensive)

CPV Orders in Alignment Models
Froggatt-Nielsen-type & U(2)3 Flavour Structure
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EFT vali)ty
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Can validity of (truncated) EFT be 
established model-independently?

Problem: Expansion Validity: E/Λ<<1 
Experimentally: better access to leading ciE2/Λ2 
Truncation depends on c(8)iE4/Λ4

No. EFT validity depends on (broad) BSM hypotheses on Λ or ci

No, only to
Example: Fermi theory                                   is it valid up to v=246 GeV?                         

Weak couplings reduce the validity range of the EFT (as naively expected)

Strong couplings extend it (for g=4∏ Fermi theory ok up to E≈3 TeV!)
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No, only to
Example: Fermi theory                                   is it valid up to v=246 GeV?                         

Weak couplings reduce the validity range of the EFT (as naively expected)

Strong couplings extend it (for g=4∏ Fermi theory ok up to E≈3 TeV!)
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The full knowledge of the Fermi LEFT could then tell us  
about the cutoff (                   )  

but this is model-depend:  
one needs to put in some UV assumptions to extract information  

on the cutoff from the EFT Lagrangian.

c6/c8 = m2
W

https://indico.cern.ch/event/407347/contributions/975948/attachments/1211910/1767855/EFTvalidity_v2.pdf
https://arxiv.org/abs/1604.06444


CG — Gif2023 73

Can validity of (truncated) EFT be 
established model-independently?

Problem: Expansion Validity: E/Λ<<1 
Experimentally: better access to leading ciE2/Λ2 
Truncation depends on c(8)iE4/Λ4

No. EFT validity depends on (broad) BSM hypotheses on Λ or ci

No, only to
Example: Fermi theory                                   is it valid up to v=246 GeV?                         

Weak couplings reduce the validity range of the EFT (as naively expected)

Strong couplings extend it (for g=4∏ Fermi theory ok up to E≈3 TeV!)

2

v2
 ̄⌫µ�

µ µ ̄⌫e�
µ e

E = mW =
g

2
v ⇡ 81 GeV ci6=ci8=g2 

F.
 R

iv
a,

 L
H

CH
X

SW
G

 ‘1
6

Co
nt

in
o,

 F
al

ko
w

sk
i, 

G
oe

rt
z,

 G
ro

je
an

, R
iv

a 
‘1

6

Can validity of (truncated) EFT be 
established model-independently?

Problem: Expansion Validity: E/Λ<<1 
Experimentally: better access to leading ciE2/Λ2 
Truncation depends on c(8)iE4/Λ4

No. EFT validity depends on (broad) BSM hypotheses on Λ or ci

No, only to
Example: Fermi theory                                   is it valid up to v=246 GeV?                         

Weak couplings reduce the validity range of the EFT (as naively expected)

Strong couplings extend it (for g=4∏ Fermi theory ok up to E≈3 TeV!)
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L =
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c6 c8

The full knowledge of the Fermi LEFT could then tell us  
about the cutoff (                   )  

but this is model-depend:  
one needs to put in some UV assumptions to extract information  

on the cutoff from the EFT Lagrangian.

c6/c8 = m2
W

Message #1: 
even if we have enough accuracy to reconstruct exactly LEFT, 

we *cannot* estimate in a model-independent way  
the EFT truncation errors 

https://indico.cern.ch/event/407347/contributions/975948/attachments/1211910/1767855/EFTvalidity_v2.pdf
https://arxiv.org/abs/1604.06444


CG — Gif2023 74

The question of EFT validity is even more complicated because  
we don’t have directly access to LEFT but only to                       . |M|2 , d� . . .

observables                           LEFT

can be done only from truncated LEFT, 
and this truncation induces an error. 

We need to make sure that the terms omitted in the truncation 
don’t affect/spoil too much the determination of the terms kept in LEFT. 

To answer this question, one obviously needs to make assumption 
on scaling of the neglected terms as function of the terms that can be measured.

Message #2: 
the estimation of the truncation errors also needs UV assumptions 

and can be done only a posteriori  
once the bounds on the terms kept have been obtained 

(not an excuse for not getting the most precise EFT prediction, NLO etc…) 

From Observables to LEFT
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Let’s take the simple example of a single BSM particle of mass 
M* exchanged in s-channel and with a coupling g* to the SM.           
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ASM

A(SM+SM ! SM+SM) = g2SM +
g2⇤E

2

E2 �M2
⇤
⇡ g2SM � g2⇤E

2

M2
⇤

� g2⇤E
4

M4
+ . . .

A6 A8

EFT benchmark for which the EFT validity/error can be estimated from the 
knowledge of measurements and UV imprints (g* or M*)

“error” (A8 relative to A6) is clearly controlled by the energy of the process 
EXP should report c6 as a function of characteristic energy of the measurements

c6 = g2⇤/M
2
⇤ , c8 = g2⇤/M

4
⇤ as in the Fermi theory)(

*LEP/flavour/early LHC*: E is implicitly known 
*HL-LHC/Future Colliders*: E should be reported explicitly 

important consequence on the design of the analyses (not always that best sensitivity 
comes from highest bins → control of the systematics over all energy range…)

From Amplitudes to LEFT

https://indico.cern.ch/event/407347/contributions/975948/attachments/1211910/1767855/EFTvalidity_v2.pdf
https://arxiv.org/abs/1604.06444
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EFT Validity
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FIG. 3. Projected bounds as a function of a cuto↵ on the mass variable. The gray region corresponds to ⇤cut > ⇤max from

Eq. 2. Left: Bounds on W(with Y = 0) or Y(with W = 0) from neutral DY including only events with the dilepton invariant

mass smaller than ⇤cut. Right: Bounds on W from charged DY including only events with the lepton transverse mass smaller

than ⇤cut.

bins, Fig. 3 illustrates the ranges of invariant/transverse
mass where percent-level experimental systematics will
be important. The e↵ect of varying the systematic un-
certainties down (2%) or up (10%) with respect to our
estimate (i.e., 5% for charged DY) is shown on the right
panel of Fig. 3. Similar bounds but for a 100TeV cen-
ter of mass pp collider are shown in Fig 4. In this case
the plots show that the bounds mainly rely on invari-
ant mass measurements (transverse mass measurements
in the case of charged DY) below 10TeV.

The shape of the limit/reach contours in the W-Y
plane can be understood as follows. The interference
term in the partonic neutral DY cross section depends on
a q2-independent linear combination of W and Y, when
integrated over angles. The orthogonal combination is
only constrained when W and Y are large enough for
quadratic terms to be relevant. In view of the strong con-
straint expected on W from charged DY, this flat direc-
tion is irrelevant in practice. However, we note that the
flat direction can in principle be constrained with neutral
DY only, using angular information such as the energy
dependence of forward-backward asymmetries [41]. In
practice, this does not improve the 8TeV limits (due to
the dominance of the qLqR ! l�L l

+
R amplitude), but may

be significant at higher energies/luminosities. We leave a
full study of the power of angular distributions to future
work.

Beyond EFT’s.— When using EFTs to describe high
energy processes, one has to keep in mind that an EFT
provides an accurate description of the underlying new
physics only at energies below the new physics scale. The
latter scale is the EFT cuto↵ and it should be regarded
as a free parameter of the EFT [66]. A related concept
is that of “maximal cuto↵”, which is the maximal new
physics scale that can produce an EFT operator of a

given magnitude (e.g., a given value of W or Y). The
EFT limits become inconsistent if they come from ener-
gies above the cuto↵. This concept has been addressed
in DM EFT searches [66, 67] and electroweak EFT stud-
ies [68]. Depending on whether we consider new physics
that directly generates contact interactions (L0), or mod-
ifies the vacuum polarizations (L), the maximal cuto↵
estimate is,

⇤0 ⌘ 4⇡mW /g2

max(
p
W, t

p
Y)

, ⇤ ⌘ mW

max(
p
W,

p
Y)

< ⇤0 . (2)

The first estimate comes from demanding 2 ! 2 ampli-
tudes induced by L0 not to exceed the 16⇡2 perturbativity
bound, the second one from the validity of the deriva-
tive expansion, taking into account that L is a higher-
derivative correction to the (canonically normalized) vec-
tor boson kinetic terms. There is no contradiction in the
fact that the two pictures have di↵erent cuto↵s since L
and L0 are equivalent only if the d > 6 operators induced
by the field redefinition are negligible (as is the case when
q < ⇤).
In order to quantify the impact of the limited EFT

validity, Figs. 3 and 4 shows how the reach deteriorates
when only data below the cuto↵ are employed.[69] If the
resulting curve stays below the maximal cuto↵ lines cor-
responding to Eq. (2), as in our case, the EFT limit is
self-consistent. The right panels of Figs. 3 and 4 also
show how lowering the systematic uncertainties moves
the limit curve far from the maximal cuto↵ line. This
allows to test EFTs with below maximal cuto↵s.
Our results can be applied to various new physics sce-

narios. Higher derivative corrections to the SM gauge bo-
son kinetic terms directly test their compositeness above
a scale ⇤2 ⇡ mW /

p
W for the SU(2) gauge fields and

⇤1 ⇡ mW /
p
Y for the hypercharge. Our results imply

Practical simple recipe #1 in simple EFTs
report the EFT bounds as a function of sliding cut on √š 

(or equivalent kinematic variable)

The larger the cut, the stronger the constraints. 
But if it is taken too large, no consistent EFT interpretation.

One cannot exclude that, for some measurements, there is simply no possible 
consistent EFT interpretation. 

regions where  
the coupling of NP 

would be larger than 4π 
→ expansion not reliable 

i.e. large uncertainty 
from neglecting 

higher dimensional operators 

example: Constraints on oblique corrections from Drell-Yan
Farina+ ‘16 Ricci+ ‘20

the estimate. Several compelling broad classes new physics models, such as composite Higgs and

some SUSY scenarios, as the simple example above, can be broadly described at energies accessible

at LHC and future colliders, by a single mass scale and a single coupling, gBSM, with appropriate

selection rules characteristic of the UV dynamics. They o↵er interesting EFT benchmarks where

the validity of the experimental EFT analyses can be studied.

Since it requires UV theory input, the validity of the EFT in each experimental analysis can

only be assessed a posteriori, when the analysis is interpreted in a concrete BSM scenario and a

(model-dependent) estimate of G(8) becomes available. However the estimate of G(8) can be turned

into an estimate of A(8) (governing the truncation error) only provided we know the energy “E” of

the measurement. The experimental analyses should thus report information on the energy scale

of the measurements that drive the sensitivity. In Flavor Physics, for LEP data, or even at the

LHC for measurements that are performed in a very narrow range of energy like Higgs branching

ratios, this information is implicitly available. For processes measured over a wide energy range,

like the high-pT measurements at the LHC, it should be reported explicitly. In particular, since

the importance of A(8) relative to the truncated EFT prediction (A(6)) grows with the energy, one

should report the maximal energy scale of the data that are relevant in the analysis.

Suggestions for how to report bounds

Bounds as function of maximal scale Mcut. In high-pT EFT analyses, the sensitivity to the EFT

emerges from the combination of measurements performed at di↵erent energies, possibly including

the extreme tail of the kinematical distributions. However, it is easy to remove from the likelihood

fit the measurements at E larger than a sliding scale Mcut, and report the experimental result as a

function of Mcut. For instance, if no deviations from the SM are observed, the experimental results

can be expressed as limits of the form

G(6) < �exp(Mcut) . (2)

The monotonically decreasing function �exp depends on the upper value, collectively denoted by

Mcut, of suitably designed kinematic variables, e.g., transverse momenta or invariant masses, that

set the typical energy scale characterising the process. In general, the bound �exp is obtained by

imposing cuts on these variables and making use of the di↵erential kinematic distributions.

The limit �exp(Mcut) is obtained by only employing EFT predictions for observables at an energy

E < Mcut. Therefore they can be consistently applied to UV models where the EFT predictions are

su�ciently accurate at E = Mcut or larger. Inspecting �exp as a function of Mcut greatly facilitates

the interpretation of the limit in specific UV models or scenarios. For instance in the UV model of

Eq. (1) for a given value of M , the experimental constraint G(6) = g2BSM/M2 < �exp(Mcut) can be

consistently applied only for Mcut smaller (or much smaller) than M . E↵ectively, this is equivalent

to remove from the analyses the data at E � M , where the EFT description does not apply.

Having to report bounds as a function of Mcut, targeting the best possible sensitivity in the entire

Mcut range, encourages accurate experimental measurements at low energy, even in cases where the

growing-with-energy behavior of the EFT contribution would allow to probe G(6) e↵ectively (for

Mcut = 1) by simple event-counting in the extreme high-energy tail. This is important because

accurate experimental measurements at low energy are more valuable theoretically since they can

be interpreted, as we have seen, in a larger set of UV models (i.e., at smaller M).

2
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|dim-6|2 ?
Formally |dim-6|2 ~ (dim4)*(dim-8) ~ 1/Λ4

so |dim-6|2  is often, erroneously, taken as a proxy for the truncation error.

A = g2SM + c̄6 g
2
⇤

✓
E

⇤

◆2

+ c̄8 g
2
⇤

✓
E

⇤

◆4

+ . . .

|A|2 = |A|2
 
1 +

g2⇤
g2SM

c̄6

✓
E

⇤

◆2

+

✓
g4⇤
g4SM

c̄26 +
g2⇤
g2SM

c̄8

◆✓
E

⇤

◆4

+ . . .

!

c̄6 ⇠ c̄8 ⇠ O(1)

Contino+ ‘16

gSM < g⇤ |A6|2 > ASM · A8

g⇤ < gSM |A6|2 < ASM · A8

•  

•  should we drop |A6|2 then?

ASM · A6 ⇠ g2SMg2⇤
M2

⇤
E2 > ASM · A8Notice that: so interference dim-8 is not dominating

so keeping |A6|2 or not has no influence on the final bound

Conclusion: 
either |A6|2 is important and it shd be kept, or it is subdominant and it doesn’t hurt to keep it. 

https://arxiv.org/abs/1604.06444
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either |A6|2 is important and it shd be kept, or it is subdominant and it doesn’t hurt to keep it. 

Recipe #2: 
**Perform a linear and quadratic fits** 

If the two fits differ:  
either the reach is dominated by high-energy measurements 

or the results are valid only in special UV scenarios  
(e.g.                 );  

more difficult to make sense of the linear fit. 
— Goal of good EFT analysis —  

ensure that quadratic and linear fits agree since larger interpretability 

g⇤ > gSM
M

E

https://arxiv.org/abs/1604.06444


CG — Gif2023 78

|dim-6|2 ?
A

za
to

v+
 ‘1

6
There can be (many) exception(s) to the simple general scaling rule
• Mixing with operators with weaker bounds
• SM had accidental/structural cancellation: |dim-6|2 can dominate over SM*dim-8 even 

for weakly coupled UV model, e.g. flavour physics 

• There is no interference between SM and dim-6 operators, e.g. non-interference 
theorem, or observable too inclusive (e.g. CP even observable dependence on CP-odd 
operators): → need to think of particular observables to “resurrect” the interference! 
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FIG. 2: A schematic representation of the relative size of di↵erent contributions to the V V V V scattering cross sections,
with polarization LLLL (left panel), LLTT (central panel) and TTTT (right panel). LO/NLO denote the leading/next-
to-leading contributions to the cross section. In the white region the SM dominates and the leading BSM correction
comes from the BSM6-SM interference (denoted as BSM6). BSM non-interference is responsible for the light-shaded
blue and orange regions, where the BSM, although it is only a small perturbation around the SM, is dominated by terms
of order E4/⇤4, either from (BSM6)

2 or from the BSM8-SM interference (denoted as BSM8).

The importance of the various terms is illustrated in
the central panel of Fig. 2. For small enough en-
ergy, where the BSM gives a small perturbation to
the SM prediction, the BSM6-SM interference dom-
inates. The suppression of the latter has however
an important impact on the behavior at higher ener-
gies. If g⇤ > gSM , it implies a precocious onset of the
regime where the (BSM6)2 term must be included:
for (mW⇤ g/g⇤)1/2 < E < ⇤ g/g⇤, corresponding to
the light blue region of the Figure, the SM still domi-
nates but the (BSM6)2 term gives the largest correc-
tion; for higher energies (BSM6)2 eventually domi-
nates the cross section. For weak or super-weak UV
completions, g⇤ < gSM , the largest correction to the
SM prediction comes from D=8 operators, in par-
ticular from the interference BSM8-SM, as soon as
the energy is larger than ⇠

p
mW⇤ (light orange re-

gion in the Figure). In this case, an EFT analysis in
terms of D=6 operators alone is insu�cient.

Yet a di↵erent energy behavior is found for the
scattering VTVT ! VTVT , where F 3 gives the leading
correction, while the operators F 2�2, �4D2 and �6

contribute at sub-leading order in "V . (Similar con-
clusions are in fact obtained also for VTVT ! VLVL

in the case in which only F 3 contributes.) Because
the coe�cient of F 3 scales with only one power
of g⇤ according to Eq. (14), the size of the D=6
terms (both (BSM6)2 and the BSM6-SM interfer-
ence) is suppressed compared to Eq. (16). The cor-

rection from D=8 operators might not carry a sim-
ilar suppression, as it happens for example for the
F 2F̄ 2 operator, whose coe�cient has a naive esti-
mate c(8) ⇡ g2

⇤
/⇤4. The di↵erent contributions to

the cross section can thus be schematically summa-
rized as follows:

�T ⇠
g4SM
E2


1 +

BSM6⇥ SMz }| {
g⇤
gSM

m2
W

⇤2
+

BSM6
2

z }| {
g2
⇤

g2SM

E4

⇤4

+
g2
⇤

g2SM

E4

⇤4

| {z }
BSM8⇥ SM

+
g4
⇤

g4SM

E8

⇤8

| {z }
BSM8

2

+ . . .

�
.

(17)

Independently of the size of the interference term,
this expression shows that as soon as theD=6 e↵ects
become bigger than the SM (for E > ⇤(g/g⇤)1/2),
the D=8 contribution takes over and dominates the
cross section [1]. Non-interference implies a pre-
cocious onset of the regime where D=8 operators
must be included: for energies E >

p
mW⇤ (g/g⇤)1/4

the dominant correction to the SM comes both from
(BSM6)2 and from the BSM8-SM interference. The
situation is illustrated in the right panel of Fig. 2.
We conclude that, for the scattering VTVT ! VTVT ,
inclusion ofD=8 operators is crucial in a vast energy
region above threshold.

So far we have considered processes where the
transverse polarizations of the vector bosons are

https://arxiv.org/abs/1607.05236

