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0 Lecture #1: A few theoretical considerations on EFTs
o Importance of selection rules/symmetries
o Swampland vs landscape of EFTs
o EFTs for Higgs data
o Beyond inclusive analyses
o Higgs self-couplings
o EFTs for composite Higgs models
o CP violation in (SM)EFT
o EFT validity discussion

OLecture #2: Physics at future colliders

o Higgs factories

o FCC-ee: a great Higgs factory, and so much more

o FCC-hh: the energy-frontier collider with the broadest exploration
potential
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What is the SM!?

Ty e
9558
— +/Eﬂ/?~|/j@)k‘
—

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

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 = SMEFT —

(i.e. particle content and gauge symmetries define SM)

— But this new view on the SM poses new questions —
0 All SM4 couplings known, infinite interactions of the SMEFT totally unknown.
Which organising principles!?
#) Which symmetry? B and L accidental or true symmetries
(quantum gravity forbids exact continuous global symmetry).

€) Similarly, other structures of SM4 now calls for further explanations
(custodial protection/GIM-FCNC...)
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O % Wm o seloction rulos
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Dimensional Analysis

S = /d4:1:£
Scalar field L=0,00"p+ ... * [Plm =1
Spin-1/2 field L =140,y * ()] m = 3/2

Spin-1field £ = F,,F" + ... with F, = 0,4, — 0, A, + ... * (Al =1

Particle lifetime of a (decaying) particle: [7],, = —1 Width: [T =1/7],, =1

Cross-section (“area” of the target):  [o|m = —2
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Lifetime “Computations”

muon and neutron are unstable particles
B —r eV, le

n—per,

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

L= GF ¢4 F X G2 m5
_— F
mass]* T _2 [mass]?/2*4 4
e [mass]
Gr = Fermi constant: Gr ~ mlO—5 ~ 107° GeV 2

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

2.5
1 = Ac ~ 200 MeV - fm r — Grmy, ~ 1071 GeV

: —6
w= 2 e. 7,~10""s
B T 1, 1927

For the neutron, the relevant mass scale is (ms-mp)=1.29MeV:
G%Am?

T3
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leV 10-16s [ 10-"m

I, =0(1) ~10728 GeV ie. Ty~ 10°s




Universality of Weak Interactions

Méeyuﬂe n%peﬂe
Tu ~ IO'6S Th = 9005
4
L=Gp
G%mz 6/! G2 Am?
= ~ - r, ==X ~1/15
L 19273 1/10 . 19273 / -

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

. _ _
L = Gr (npeve + v, eve)

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

* ?
L=GrJ " with 74 Z @yp) + @mv) + (iy'v,) + ..

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

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 U
in the current is of order one: the weak force has the same strength for e and .
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What if particles were spin-0?

L= Gre*

I < G%m
[mass]* mass]° [mass]' [ t |

4 4 3

2 2
- —emy—1 GFmH 1 GF(m” mp)
Fp=(107") " = 2055 I =(15) © = =00
CP
', ¢ m
101 = £ = L =107
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 7* decay T =10-8s?
7T— %Mﬂlu, 7T_ %e_ﬂe
experimentally the pions decay dominantly into muons and not electrons.

_ _ — — = _ 5
Why D™ = emve) 10-*? And not F(ﬂ_ — 6_66) UL m6)5 ~ 500 ?
D(m™ — = v,) exp P(m= = p ) (me —my) T™H

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 Gr processus dependent!
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SM is a Chiral Theory

Weak interactions maximally violates P

ggCo — ggNi +e + U. onlyleft-handed (LH) e- produced

Weak interactions act only on LH particles (and RH anti-particles)

this property has an important consequence (aka selection rule) for pion decay

—> —
direction of momentum direction of spin Conservation of momentum and spin
i} imposes to have a RH e-
y/h
— Weak decays proceed only w/ LH e-
— = YS P Yy

— So the amplitude is prop. to me
Ve € Lbirac = Ve Qutos + ry"Outbr +m (Uubr + Unis)

Lorentz structure
of fermion mass

D(r~ — e i, 2
(T V) (M gy 105 107
I'r= = p—v,) mi i obs

Extra phase-space factor

Selection rules are important to get the right estimates
o



Pathology at High Energy

What about weak scattering process, e.g . EVe —> €l¢!

L=Gpr J; JE O with = () + (e ) + (7 ) + - ..

The same Fermi Lagrangian will thus also contain a term
Gr (ev"ve)(ver'e)
that will generate e-ve scattering whose cross-section can be guessed by dimensional arguments

O X G%Ez non conservation of probability
7 7 S~ | (no.n-unitary Fheory)
[mass] 2 [mass] 2% [mass)]* inconsistent at high energy

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

: A |
Gr Gr Gr o x GLE? + GEES + ...
e 167’(’2

2V
VGr

unless new degrees of freedom appear before to change the behaviour of the scattering
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~ 100 GeV—-1TeV

The theory becomes non-perturbative at an energy Ei,.x =
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Electroweak Interactions

Low enersg High energ

o x G5 E? oo g

— matching —

2

GFOCg—2

my,

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




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=—-my WIW, g + gW i, g™ + gW, Jfn'

JtH = pykp + ey've + iy, + ... and  J T = (JHHE)

oL _ g ,_

The equation of motion for the gauge fields: =0 = W, =—54J,
oW, myy

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

bosons):
92
L=—%5-J ;f g nt
™m
44
which is the Fermi current-current interaction. The Fermi constant is given by G — 9°
(the correct expression involves a different normalisation factor) e m%,v

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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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

Instead Vafa conjectured in 2005 that there exists a swampland

Swampland
2
D
op]
2 SM
®
&
= Landscape
=
Regions in SM
parameter space
forbidden

This conjecture has potentially far-reaching implications for phenomenology.
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https://indico.cern.ch/event/689399/contributions/2953687/attachments/1694568/2727259/SUSY-2018.pdf

Landscape/Swampland Conjectures

0) No exact global symmetry

For a review, see Banks, Seiberg ‘10

I) Grawty is the weakest force Arkani-Hamed, Motl, Nicolis, Vafa ‘06

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

Why!? otherwise extremal charged BH cannot decay!

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

CG — 32023


http://arxiv.org/abs/arXiv:1011.5120
http://arxiv.org/abs/hep-th/0601001

Landscape/Swampland Conjectures

2) non-susy AdS vacua (Vmin<0) are unstable Ooguri, Vafa '16

Consider the SM (with cc) compactified on a circle of radius R
Ibanez, Martin-Lozano, Valenzuela ’17

o 2‘7{"1'31\4 1'3 - o
V(R) ~ — —4(-‘ ) +Y " (@rR)(—1)*nipi(R)

—>

From 4D c.c. Vi
Y Guv =~ 2m* Ks(2mrRmn)

Heavier particles have exponentially small contribution

Ibanez @ SUSY’18

Majorana neutrinos leads to an AdS vacuum = in swampland

Dirac neutrinos avoid AdS vacuum iif m4 < A,
1/4

(H) < 1.6A{ﬁ = Large quantum corrections end up in swampland (for fixed AsandYy)

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

Swampland Conjectures

3) Mp | v Vie:) > cVig)with ¢ is O(1) for any field configuration
Obied, Ooguri, Spodyneiko, Vafa ’18
» Pure positive cosmological constant, i.e. vacuum energy, (dS vacuum) is forbidden

* Quintessence:
Q Agrawal, Obied, Steinhart, Rafa ‘18

E ...................... : O.6>/{/>C

SRR LS °_'j """""" : Planck data ) Q swampland conjecture
* Quintessence + Higgs:

Denef, Hebecker, Wrase ‘18

%
- @QH=0,0=0 at least one of them is as small as
Mp | Do Vo)l Mrawirve & | mee
- — A o _c© (1072 eV) 1956
() AV Q(H =v,¢=0) EW? (100 GeV)4

* Quintessence + axion:
Murayama, Yamazaki, Yanagida ‘18

Mp | §¢ V(i) || —Affvo Q6 =0,¢=0) at least one of them is as small as
; ~— = -3 4
V(pi) kA g — _ O ce N (1072eV) 10—
M+ Rgop+ ¥ 070 QCD*/ (200 MeV)*
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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

Swampland Conjectures

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.

CG — 32023


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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How to report Higgs data: from x to EFT

1.000

0.100 —

0.010 —

0.001

/L WW yy gg Ly HH tt bb cc 77 UL BRinv Ttot
e HL-LHC e FCC-ee e FCC-hh e FCC-eh

Oversimplified PR plot
|) not a unique coupling to each particle
2) powerful complementarity/synergy with non-Higgs measurements not visible
(e.g. EWV, diboson, top)

CG — Gif2023



How to report Higgs data: from x to EFT

M. Zuckerberg created FaceMash before Facebook

J.K.Rowling got rejected |2 times by editors before she
published Harry Potter

Beyonce wrote hundreds of songs before ‘Halo’

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

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

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

CG — Gif2023



How to report Higgs data: from x to EFT

LHCHXSWG 12
i (o|t — h])sm (BR[h — f]sm
% ATL,[ASandCMls — ||:|H_>W . . ........... LL16I .............................
hig S;LHC e DH%ZZ _ * i\l'-ll'l&Ag an? cMS

I n i .- i .
21 “ - .o I

I ot - [ [Jatasicms &/,

I A ] P 121 [Jarias L,

r + - . . ' E

o - 08f
_1:_ 0.6}
| —B8%CL #+ Bestiit x SMexpected | - L 68% CL e 95%CL & Bestfit % SM expected -
0 1 2 “;gpm: 04 ——% 1 12 K1V.4
(0-BR) (gs = H—vy) = osu(gg = H) BRsm(H = vy) - —
H

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

How to report Higgs data: from x to EFT

LHCHXSWG 12

Main drawbacks of i and k
l) No SU(2)xU(I) gauge invariant formalism

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

3) very difficult to go beyond LO

WVell suited parametrization for inclusive measurements
but doesn’t do justice to full possible SM deformations & rich diff. information

CG — Gif2023


http://arxiv.org/abs/arXiv:1209.0040

Higgs Couplings: Kappa vs EFT

Complementarity between the two approaches

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

 Allows to put Higgs measurements in perspective with other measurements (EW, ~—~——
diboson, flavour...)

e 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)

CG — Gif2023




Higgs Couplings: Kappa vs EFT

Complementarity between the two approaches

Why performing a K=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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EFT
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Not unique!
Useful tools to probe E FT
broad classes of dynamics
and to report experimental results

in 2 meaningful way choice

of basis
symmetry °

. . power
linear vs non-linear

\ /ounting

K
I'l. EFT _e beyond LO
Pros: matching EFT validity

> correlations between different channels/observables

» combination of measurements at different energies
e.g. EW precision data and Higgs measurements :

> test of self-consistency unique to EFT
allow to focus on channels yet

unconstrained and more likely to offer
new discovery opportunities

CG — 32023




Higgs physics vs BSM

Several deformations (assuming EW symmetry linearly realized

away from the SM and that new physics is heavy)
affecting Higgs properties
< are already probed in the vacuum  ®=v*h ’ﬁ\‘
S 7P \< vacuum fé“
S
=
£ Potentially new BSM-effects in h physics
é could have been already tested in the vacuum
®
o h.v ® R ®
<
5 HiD,H S
& (assuming that the Higgs boson is part of a doublet)
o
45 Modifications in h— Zff related to Z—ff
o
)

consistency check One can use h—ZZ—4l to probe this deformation
not discovery mode but hard time to compete with LEP bounds

CG — Gi£2023


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

(courtesy of A.
Pomarol@HiggsHunting2014)

CG — 32023

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

eg iGz N ’H\QGz > ( 1 n U_2> 2 operator
gs " A gs A2) not visible in the vacuum
o ®\\ %@ (redefinition of input
w\/\.m W parameter)
G G G G
But can affect h physics:
h operator
@ affects GG —h! visible in Higgs physics

G G

this BSM operator is visible only in Higgs physics!



http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf

Higgs/BSM Primaries N

Elias-Miro et al '13
How many of these effects can we have? Gupta, Pomarol, Riva, 14

As many as parameters in the SM:8 ¢, .. tamiy

(assuming CP-conservation)

gs HPG, G ——3 GGh coupling
g |H|°B,, B" =——— hyY coupling
— yet to be measured
T o izvre | ~

|

myy HI'|D,HI? ——5  hvv* (custodial invariant)

I ——

mp ’( |H|® ——> h3 coupling|

my HI*frHfr + h.c. —m> htt, hbb, htt
(f=t,b,7)

the 6 others have been measured (~15%)
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http://arxiv.org/abs/arXiv:1308.2803
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1405.0181

Higgs/BSM Primaries

| Almost a |-to-|
| correspondence

Coupling

300 fb!

Theory unc.:

All

Half None

3000 fb~!
Theory unc.:
All Half None

8.1%
9.0%
22%
23%
14%
21%
14%
9.3%
24%

79% 7.9%
8.7% 8.6%
21% 20%
2% 22%
14% 13%
21% 21%
12% 11%
9.0% 8.9%
24%  24%

44% 40% 3.8%
51% |45% 4.2%
11% |8.5% 7.6%
12% |11% 10%
9.7% |9.0% 8.8%
75% |712% 7.1%
91% |65% 5.3%
49% |43% 4.1%
14% | 14% 14%

[
{

Atlas projection
With some important differences|
1) width hypothesis built-in |

2) kw/Kz is not a primary
(constrained by Ap and TGC)

3) Kg, Ky, Kzy do not separate
UV and IR contributions —

Pomarol, Riva '13
Elias-Miro et al '13
Gupta, Pomarol, Riva ’14

ATLAS +CMS 68 % ,95%

0.0 02 04 06 08 1.0 1.2 14

¢,

Azatov’1l5b

the 6 others have been measured (~15%)

———— up to a flat direction between between

CG — Gif2023

the top/gluon/photon couplings


http://arxiv.org/abs/arXiv:1308.2803
https://indico.cern.ch/event/352868/session/4/contribution/14/material/slides/0.pdf
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1405.0181

The LHC Scalar Harvest

(8M Brout-Englert-Higgs bosons produced so far)

Channel
categories

Br

~8 M evts produced

VBF

q

q
§H
q q

~600 k evts produced

~400 k evts produced

9 ooooo——— 1

9 oooeo—— 1
~80 k evts produced

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

--------------- m vy 0.2 % v v v v
% ZZ 3% v v v v
% WW 22% v v v v
§ 133 6.3 % v v v v
S bb 55% v v v v
Re-r-1-1-e-1ining o be Zy and yy* 0.2 % v v v v
observed m 0.02 % v v v v
--------------- L lmlts Invisible 0.1 % Y (monojet) v v v

Table courtesy to M. Kado



The Higgs Rates

Measured production and decay rates (normalised to SM)

—3— ATLAS (Tot. unc.)

[ ] ATLAS Syst.

—3+— CMS (Tot. Unc.)

[ CMS Syst.

CMS

CMS

CMS

CMS

CMS

ATLAS 1 =1.09 = 0.09
n =113 = 0.09

ATLAS u,,= 1.04 = 0.09
W, = 0.97 = 0.12

ATLAS y =1.20 = 0.12
w =0.97 +0.09
ww

ATLAS p_ =0.96 =0.12
w_=0.85=0.10

ATLAS = 0.91 = 0.14
w =105 = 0.22

0.10
_$_ATLAS 1.04% 010
[
1
,_$§MS 1.08 :'(?_'1112

1
0.14
_$_ CcMs  0.93 * 0.l

——

—t

1
1
1
ATLAS 1.36*030 I

0.35 !
1.00 * |

CMS -0.32

ATLAS 1.33*072 I

0.11
ATLAS 0.95} %]

ATLAS 1.14:03

0.11
CMS  0.90 01

0.29
ATLAS 0.90* 0%

0.21
CMS 0.66 *02

0.38
ATLAS 0.98} 0%

CMS  5.31*27

0o 05
ggF+bbH

ATLAS u__=1.03 = 0.07
u _=0.97 = 0.08
ggF

CMS

1

VBF

CMS

==
==

=
0.17
,_$_, CMS 0.86 ¥

=

= =x
—_—

= ATLAS 1.00%¢]

latest results not included
(bb is easier in VH)

ATLAS i _=1.11+0.13
w_ =0.80 = 0.12
VBF

0.48
CMS  0.32 *0X

-0.18

CMS 0.73 *0:28

1

1

1

1

1

1

1

ATLAS 1.13+0:19 :
1

1

-0.24 1
1

1

1

1

ATLAS 0.98+038

2.97
CMS 5.31*2%

005115
WH

CMS

0.26 !

,_$_, CMS

ATLAS 1.5350,-3&

-54
CMS  1.43 *0¥

1.17
ATLAS 1.50%]

12.24 5:39

CMS - 5.69

ATLAS 2.26* 121

0.72
CMS  2.41 +0

ATLAS 1.00*0:52

0.65
1.89 * '8

ATLAS 1.06+0:28

limited statistics

0.61
ATLAS -0.22 08

l—

.71
CMs  1.19 *0.7

|

1.17
ATLAS 1.50%

1 1.55
CMS 0.0 *;:

ATLAS 2.86+/.84

176 * 0.75

CMS -0.67

ATLAS 1.00*02

133 + 0.61

CmS -0.57

ATLAS 1.00*0:25

ATLAS W = 1.15 = 0.23

—%—ﬂ}--—{{}

0.33
ATLAS 0.90* 0%

CMS 1.38 *934

ATLAS 1.68*,:58

0.73
CMS 0.0 *0%

0.65
ATLAS 1.64+08

1.44 +0.32

cmMS -0.32

ATLAS 1.37+0:88

0.44
CMS  0.35 *0X

ATLAS 0.35*03

CMS 1.26 *22 CMS 0.90 * 236 —— CMS 0.90 * 26
|
005115 005115
ZH ttF+tH
ATLAS u_ =0.96 = 0.22 CMS y =074 = 0.24
u, =1.49 = 0.26 CMS =129 +0.24 CMS . =113 =0.18
WH ZH ttH+th

PDG’2024 (to appear)

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

ATLAS run-2 combination: ¢ = 1.05+ 0.06 = 1.05 4+ 0.03 (stat.) £ 0.03 (exp.) £ 0.02 (th.bkg.) 4+ 0.04 (th.sig.)
p = 1.002 + 0.057.

CG — Gif2023

CMS run-2 combination:



Higgs @ LHC and Future Higgs Factory

st Second  Third |H Interactions

no evidence yet generation generation generation
guaranteed at FCC-ee ~2.2 MeV/c2 ~1.27 Gev/c2 § | =173 Gev/c2
' . ' established (50) at LHC
0 up charm top by observation of direct
c , interaction with H
8 no ObVIOUS path to ~ 4.7 MeV/c2 = 93 MeV/c2 =~ 4.18 GeV/c2
H SM-level
@E) measurement . ~ 80.4 MeV/c2 ~91.2 MeV/c2
« L down strange bottom
=z bright ideas J
5 needed! ~0.511 Mev/c2 | = 106 Mev/c2 | | = 1.78 Gev/c2 W-boson | | Z-boson
electron muon tau first evidence (30)
no evidence yet to be conclusively
tantaliSingly close established at the LHC
to reach of FCC-ee within 310 years

CG — Gif2023


https://indico.cern.ch/event/1202105/contributions/5423455/attachments/2659121/4607170/fcc-london.pdf

Higgs @ LHC and Future Higgs Factory

Flavour diagonality?
A SM exception rather than the rule in BSM.
Observing FCNC mediated by the Higgs
can give invaluable information on the dynamical origin of mass
(fitting the quark and leptons masses with Yukawa couplings
IS a parametrisation not an explanation: hence the flavour puzzles)

CG — 32023



ATLAS - CMS Run 1

combination

13%
11%
11%
14%
30%
26%
15%

CG — Gif2023

Higgs @ (HL)-LHC

ATLAS
Run 2

1.04 £ 0.06
1.05 = 0.06
0.99 £ 0.06
0.95 +£0.07
0.94+0.11
0.89 £0.11
0.93 +0.07
10693
138031

<11%

Nature 607,
52-59 (2022)

CMS
Run 2

1.10 £ 0.08
1.02 +0.08
1.04 = 0.07
0.92 +0.08
1.01 £0.11
0.99 +£0.16
0.92 +0.08
1.12+0.21
1.65+0.34

<16%

Nature 607,
60-68 (2022)

Current
precision

6%
6%
6%
7%
1%
11%
8%
20%
30%

11%

Vs = 14 TeV, 3000 b per experiment

.| Total ATLAS and CMS
HL-LHC — Statistical HL-LHC Projection

—— Experimental

—— Theory Uncertainty [%]

Tot Stat Exp Th
1.8% K, = 1.8 08 1.0 13
1.7% Ky =— 1.7 08 07 13
1.5% Kz E_ 1.5 07 0.6 1.2
2.9% KgE=___ 2.5 09 08 2.1
3.4% Ki = | 3.4 09 1.1 3.1
3.7% Ky = | 37 13 13 32
1.9% K =_ 1.9 09 08 15
4.3% Ky EB2=— | 4.3 38 10 17
9.8% KZ«{ — 9.8 72 17 64
0 002 004 006 008 01 012 014

2.5%

Expected uncertainty

TH Uncertainties dominant
(assumed to be 1/2 of Run 2)




Higgs Global Fits

J. De Blas et al. 1907.04311 arXiv:2206.08326

precision reach on effective couplings from SMEFT global fit

L-LH Wl CEPC Z,()/WW;/240GeVy, Il CLIC 380GeV, Il MuC 3TeV O wFCC-ee
(combined in all lepton collider scenarios) | ll CEPC +: 360GeV, M ILC +350GeV, ,+500GeV, M CLIC +1.5TeVy5 W MuC 10TeV 4o
h Free H Width M ILC +1TeV,g w/Giga-Z | Il CLIC +3TeVs W MuC 125GeVq 0,+10TeV 1o
0 H exotic d ubscripts denote inab~', Z & WW denote Z-pole & WW threshold

sQole

Jole

sbBIH

Higgs interactions

sbuyidnoo

with Z-pole run:

CD CEPC @ 240 GeV

CD FCC-ee @ 240 GeV
C—D FCC-ee @ 240 & 365 GeV

Correlation < 50% o Correlation > 50% (@) Perfect EW

ESU20 Snowmass’22
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https://arxiv.org/abs/1907.04311
https://arxiv.org/abs/2206.08326

Higgs Global Fits

J. De Blas et al. 1907.04311 arXiv:2206.08326

What’s next?

More differential measurements

More realistic CP

flavour scenarios

Relaxed symmetry assumptions Connections with models
(HEFT vs SMEFT) (in particular with light dofs)

ESU20 Snowmass’22

CG — 32023
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Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell

in processes with a characteristic scale i1 = mH
v v

access to Higgs couplings @ mH

L - T | T T T | T T T T . L _I T 11 | T 11 | T 11 | T 11 | |||||||||||| ]
“  2F ATLAS and CMS 4 ¥ 1.6 ATLASandCMS .
- LHC Run 1 . CLHC Run 1 e ]
1.5F Preliminary = - L :
C Ho ] 1.4 Preliminary - .
1= H>2z = - :
F [JH->ww 1 oL B
0.5 TIH-bb i
t [JH-> 1t . i
O:_ [] Combined B ln ]
3 E :
_1.5F = 0.6 i [T]ATLAS g
T *SM  —68%CL . | *SM  —68%CL [Jcms ]
—2F + Best fit --95% CL = 0.4~ + Best it ---95% CL [CJATLAS+CMS ]
C | | 1 | | | | 1 | | | | | ] | | I I | | I | | 1L 11 1 | 111 1 I 11 1 | I |
0 0.5 2 0.7 08 09 1 11 12 13 14
K, Ky
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Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell
in processes with a characteristic scale i1 = mH
v v

access to Higgs couplings @ mH

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

(|mportant to check that the Higgs boson ensures perturbative unitarity) :

Examples of interesting channels to explore further:
| off-shell gg = h* — ZZ — 4l

2. boosted Higgs: Higgs+ high-pT jet
3. double Higgs production

CG — 32023



Boosted Higgs

o the bearable lightness of the |gs rlchspectroscopy W/ multlple decays channels
o the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics ()

. ’ (Yunless it doesn’t decouple
mp(GeV) | = L((;,f:”_go) e~ f&%’ffgg) °-& G?aZEm’ Sargsyan '13 (e.g. 4th generation)

125 1.061 0.988 ‘g,fh\ the inclusive rate

150 1.093 1.028 ~ doesn’t “see” the finite mass of the top

200 1.185 1.134

E ...... ;Od..OOO.t.OOOI ....... 0.I.O.r{g..di.S.téhéé.p.h.y.SiC.S.(.r;.].o.di.fi.e.d.t.o.p.ééltlbl.ir.]g.) OOOOOOOOOO : <£
:> ; Cannot diIsentangdl® o ghort distance physics (new particles running in the loop)
¢
QsC a Qc o~
»C: 1;;‘H|2GM3+ 2—7:‘H|2Fuy+ytctQLHtR‘H|2
o(gg — h) 212 L'(h — vy) 212
— (14 (c — e = (1 + (¢y — 4c/9)v

fermionic top-partners in composite Higgs models exactly leadto Ac; = Ac¢, = %Ac7

CG — Gi£2023

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

500 1000

14%-4% @ LHC3oo-LHC3ooo vs 10%-4% @ ILCs00-ILC1000



http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1002.1011

Resolving top loop: Boosted Higgs

Note: LO only
NLOmt is not known
CUt Open the tOp |OO pS 1'2: PpﬁHH'( Vamb Te¥ #'F=#R=mn='125 Gev | 1/m¢ corrections known O(as*)
U — —— L NLo MSTW2008 NLO - few % up to pr~150 GeV

high pr = Higgs off-shell :
we “see” the details of the particles running
Inside the loops

Harlander et al 12

the high pr tail
is tens’ % sensitive

Baur, Glover '90 to the mass of top

Langenegger, Spira, Starodumov, Trueb 06

Grazzini, Sargsyan '13
0.7_""|'"'|'III|III||||||||...

0 50 100 150 200 250 300
Pr (GeV)
g TrIEIIYT— g q > > q q T ¢
t t 4
t
111111 ——t - - - h 111111 —_— e e - h g~ No.._.._ A

the fraction gg/gq changes with pr

@14TeV, gg/gq=67/31 for pr>100GeV always subdominant (<2%)
gg/gp=42/57 for pr>800GeV

CG — Gif2023



http://inspirehep.net/record/283530
http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/hep-ph/0604156
http://arXiv.org/abs/1306.4581

Resolving top loop: Boosted Higgs

e e — e R e

cut open th

e

e top loops

1.2

11

pp~H+X

NLO

13

we 'S

Vs [TeV] | pp™ [GeV] | op (D] |0 ¢ | 99, q9 [%]
100 | € 2200 H0.016 | 0.023 67,31

150 ﬂszso 0.069 | 0.13 66, 32

Q 200 350 | 0.20 | 0.31 65,34

\QQ O 250 160 | 0.39| 0.56| 63,36
+ 60';’ 300 75| 061 0.89 61,38
N\ 350] 38| 086 1.3 58,41
400 20| 11| 18 56,43

14 450 11| 14| 23 54,45
500 63| 17| 29 52,47

550 ) 37| 20| 36 50,49

600 22 ) 23| 44 48,51

650 14| 26| 52 46,53

700 087 30| 6.2 45,54

750 | 056 33| 7.2 43,56

800| 037| 37| 84 42,57

Grojean, Salvioni, Schlaffer, Weiler ‘13

CG — 32023

Vs=8 TeV Up=pp=mmy=125 GeV -

MSTW2008 NLO

my, Iy -

Grazzini, Sargsyan '13
| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
)0 100 150 200 250
pr (GeV)

300

Note: LO only
NLOmt is not known
1/m¢ corrections known O(as?)
few % up to pr~150 GeV

Harlander et al ’12
the high pr tail

is tens’ % sensitive
to the mass of top



http://inspirehep.net/record/283530
http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/hep-ph/0604156
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/13012.3317

we “see” the details of the particles running

o /oy (inclusive)
[E—
-}

o
o0

500

see also Banfi,

p—
~

p—
()

0.6

Resolving top loop: Boosted Higgs

pegr o raeneet -~ = —=

b e — ez e

high

pt = Higgs off-shell

Inside the loops

Baur, Glover '90
Langenegger, Spira, Starodumov, Trueb 06

——- — [ g dhpueng

artn, anz ’1 J
see also Azatov, Paul 13
_ MCHMS.6=01

1500 2000 2500

Miightest [GeV]

500 1000 3000 |

D U S S U

1500 2000 2500 3000

Miightest [GeV]

1000

cut open the top loops

| m rate: O(%)

1.2IIII|IIII|IIIIIIII|III
Vs=8 TeV

- pp~H+X

- NLO
11—

Grazzini, Sargsyan '13

pp=pg=mny=125 GeV |
MSTW2008 NLO

0‘7 i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 50 100 150 200

pr (GeV)

- Composite Higgs Model

top partners contributions

e e A L2

Grojean, Sa,lironi,i Sca,ffér, Weiler ‘13

Note: LO only
NLOmt is not known
1/m¢ corrections known O(as?)
few % up to pr~150 GeV

Harlander et al ’12
the high pr tail

is tens’ % sensitive
to the mass of top

Up— pegrev s reeseen B =

MCHM 5, £ = 0.1

O'/O'SM (pT > 650 GCV)

with high-pt cut: O(x10'%)

1500 2000 300(

Miightest [GeV]

2500

high-pt tail “sees” the top partners that are missed by the inclusive rate

CG — Gif2023
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http://arXiv.org/abs/1308.4771
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/1309.5273
http://arXiv.org/abs/1309.5273

Boosted Higgs

CG — 32023

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

\®)

-

E Vs =14 TeV,

o

3

[av]

N

<

O I L A A B A

% 03 i _ :u?)oost = 0.8

Q i - /1‘%00% = 1.0

) " 0 _

@ Ozf — Hboost = 1.2 1

I luoincl:l'o + 20%:

0.1 |

Q |

c =) i

(e 0

3

D

= —0.1-

& i

&

3 —0.2"

e I

O

w0 I

'Eﬁ _0.3 L ) | ) ) ) ) ) ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

9 0.6 0.8 1.0 1.2 1.4

N

S Y

3 t

gﬁ

oy}

O

IS}

&

@)

high pr tail discriminates short and long distance physics contribution to gg = h

dt £ =3ab™ ' pr > 650 GeV
(partonic analysis’in the boosted “ditau-jets” channel)

see Schlaffer et al ’14 for a more complete analysis including WW channel

10-20% precision on Kt

VR

competitive/complementary to htt channel
for the measure the top-Higgs coupling
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http://arXiv.org/abs/1309.5273
http://arxiv.org/abs/arXiv:1405.4295
http://arXiv.org/abs/1309.5273

Boosted Higgs

high pr tail discriminates short and long distance physics contribution to gg = h

Vs =14 TeV, /th = 3ab™ !, pr > 650 GeV

Grojean, Salvioni, Schlaffer, Weiler ‘13

3000 b1, 10 or 5% syst. unc.

7T\ 00 TeV -

05%CL,
‘\\
S

Eﬂ
E
Ay
g
(@)
w3
N
<
2 _
o 0.1
% i
0.0
Kg
~0.1

—0.2:

08 09 10 1.1 12 1L

I

A perfect case for

a very energetic machine

tth increases by 10 from 14 to 100TeV
h+jpT>600Gev iNCreases by 210

Ry — o(pr>650 GeV)
14 = 5(pr>150 GeV)

o(pr>2000 GeV)
— o(pr>500GeV)

&
[y
-
O

|

Azatov, Grojean, Paul, Salvioni’16
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Low pt: bounding light quark Yukawa’s

Bishara et al '16 Soreq et al 16 Bonner, Logan '16
[1606.09253] [1606.09621] [1608.04376]

» Modifications of the light quark Yukawa
couplings modify the differential
distributions.

» Sudakov's dilogarithms 1606.09253 enhance
the production cross-section

&~

1606.09253 — k.= =10

(%)

— o
> >
I Il
4 o

=

2 2
koaQ 1n2 PL
~ RS I o
mh mQ

(/o da'/dp-,-\,)/( /o do*/dp,-i_,)SM

O -
oo O

modifications are especially important in

the region mg < pi <K my,. 710 20 30 40 50 60
Prj [GCV]

-
~

(courtesy of A. Azatovi@HiggsHunting2016)

» The main contribution appears from the
interference with the top quark loop, which
scales as yq not y3.
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http://arxiv.org/abs/arXiv:1606.09253
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Low pt: bounding light quark Yukawa’s

Bishara et al '16 Soreq et al 16 Bonner, Logan '16
[1606.09253] [1606.09621] [1608.04376]

» from h — vy, ZZ, WW using pr € [0, 70] GeV

9 —

8@ I HL-LHC |

- - 1606.09253

£ 21

3

E .

T [

(@))] L

kS [

I 1F

@ !

> L

g <

< Of

< !

qc-: : x SM

> ~1f :

2 - B A =23

3 ' 2 _ &

S of AX _399 lllllllllll

—-10 -5 0 5 10

K¢ K¢
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Off-shell Higgs

Off-shell Higgs effects naively small
since the width is small (rs=amev, rvms =3x105) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

' CMS RR0L.06923
| ATLAS 23804.01532

g Analysis of gg—H*—>ZZ—4]
(about 15% of the Higgs events are far off-shell with m4>300GeV)

d(ng—,‘oH—:’ZZ x g o F(;]-IZZ )
2 ~ sggHSHZZ 75 2\2 1 12 2
dmsz,, (m%,, —mip)* +mgls,
Glover, van der Bij '89 10°

4-lepton production, CMS cuts, Vs=8 TeV

Z 4 107!
g g i gg - h - 4leptons
c, 10~
Z
5 0000000

Z ‘ ~
g

$ 107
g

. . g )

2 S +-+00 2 S g 10

MFET L og? — M ~ —log® — D
Higgs 2 box 2 <

.. SM: cancelation forced by unitarity 3 10~

BSM: deviations of Higgs couplings at large § will be amplified
10771 1 | r
100 200 500 1000 2000
mg[GeV]
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http://inspirehep.net/record/268478
https://arxiv.org/abs/2202.06923
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Off-shell Higgs

Off-shell Higgs effects naively small
since the width is small (rs=amev, rvms =3x105) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

s Analysis of gg—H*—>ZZ—4] i
(about 15% of the Higgs events are far off-shell with m4>300GeV)

Access to the Higgs width @ LHC?

CMS RR0L.06923
ATLAS 23804.01532

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—yy

on—peak|
OogsH7Z

Narrow Width Approx.: on-shell

2 2
8eeni8Nzz

Iy

ratios of k only
no direct access to the width itself
(upper bound if ky < 1 is assumed)

e.g. Dobrescu, Lykken '12

off-shell

different width dependence
[+ can be fitted w/o assumption

off —peak v 2
Cgg—sH—7z & 8ggn8Hzz

CG — 32023

Kauer, Passarino ’12
Caola, Melnikov ’13
Campbell et al ’13
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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

Off-shell Higgs

Off-shell Higgs effects naively small
since the width is small (rs=amev, rvms =3x105) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

' CMS RR0L.06923
| ATLAS 23804.01532

s Analysis of gg—H*—>ZZ—4]
(about 15% of the Higgs events are far off-shell with m4>300GeV)

Access to the Higgs width @ LHC?

CMS <140 fb™’ (13 TeV)
14 | —— 212y + 4¢ off-shell + 4/ on-shell
e 2(2v off-shell + 4/ on-shell
2 _I TTT ' T T 1T I |||||||||||| I TTTT | | = S | | T 1T Iﬁ 12 B 4l Off_She” + 41 on_She"
c 20-ATLAS il
a1 8 0n + Off-shell combined — - Exp-Stat.only 10 | Observed
16113 TeV, 139 fb” = Bxp:oys - | Expected ‘
T o E 2 s} 1—1 L +2.4 P I V
Jof ¥ S < H 3‘2—1.7 ev.
- I 1 I,
_ | 3.60 i
8 - &
N 4 ; / 5
6 A / 26 - ) 95% CL /// '/’ 5
4R\ 7 7/ S - 1 &
2N . fo.
0_| ! S ! T Nl T O T W W NG i O O | i 3 i i
0O 05 1 15 2 2. 3 8. 4 10 15
W o Iy (MeV)
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Off-shell Higgs

Off-shell Higgs effects naively small
since the width is small (rs=amev, rvms =3x105) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

| Analysis of gg—H—zZ—41 |
(about 15% of the Higgs events are far off-shell with m4>300GeV)

Access to the Higgs width @ LHC?

CMS RR0L.06923
ATLAS 23804.01532

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—yy

on—peak|
OogsH7Z

Narrow Width Approx.: onr-shell

2 2
 8ggH8HzZ

Iy

ratios of k only
no direct access to the width itself
(upper bound if ky < 1 is assumed)

e.8. Dobrescu, Lykken '12

,

CG — 32023

off-shell

different width dependence
[+ can be fitted w/o assumption

off —peak 2 2
Ogg—sH—77 = ggH8HZZ

What do we learn? BRinv <85%7
Not competitive with global fits on BRinv: BRinv < 20%

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

Kauer, Passarino ’12
Caola, Melnikov ’13
Campbell et al ’13

Englert, Spannowski’14
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Off-shell Higgs

Off-shell Higgs effects naively small
since the width is small (rs=amev, rvms =3x105) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

' CMS RR0L.06923
| ATLAS 23804.01532

| Analysis of gg—H*—Z2Z—4

(about 15% of the Higgs events are far off-shell with m4|>BOOGeV)
= Access to top Yukawa coupling?

strong departure of the Higgs low energy theorem in the far off-shell region

can distinguish Ct from Cgq

Cacciapaglia et al. ’14 Azatov, Grojean, Paul, Salvioni’14

CG — 32023
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Off-shell Higgs

Off-shell Higgs effects naively small
since the width is small (rs=amev, rvms =3x105) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

' CMS RR0L.06923
| ATLAS 23804.01532

i Analysis of gg—H*—>ZZ—4]
(about 15% of the Higgs events are far off-shell with m4>300GeV)

s A S — .
S provides an alternative to ttH to measure the top Yukawa coupling

——— bins < 600 GeV

020 : inear w/all bins

o0 © R
-

o010 4L N W
I 7 B B U .
0.000 ‘  ——————————————————

-1 0 074 1 128 2 3

: 1.25
0.36 ¢ 1.66
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HL-LH C14TeV,300/fb and FC C100TeV,20/ab

Prospectives

Azatov, Grojean, Paul, Salvioni ’16

FCC
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because hh SM amplitude is imaginary

while kg contribution is real
hence SM/BSM interference prop. to ki

See LHC H WG public note 2203.02418
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One missing beast: h3

The Higgs self-couplings plays important roles

1) controls the stability of the EW vacuum

2) dictates the dynamics of EWV phase transition and potentially conditions the
generation of a matter-antimatter asymmetry via EWV baryogenesis

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

Lsm D — ——= h
SM my, 2\/§

t h

J — T - ""- TR h,
t | | ¢ _ t o o(pp — hh) 103
o(pp — h)

9 oo00000000 - (U J s

t h




Large Higgs self-coupling Scenarios

Sps

5single h

~ O(1)

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: 22309.00666
u custodial . u . . FCC
] Q'Q‘O & o“Q R
A QS’\#& & \$\\\f\““‘\\
0 \) Xb \)‘2&0 -t \\\ﬂ;‘ -
2OV ing |
! ~peoy SR
o e L
FCC-hh direct
s > 5 ] ; 6
M [T(‘,V]
‘()V/,y:;‘ = l()(]%
‘()/] ‘ = l ()%
2HDM type I,a:"d’fﬁ/Z, m,\':m“LJ\I:an:()'OO (1eV:. tan 8 =2 ‘(5/,::,‘ = 18%
20¢
15F
Other exceptions: non-decoupled/fine-tuned spectra
r:'fgiﬁ'U"?'('C'u'r'r'ﬁf')};lllss'{vééi'('cf{iii-}é;{éj ....... [ o] Bahl, Braathen, Welg]_eln 220205455
e
600 700 800 900 1000
my [GeV]

CG — 32023


https://arxiv.org/abs/1704.01953
http://arxiv.org/abs/arXiv:2209.00666
http://arxiv.org/abs/arXiv:1902.05936
http://arxiv.org/abs/arXiv:2202.03453

h3 from h@NLO@LHC

M. McCullough ’14

2 _
e e
Ozh — =+ 2 Re
€ e |
6249 =100 (207 + 0.0146,) %
Gorbahn et al ’16 Degrassiet al '16 Bizon et al '16
f
/ g W Y
h -/ h e 00000500 h
06 // 06 ,,// 06 ,,/
----- _E Wi -----m 1ttt -
h \\\ h \\\\ h \\\
B j, ~————&00000000" h
‘\f\ t g W Y
V
\ Viooh
. Og RN Og ,~7~~, Og
VS me (e £ e
/,/, h \\_’/, h h N L7 h
h % h h
v
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http://arxiv.org/abs/arXiv:1312.3322
https://arxiv.org/abs/1607.03773
https://arxiv.org/abs/1610.05771
https://arxiv.org/abs/1607.04251
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h3 from h@NLO@LHC

AXz Degrassi et al 16
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http://arxiv.org/abs/arXiv:1312.3322
https://arxiv.org/abs/1607.03773
https://arxiv.org/abs/1610.05771
https://arxiv.org/abs/1607.04251
https://arxiv.org/abs/1607.04251

h3 @NLO vs h @ LO in global fit

The fabulous 52 channels

5 main production modes: ggFVBF, WH, ZH, ttH
5 main decay modes: ZZ,WW, Yy, TT, bb
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h3 @NLO vs h @ LO in global fit

The fabulous 52 channels

5 main production modes: ggFVBF, WH, ZH, ttH
5 main decay modes: ZZ,WW, Yy, TT, bb

a priori 25 measurements
but for an on-shell particles, at most 10 physical quantities
since only products 0xBR are measured
only 9 independent constraints

F— oy f = op % BR[f]
M T R T o)sm - (BR[f)sm

! 1+ dp; + op!

pi = pi+0 ph = pl =4




h3 @NLO vs h @ LO in global fit

The fabulous 52 channels

5 main production modes: ggFVBF, WH, ZH, ttH
5 main decay modes: ZZ,WW, Yy, TT, bb

a priori 25 measurements
but for an on-shell particles, at most 10 physical quantities
since only products 0xBR are measured
only 9 independent constraints

F— oy f = op % BR[f]
M T R T o)sm - (BR[f)sm

! 1+ dp; + op!

pi = pi+0 ph = pl =4

cannot determine univocally 10 EFT parameters!
one flat direction is expected!
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h3 @NLO vs h @ LO in global fit

Good sensitivity on 16 channels 2 HL-LHC

Process Combination Theory Experimental

gl 0.07 0.05 0.05

VBF 0.22 0.16 0.15

H — ~~ ttH 0.17 0.12 0.12
WH 0.19 0.08 0.17

ZH 0.28 0.07 0.27

gol 0.06 0.05 0.04

VBF 0.17 0.10 0.14

H— Z7 ttH 0.20 0.12 0.16
WH 0.16 0.06 0.15

ZH 0.21 0.08 0.20

goF 0.07 0.05 0.05

H =W VBF 0.15 0.12 0.09
H — Z~ incl. 0.30 0.13 0.27
_ WH 0.37 0.09 0.36

H = bb ZH 0.14 0.05 0.13
H — T~ VBF 0.19 0.12 0.15

Estimated relative uncertainties on the determination of single-Higgs production channels at the
HL-LHC(14 TeV center of mass energy, 3/ab integrated luminosity and pile-up 140 events/bunch-crossing).

ATL-PHYS-PUB-2014-016 ATL-PHYS-PUB-2016-008 ATL-PHYS-PUB-2016-018
one flat direction is expected!

CG — 32023



h3 @NLO vs h @ LO in global fit

Incl. single Higgs data

12—
L — 1 3ab™!
ob L K, exclusive fit !
0 “ - = = = K, exclusive CMS Il ,I
SO global fit (Higgs + TGC) x20 !
8 __ . \ / |
- ‘ I
"5 ! I
Or ! ]
4 i ‘\ /
i \ /l
i \ |
4 i \ // 'o'
i \ / R
\ R
2 ’\\ L e x20
*soA P —
0 _5:\\\» : il _
™ e T ——— ' ]
4 -2 0 2 4 6 8 10
OK DiVita et al ’17

one flat direction is expected!
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https://arxiv.org/abs/1704.01953

h3 @NLO vs h @ LO in global fit

up

+30

Higgs co

direction

+30 ‘

+30

+107

lings variation along the flat

-107
‘ Czz

T T 10 60 % 10 0 10 o %0 10 10 6k
430 R 30 ; R 430 R
+107 1 +10t 1 +10t
-1o} 1 =1o}

Coo Czy
=% 10 10 &6 %0 10 0 10 &6 %0 10 10 ok
4301 R 30 5 R 430 R

+107

-10t 1 =10 3 1 =10+
Oy Oy:
390 10 10 o % 10 0 10 60 % 10 10 6Kk

The particular direction of this flat direction

tells that adding new data on diboson or h-Z7y won’t help much

CG — 32023

one flat direction is expected!
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https://arxiv.org/abs/1704.01953

Does h3 modify the fit to other couplings?

Incl. single Higgs data

0.4+ — o10rH—/H——m—m™M™M™™MmmmW ———F#—F—————————————————————
! 3ab™" I 3ab™! ]
0.2+
& 0.0
-0.2 |6Kx|<10
|6K,\|<20
-4 —0.10' """""""""""""""" _
-0.2 0.0 0.2 0.4 0.6 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
5Yt 6yb

Figure 3. Constraints in the planes (dy:,¢yq) (left panel) and (dys,¢y) (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 k) = 1, while the lighter ones are obtained through profiling by restricting
0k in the ranges |0k | < 10 and |0k )| < 20 respectively. The regions correspond to 68% confidence
level (defined in the Gaussian limit corresponding to Ax? = 2.3).




NLO single H vs double Higgs

H & HH all inclusive incl. H & diff. HH
10 L |- . .S . L, S S B Y LN 10 L B B B L .. . L L L S A R L
i V|- Ky exclusive fit ; | [ | eeeee- Ky exclusive fit ] ]
- ' global fit : — global fit :
8__ i | ———-=-global fit (H data @ LO) | : 8f global fit (H data @ LO)
6 6_"
S g |
4r 4l
2y SN 2r
_ 7 \ _
0 Y N\ 3 ab™! 0
-4 -2 0 2 4 6 8 10
5K,\

Figure 4. Left: The solid curve shows the global x? 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 0k, in single-
Higgs observables. The dotted line is obtained by exclusive fit in which all the EFT parameters,
except for 0k ), are set to zero. Right: The same but using differential observables for 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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Is differential single

H @ NLO a good option?

Impact of diff. H data H & HH all diff.
1 2 s ™ T IO A L - Y A 1 2 [ ——— W T~ ~ [ T T T T T T T T T T T ).. Y | U L
i diff. H, K, exclusive fit L | mmmm——- H & HH all diff., k, exclusive fit i
10+ diff. H, global fit 10F | —— H & HH all diff., global fit
N (PR incl. H & diff. HH, k, exclusive fit L oo emenees incl. H & diff. HH, k; exclusive fit | :
8l incl. H & diff. HH, global fit 8l incl. H & diff. HH, global fit
g 6 S| 6f :
4 4_ JRPRPEE oy
2 2}
Ot 3ab™!] O: P 3ab™
-4 -2 0 2 4 6 8 10 -4 -2 0 2 4 6 8 10
5K,\ 6KA

Figure 5. Left: x? as a function of the Higgs trilinear self-coupling. The green bands are obtained
from the differential 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 0k, 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
differential observables. In both panels the dark blue curves are obtained by considering only

double-Higgs differential observables and coincide with the results shown in fig. 4.

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

Higgs@FC WG November 2019 n

HLLHC iggs _smoleioge Don’t need to reach HH threshold
e :::::EEEss:ﬁj:j:jjjjieféieiéiéjiji:: to have access to h’.
HE-LH . T T Ty |- g [z s Z-pole run is very important
------------------------------------------------------------------------------------- LE-FCC LE-FCC .
FC(§-eh Fd)-eh
= ES if the HH threshold cannot be reached
FCC-ee/eh/hh ALHARAARARRRRRRANREIY 17+24°;500 n.a o

NN L N [Fccees
o404 (149%
under HH threshold _(
FCC-ee NI % (19%
0,

AN AN SR

e The determination of h3 at FCC-hh

_____________________________________________________________________________________ s '3;‘2}};270/0) relies on HH channel,

cepc| T | e . for which FCC-ee is of little direct help.
"""""""""""""""""""""""""""""""""""""""""""""""" But the extraction of h3

requires precise knowledge of y:.

ILC

)
CL|C3000 \ CL|C3000

)

)

CLIC

W e D

0 10 30 40 50 % 6% o o,
68% CL bounds on k4 [%]  artuure coliers combin:(? v/vit(:eHi-LHC 1% Yt < 5% h3

Precision measurement of y; needs ee

50% sensitivity: establish that h3z0 at 95%CL
20% sensitivity: 50 discovery of the SM h3 coupling
5% sensitivity: getting sensitive to quantum corrections to Higgs potential
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Composite Higgs Anomalous Couplings

Giudice, Grojean, Pomarol, Rattazzi ‘07

Lo Lo (|HP) 0, (|H?)  en~o00)

f=compositeness scale of the Higgs boson

0 1 U2 2
H=1 ., @ﬁ:— 1_I_CH_Z (8“h) T
2 2 /
Modified Higgs couplings 1 v? . )
Higgs propagator ~ rescaled by \/1 TP ~ 1 — CH2—f2 =1-¢/
H 52

Higgs anomalous coupling: a = V1-&= 1-&/2

£ =02/

Typical resonance mass: m,=g,xf. Strong coupling: m,>»f



http://arxiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164

EFT = dimensional analysis

It is important to remember that couplings are not dimensionless

M™ | A"
scalar field 0 1 1/2 S = /d4gj (»CO + hLq + h2£2 + .. )
fermion field v | 3/2 | 1/2 / T \
vector field A, | 1 1/2
[Loln =1 [L1]n =0 Lon = -1
mass m 1 0
. Lolp =4 Lilm =4 [Lolm =
gauge coupling g 0 | —1/2
quartic coupling | A |0 |~ v is not simply a mass scale but also a “coupling”
Yukawa coupling | vy 0 —1/2
vl =1/2
Aw,. w, —w,.w, = % even when gauge coupling are zero
v
[n=-1 []n=2 =1 [n=0
N o /
L 2 1CW < y :
0 (0" H ) " (HTJZD“H) (g D" W)’

CG — 32023




SILH Effective Lagrangian

(strongly-interacting light Higgs) Giudice, Grojean, Pomarol, Rattazzi ‘07

®x extra Higgsleg: H/f ® extra derivative:  9/m,,

------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------------------
RS S .

CH 2 i Cr pr 5 Yr Co A
v DY/ Gy 2 6 6
TE (a \H\) fQ(HDH) e H fLHfR+hc ]
. custodial breaking ;i
® Form factor operators sensitive to the scale mp)
......... e s
W (H'e'DFH) (D'W,,) — (H'D'FH ) (0¥ B,)
2m? H 2
. p . 2T .
.................................. .., ,2.
ZCHW g 1CgBi Y9y °
e (D”H) o' (D"H)W}, — =L _(D*H)"(D"H)B,
_mz '1677 ...... me 1674 ’
...................... h;"'minlmaICOUp“ngh_),yZ ’“Ioopsuppressedsfrong dynamlcs
.: ............ :.}. _________ '2" :':’.:.:7:"§‘: ............................................ ‘ .. ............. :,:::::::Zz. ....... '. ..................................................
- Cy i Yp ¥g™ e, i
S SHTHBL,BY 92 o yt HTHGa G“W
TGS Sym. .............................................................
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http://arxiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164

Higgs anomalous couplings

h  h? _ h
LEWSB — m%{/W:_WJ (1 + 2a— + b 2) — mwwLwR (1 + C;)

U U

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

— ~ Minimal composite Higgs model (MCHM): SO(5)/SO(4) ———

= VIE b=1-% h=-3e/ToE o= (VITETn)  a= (649

v1—¢
Uniqueness of Goldstone models “*--.... g= U o (weak scalo)
in the SM V|C|n|ty Dilaton” """ -. . . f?  (strong coupling scale)?

.y b=a? “..

— a single operator at dimension-6 level @ -------------------

controls the amplitudes — A /\ SM
14
. . Goldstone Higgs
Composite Higgs — for large f
SI\/lvl_sr. a=1-v2/2f2 b=1-2 v2/f2
iggs

~©)
1 ;
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CMS Prelimmary Is=7TeV.L <51 ' \s=8TeV,L<196M" w

Higgs couplings fit

52_ 2 0 I I —r—r— ", 1 I .’ l L L L L
: Kys K ] - ATLAS Preliminary + SM .
1.5} 3 1s=7TeV. JLdt=46-48f0" x Bestfit MCHM4 -
; C \s=8TeV,|Ldt=13-207fp" — 68%CL MCHMS -
1.0f - - 95% CL -
; 21— =
0.5 : b& Q‘b qu Q\' ............. :
7 - //Q Q"// ‘(—;// ((ﬂ// ................ )"‘
0.0p - (a3 X T
-0.5 - T 2
OF =
-1.0} m peemmememememememeean .
Lo 3 | S G S —— E
Py Ty | h | L | | L s o L]
0.0 0.5 1.0 15 0.7 0.8 0.9 1 1.1 1.2 1.3

Ky Ky

e MCHM4

£ <0.12 at 95%CL
o« MCHMs
£ <0.10 at 95%CL
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Indirect composite signatures

Assuming composite Higgs, elementary gauge bos.:

I 1 +
d=6
— mz gz E[Q*H7 ng/JJaM]

S-parameter @ee: [De Blas et. al.] (LEP: 1079

Jug' + a v . m?2 _ a
—H'o, HW} Bﬂ»sz w 1074
m?2 m2 - Hc@ee

Higgs Couplings @ee: [ee Report] (HL-LHC: 5%) |

3_
& 7 Oul 0" [HI® i by = 5  |S@eé

W @hh: (energy + accuracy) HL- LHC<1O‘4)

2

g’lU ’lU —
g*mg (DuW,p)? Wy W = s < 10 1} W@hh

Grojean-Wulzer @ FCC physics week ’17
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https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf

The other resonances

-------------------------------------------------------------------------------------------------------------------------------------
g

;’Dominant decays into longitudinal SM gauge bosons

2 )
mpgpmr o mp

8r  192mg2v

D = WW) =T (p= = ZWH ~

spin-2 resonances
3 TeV spin-1 resonances

Suppressed decays to SM quarks and leptons

1 TeV

500 GeV color fermionic
resonances

125 GeV Higgs
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H couplings vs searches for vector resonances

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

0 v
o Precision nggs Study: f = _9 = — DY production xs of resonances decreases as 1/g,?

o Direct searches for resonances: m, =~ g.f

/\.

enhanced by large
couplings from the
composite sector

suppressed by large couplings from the
composite sector

«— di-boson searches
G, JoZMp\ ‘WIuwrey, ‘oddo],

di-lepton searches 5
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http://arxiv.org/abs/1502.01701

H couplings vs searches for vector resonances

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

o Precision Higgs study: ¢ = —
g

59_1)2

S

o Direct searches for resonances: m, =~ g.f

Collider Energy

Luminosity ¢ [1o]

LHC 14 TeV 300fb " 6.6 —11.4 x 10~2
LHC 14 TeV 3ab " 4—10x 102
ILC 250 GeV | 250fb~" 4878 %10-3
+500GeV | 500fb~t o
CLIC 350GeV | 500fb~" 9p
+14TeV | 1.5ab”! 2.2 x107°
+ 3.0 TeV 2ab~ 1!
TLEP 240GeV | 10ab " 55103
+350GeV | 2.6ab !

> complementarity:

» direct searches win at small couplings
> indirect searches probe new territory at large

coupling

e.g.

indirect searches at LHC over-perform direct searches for g, > 4.5

DY production xs of resonances decreases as 1/g,?

12}

10}

«— di-boson searches

indirect searches at ILC over-perform direct searches at HL-LHC for g, > 2

CG — Gif2023

di-lepton searches 5
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http://arxiv.org/abs/1502.01701

CP vislation iv ( SV JEFT




CPV in SMy4

CPV comes from mixing among quarks and the resulting couplings to W

1— _ 1 —
R e LC G ) LRl G B

Proper \ CP

1 — ] 1 —

Phases in CKM (can) break CP!

@)
O
-
Y]
&~
M
@)
®'\
O
-
av]
4+
0
-
or—
&~
&
O
O
0p)
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https://inspirehep.net/literature/511650
https://inspirehep.net/literature/511650

Are Phases a Sign of CPV?

72—214 4 124 2172—5004i 178444327 242745196
32152 576 13168 49 %é’ 372%—%—53996 : 3324%5?2 ' 477281121564 :
_ + 1 —1687 _ _ 1 332449122 — 1
Vekm = 13 1625 65 Vekm = 8125 8125 8125
96—283 57 244 _ 30841441 _4389+20521 184848641
— 395 65 ~ 65 1105 5525 5525
_176+468i _9-12i 3 4 12
4 12 4+3z 0 0 625 25 13 13 13
3 13 , 351-132i 16+12i 12 24 7
12 24 7 3+di 625 25 , 13 65 65
6557 gi ° 43 0 0 36 4 57 2
65 6% 0 = 85 13 65 65
phases absorbed by redefining quark fields enlarged U(2) flavour symmetry

no complex phase after that can be used to remove phase in CKM

appropriate phase shifts of quark fields

CPV < 3 phasein-kagrangian parameters

CG — 32023




The SM4 Collective CPV

Kobayashi and Maskawa, ‘73

SUB)q SUB)u SUB)a Ul), U)a U(l)s ) _
Y. (9R +91) 3 3 1 1 0 0 physical
Yq (9R 4 91) 3 1 3 0 1 0 L IR + 11
SR+51 SR+51 SR+51 11 11 11 -
| OR + 171

* The position of this physical phase is (flavour)-basis dependent, e.qg.

« Up-basis: Yy=diag, Yq= Vckm.diag

« Down-basis: Yy=Vckm.diag, Ye=diag standard parametrisation
% 5 (particular choice of flavour basis)
« many other choices of flavour bases L0 0\ [ ey 0 s, e, s, 0
: VCKM: 0 Cog So3 0 1 0 —S15 Ciy 0
0 —8, Cp) \—5,67 0 Cys 0 0 1
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https://inspirehep.net/literature/81350

Jarlskog Invariant

Jarlskog ‘85

see also Bernabeu, Branco, Gronau ‘86

The lowest order flavour invariant sensitive to CPV

Jy =T ([, V.1, v, v]T)
e Explicitly
Jy = 6ciasiacizsizcassas (o — va) (U7 — va) (Wi —2) (5 —va) (Y5 —va) (v — v3) sind

0 () 0 () o)
1= \2/2 A AN (p—in)
Wolfenstein parametrisationVoxu = | =\ 1-X/2  A¥ | +O00) A~ 022
Wolfenstein ‘83 AN (1 —p—in) —AX 1

Even if 5~0O(1), large suppression effects due to collective nature of CPV

Important property: [S1alEXl g =la=le RUIIPELN] (neglecting Bacep for now)

exercise 1: check that indeed J4 vanishes on the two examples of previous slide
(one need my=mc for the second onel!)

exercise 2: check that for Nr=2, J4 always vanishes

CG — 32023


https://inspirehep.net/literature/192153
https://inspirehep.net/literature/216470
https://inspirehep.net/literature/227608

BSM CPV is also a Collective Effect

* “Imaginary” Yukawa coupling gives rise to eEDM through Barr-Zee diagram

L=Y,QHU + Cy,y |H*?QHU

de v, Il Corpyr ).F m2 0
- = = e -
£ ]’LZEQ# 0 e 8m>  m3 A? ! TS
2My,, *
= 2 (11 G %) b, 1z de _ 1 vme In(miCuny, (Imaf®
o < e 4872 m% A2 m% ’

« The Yukawa can be made real by chiral rotation: ¥ — ew”t—)w
 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...
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http://arxiv.org/abs/arXiv:1310.1385

Dim-6 Yukawa’s Contribution to EDMs

3 277 o pa
L=Y,QHU + Cyy |HPFQHU gy hiu,
3x3 complex  3x3 complex Y 4 3020,
(9R+9I) (9R+9I)

One can choose U(3)axU(3)u transformations to make Cun (or gnuu) *real”
!
CPV effects <> Im Cun
Phases can be moved to mass matrices — even in mass basis, 3 residual U(1)’s to move

phase around
(flavour basis fully specified by the location of the phase in the CKM matrix)

At two loops and 1/A2 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)

(2 de ay . L, =Tm Tr (Y] (v, ¥])" Cur)

- “(al, +bI I with o

e 1673 (el +b1> +cls) a, b, ¢ functions of Yy only
h )/ 4 :
u . k At higher loops, more phases can appear.

* How many?
 How many constraints should we impose to ensure CP
is conserved?

CP—==Gggreallmatrix
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Beyond Jarilskog

CP iff J4=0 \

<
CP iff J4=0 & 7?77

How many conditions?
Any relation with the number of phases that can appear in Lswves?

CG — Gi£2023



Beyond Jarlskog: Building SMe invariants

Bonnefoy+ ‘21
Bonnefoy+ ‘23

* For each operators, e.g. the dim-6 Yukawa operators, we can build a
series of CP-odd invariants:
dy

dp
T g, = Im Tr (Yj (v, v,H)" (Yd Yj) (v, yh" (Yd Yj) CuH)
* Of course, they are not all independent:
- 1
e.g., for 3 families, &= (v,v)) L+ (T ((vu v)*) -1 (vu ¥))) I

* Only need to consider only a finite set of invariants:

Cayley-Hamilton: 4°=4%m(4)- %A [Tr(A)? - Tr(42)] + % [Tr(A)? - 3Tr(A2?) Tr(A) + 2 Tr( A%)] Iz,

Tr (XOXEXEX50)
a,b,c,d=0,1,2, azb,c#d

N .
enough to consider X = Yo ¥,

Can find a basis of invariants linearly independent from each others

CG — Gi£2023


https://arxiv.org/abs/2112.03889
https://arxiv.org/abs/2302.07288

Opportunistic CP violation

e If J4s=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

* [f J420, 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/A2)

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?

CG — Gif2023



Taylor Rank

Taylor Rank .. (M) =

Min
N=M+4+O(ent1)

Rank (V)
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I €
= &)
Taylor Rank .o =1 = Rank (M |€0)
Taylor Rank, ., =1 # Rank (M|€1) = 2




Scaling of Collective CPV BSM Effects

* The invariants can be evaluated in e.g. the up-flavour basis:

dlm 6 O] I, = yin+177u -+ y?”“nc + thnJrlm L =Tm T (V] (v, ¥)" Cun)
16n+8 8n+4 0
up-Yukawa O ) o) o)
Operator @ I11 = c13€2351355 (yg — 032%21 — S%ng) Yt Put + - - - I =Im Tt (YJ (v, Y1) (Ydyj) CuH)
O (X*) O (X°)
# iIndependent invariants at
o . O(A")
 The BSM invariants are suppressed by scale of new physics
A [GeV]
* but not necessarily by small Yukawa/mixing angles as Ja . ’ . :
y y ~ = I ‘OOA 1‘0 “““ 1‘0
: o
I~ 12 > Jy ~ )‘36 < A< )\n/2—18 v 14 [Ous = (' H)IQuy, + hc.| ‘_‘J—‘_’_I_I—F

NA~1'000 TeV —

7 BSM and 3 Opportunistic -
invariants larger than Js j

Jy
BSM CPV
0 1‘0 2‘0 3‘0 | 4‘0
Aorder n
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Scaling of Collective CPV BSM Effects

—~~

Taylor-rank r,(n

—

o

o

o
T

0 10 20 30 40 50 60 70 80

A order n

..................................

Total

Opportunistic
CPV
Jy

BSM CPV

90 100

852

maximal basis
(interference with CKM)

minimal basis
(“new phases”)
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Models of Flavours

« 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?

e |et’s first stick to the canonical flavour “model”: Minimal Flavour

Violation
CuH — CLYU

Generic Flavour

b (Y, Y)Y,

MEV

Rank 1 — O ()\0)
Rank 2 — O ()\4)
Rank 3 — O ()\8)
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Rank 1 — O ()\0)
Rank 2 — O (%)
Rank 3 — O ()\16)

e (v, v,

......................

T v T

Anarchic Entries
Froggatt—Nielsen
U(2)5

MFV




CPV Orders in Alignment Models

* Another popular flavour structure is alignment inherited e.g. from U(1)rn Symmetry

 The U(1) charges of the quarks will imprint a particular scaling of the dim.6 WC:

Anarchic Entries
Froggatt-Nielsen
u(2)°

MFV

CG — 32023
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Taylor-rank r,(n
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CuH = generic =

Generic Flavour Structure
A >1°000 TeV = ~120 sources of CPV larger than SM

MFV Flavour Structure
A\ > 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)
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Can validity of (fruncated) EFT be
established model-independently?
Problem: Expansion Validity: E/A«1

9

‘cﬁ

2

) - )

59 Example: Fermi theory — ¢, "4, v isit valid up to v=246 GeV?
o° v

é% No, only to £ = myy = %v ~ 81 GeV s6=08=?

*;i) zmj + Weak couplings reduce the validity range of the EFT (as naively expected)
S I

] g * Strong couplings extend it (for g=4T Ferwi theory ok up to E=3 TeV!)

= = ‘ > 5 ———

2 g 4 g 2 4

gh‘ E—m—2¢ —|—m—48w =+ ...

o} I—Wl I—Wl

5 Co Cs

g

3

The full knowledge of the Fermi Lert could then tell us
about the cutoff ( cs/cs =mj, )
but this is model-depend:
one needs to put in some UV assumptions to extract information
on the cutoff from the EFT Lagrangian.
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https://indico.cern.ch/event/407347/contributions/975948/attachments/1211910/1767855/EFTvalidity_v2.pdf
https://arxiv.org/abs/1604.06444

Can validity of (truncated) EFT be
established model-independently?

Message #1:
even if we have enough accuracy to reconstruct exactly Lerr,
we *cannot® estimate in a model-independent way
the EFT truncation errors

Contino, Falkowski, Goertz, Grojean, Riva ‘16
F. Riva, LHCHXSWG ‘16
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https://indico.cern.ch/event/407347/contributions/975948/attachments/1211910/1767855/EFTvalidity_v2.pdf
https://arxiv.org/abs/1604.06444

From Observables to LerT

The question of EFT validity is even more Compllcated because
we don’t have directly access to Lerr but only to |/\/l\

observables : LeFT

can be done only from truncated Lerr,
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 LeFr.
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 EF T prediction, NLO etc...)




From Amplitudes to Lerr

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.

2 112 2 112 2 14

9. B g.B* gk

A(SM+SM — SM+SM) = g2y + Vi G2 — T
l | | | | |

Asmv As As

(co = g2/M?Z,cs = g2 /M @s in the Fermi theory)

EFT benchmark for which the EFT validity/error can be estimated from the
knowledge of measurements and UV imprints (g or M+)

Riva, LHCHXSWG ‘16

“error” (As relative to Ae) is clearly controlled by the energy of the process
EXP should report cs as a function of characteristic energy of the measurements

Contino, Falkowski, Goertz, Grojean, Riva ‘16

*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...)
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https://indico.cern.ch/event/407347/contributions/975948/attachments/1211910/1767855/EFTvalidity_v2.pdf
https://arxiv.org/abs/1604.06444

EFT Validity

Practical simple recipe #I in simple EFTs

report the EFT bounds as a function of sliding cut on Vs

(or equivalent kinematic variable)
G(6) < (SeXp(Mcut)

example: Constraints on oblique corrections from Drell-Yan
Farina+ ‘16 Ricci+ ‘20

pp - It~ pp - v
30: T T T T T T T T T L= 30: T T T T T T T T
10t Derivative expansion 1 10t Derivative expansion .
; breakdown 1 : el e E Peglons. where
3l ] 3l = ) the coupling of NP
S = 1 o would be larger than 4m
s 1 e IR : E: . — expansion not reliable
= = el s 1.e. large uncertainty
030 10°w 03[ 6, u=2%10% ] from neglecting
0.q dotted:8TeV, 20 fb‘_11 0.q dotted:8TeV, 20 fb‘_“1 | higher dimensional operators
£ solid: 13TeV, 0.3ab ] £ solid: 13TeV, 0.3ab - -
[ dashed: 13TeV, 3ab™’ 1 . dashed: 13 TeV, 3ab™" ST
0.03f ] 0.03f ]
200 500 1000 2000 5000 200 500 1000 2000 5000
Nyt in GeV Nyt in GeV

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.
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https://arxiv.org/abs/1609.08157
https://arxiv.org/abs/1609.08157

Idim-6|2 ?

Formally |dim-6|2 ~ (dim4)*(dim-8) ~ |/A\4

so |dim-6]|2 is often, erroneously, taken as a proxy for the truncation error.

Contino+ ‘16

L (EN' L (E\
AZQ§M+C693 (K) +089>|2< (K) T ! ’c6~08~0(1)
2 (BN (gt 5 & N\ (E\
AP (1 " gggM A (X> " (QZLM ©t gggM 68) <K> T )

® gsm < g« * | Ag|? > Asn - As

® 5. <gsu mP | A’ <Asu-Asshould we drop |Ae|2 then?

9%1\493
M

Notice that: Asm-As~ E® > Asm - As  so interference dim-8 is not dominating

so keeping |As|? or not has no influence on the final bound

Conclusion:
either |A¢|? 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

Idim-6|2 ?

Formally |dim-6|2 ~ (dim4)*(dim-8) ~ |/A\4

so |dim-6]|2 is often, erroneously, taken as a proxy for the truncation error.

Contino+ ‘16

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. s >98M% ),
more difficult to make sense of the linear fit.
— Goal of good EFT analysis —
ensure that quadratic and linear fits agree since larger interpretability

Conclusion:
either |A¢|? 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

Idim-6|2 ?

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!

LLLL LLTT TTTT
gsuf gsuf A GoTATT
47tk T 47TF T A7TF T
LO: BSM;’
©
—
T g. LO: SM 9. g. LO: SM
g NLO: BSMg
4CTJ3 __________________________________________________________ NLO: BSMg® ~ ——~—_ NLO: BSMs+BSMg?
N gsm IMI NL0: BSMs  NLO: BSM | p—
0 M A O mMw  Amy A 0 mw A
E E E

FIG. 2: A schematic representation of the relative size of different contributions to the VV'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 BSMgs-SM interference (denoted as BSMsg). 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 E*/\*, either from (BSMs)* or from the BSMs-SM interference (denoted as BSMs).
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https://arxiv.org/abs/1607.05236

