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Where are we



SM has been excessively successful in describing all collider 
and low-energy experiments. Discovery of the 125 GeV Higgs 
boson is the last piece of puzzle that falls into place. There 
are no more free parameters in the SM.


We know physics beyond SM exists (neutrino masses, dark 
matter, inflation, baryon asymmetry).  There are also some 
theoretical hints for new physics (strong CP problem, flavor 
hierarchies, gauge coupling unifications, naturalness problem)

Status report

?



No evidence for new particles beyond the SM up to ~1 TeV

Theoretical motivations that have been driving most new 
particle searches now appear highly doubtful. We don’t 
have a good idea about the scale Λ of new physics

Even for dark matter, there is no solid arguments that it 
should be accessible in high-energy colliders (and some 
arguments to the contrary) 

At this point, further progress most likely will come 
from precision measurements

Post LHC era

?



The hope is these measurements will allow us to estimate the scale Λ of new 
physics, as a target for the next high-energy machines (LHC-HE, FCC, RTMC)

Furthermore, comprehensive precision program may give us partial information about 
BSM structure (much like observables in the Fermi Theory had taught us about W and Z 
well before they could be produced in colliders, or as LEP precision measurements had 
given us a possible window or top/Higgs masses before their respective discoveries)

Fantastic Beasts and Where To Find Them
CMS


Imaginary  

Λ



Universal Language: SMEFT
No new particles at energies directly available in 
experiments


Much as in the SM, relativistic QFT with linearly 
realized SU(3)xSU(2)xU(1) local symmetry 
spontaneously broken by VEV of Higgs doublet field

Basic assumptions

Generated by integrating out 

lepton number or B-L violating  

heavy particles with mass scale ΛL, 

responsible for neutrino masses

Subleading

wrt D=5/6  
if ΛL/Λ 


high enoughGenerated by integrating out 

heavy particles with mass scale Λ


In large class of BSM models that conserve B-L, 

D=6 operators capture leading effects of new physics


on collider observables at E << Λ

Buchmuller,Wyler 
 (1986)

Grządkowski et al.

 1008.4884

Alonso et al

 1312.2014

ΛL≾ 10^15 GeV

TeV ≾ Λ ≾ ?

SMEFT Lagrangian  expanded in inverse powers of Λ, equivalently in operator dimension D

http://arxiv.org/abs/1303.3876


Two broad classes of precision experiments

High Energy Colliders
LHC
ILC

LHC-HL

Low-energy measurements
 flavor physics

atomic parity violation
dipole moments

parity violating electron scattering
neutrino scattering

…

My main interests at the moment

This talk



Precision vs Energy in EFT
Two distinct interesting situations

Observables at fixed mass scale m

(e.g. Z or Higgs decays)

High-energy tails of distributions

(e.g. Drell-Yan production )

Increasing UV scales probed in EFT

achieved solely by increasing


measurements precision

For Higgs decays, 

and tree EFT operator c6～g*^2  


given experimental precision ε = 0.1%

Increasing UV scales probed in EFT

may be achieved by increasing 

energy scale of measurement

For observable at E～2 TeV, 

and tree EFT operator c6～g*^2  


given experimental precision ε = 10%

�

�SM
⇡|1 + c6m2

⇤2
|2

�

�SM
⇡|1 + c6E2

⇤2
|2

⇤ &
⇢

110 TeV g⇤ ⇠ 4⇡
9 TeV g⇤ ⇠ 1

⇤ &
⇢

70 TeV g⇤ ⇠ 4⇡
6 TeV g⇤ ⇠ 1



The sense and meaning of 
ILC



ILC

Initially ~20km machine colliding electrons and positrons in Kitakami/Japan,  
with c.o.m energy of 250 GeV. Upgradable to ~30km and 500 GeV 

Clean environment of e+e- collisions together with high luminosity will allow for  
per-mille level precision studies of Higgs boson interactions

d’obtenir deux ou trois événements – la création du Higgs –

toutes les cent collisions de particules; c’est vingt millions de

fois plus qu’au LHC.» Et donc, la garantie d’un environnement

propre et de mesures de haute précision.

Dans sa première mouture, l’instrument devait mesurer 33,5

kilomètres, pour une énergie de 500 GeV et un prix estimé à

huit milliards de francs. En 2012, la communauté scienti#que

japonaise a proposé de l’héberger, avec un argument de poids:

le Japon co#nance de nombreux instruments internationaux

de physique, mais n’en héberge aucun sur son sol. Restait à

convaincre Tokyo de signer un chèque conséquent: en 2005, le

pays a raté ITER, le réacteur international à fusion nucléaire.

L’UE a proposé de #nancer 45% d’un montant estimé,

aujourd’hui, à 23 milliards de francs. Le réacteur se construit à

Cadarache, dans le sud-est de la France, Paris payant plus de

20% de la facture européenne.

Notre reportage: ITER, au pas de charge sur le chemin de la

fusion

Le schéma de l'ILC

Wikipedia / CC

The ILC in 2 minutes (subtitles available in English, Chinese, French, German, Japan…

for the latest news see 1710.07621 and 1711.00568

Figure 3: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from [2].
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Figure 5: Illustration of the Higgs boson coupling uncertainties from fits in the EFT formal-
ism, as presented in Table 1, and comparison of these projections to the results of model-
dependent estimates for HL-LHC uncertainties presented by the ATLAS collaboration [24].
Earlier projections for HL-LHC are summarized in [29].
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Higgs couplings precision measurements

1710.07621



Operators to Observables to Constraints

But then *all* Higgs boson couplings 
present in SM are universally rescaled

Bound on Wilson coefficient cH☐ from Higgs signal strength measurements at LHC

ATLAS + CMS

1606.02266

For the negative-sign bound
weakly coupled

strongly coupled

L � �cH⇤
⇤2

@µ(H
†H)@µ(H

†H)

⇤ &
⇢

9 TeV g⇤ ⇠ 4⇡
700 GeV g⇤ ⇠ 1

⇤

g⇤
& 0.7 TeV.

http://arxiv.org/abs/1606.02266


Operators to Observables to Constraints

But then *all* Higgs boson couplings 
present in SM are universally rescaled

Bound on Wilson coefficient cH☐ from Higgs signal strength measurements at LHC

ILC

3606.02266

weakly coupled
strongly coupled

L � �cH⇤
⇤2

@µ(H
†H)@µ(H

†H)

µ = 1.000± 0.001 �0.002 <
cH⇤v2

⇤2
< 0.002 @95%CL

⇤

g⇤
& 5.5 TeV . ⇤ &

⇢
70 TeV g⇤ ⇠ 4⇡
5.5 TeV g⇤ ⇠ 1



Shift the SM Higgs couplings to 
matter


Introduce new 2-derivative 
couplings to gauge bosons that 
are not present in the SM at 
tree level


Introduce CP violating couplings 
to fermions and gauge bosons


Correlated with shifts of 
anomalous triple gauge couplings

 Higgs couplings to matter
Effects of D=6 operators:

Assuming MFV Yukawa couplings and no CP violation,   
Higgs coupling deformations in EFT  are described by 9 parameters


This set is extended to 10 parameters if considered in combination with  
 W and Z boson self-couplings
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precision reach of the 12-parameter fit in Higgs basis
LHC 300/fb Higgs + LEP e+e-→WW
LHC 3000/fb Higgs + LEP e+e-→WW

CEPC 240GeV (5/ab) + 350GeV (200/fb)
FCC-ee 240GeV (10/ab) + 350GeV (2.6/ab)
ILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)
CLIC 350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)

light shade: e+e- collider only
solid shade: combined with HL-LHC
blue line: individual constraints
red star: assuming zero aTGCs

0.000

0.002

0.004

0.006

0.008

GDP

Figure 7: One-sigma precision reach of future lepton colliders on our e�ective-field-theory
parameters. All results but the light-shaded columns include the 14 TeV LHC (with
3000 fb≠1) and LEP measurements. LHC constraints also include measurements carried
out at 8 TeV. Note that, without run above the tt̄h threshold, circular colliders alone do not
constrain the c̄gg and ”yt e�ective-field-theory parameter individually. The combination
with LHC measurements however resolves this flat direction. The horizontal blue lines on
each column correspond to the constraints obtained when one single parameter is kept at
the time, assuming all others vanish. The red stars correspond to the constraints assuming
vanishing aTGCs. The GDPs of future lepton colliders are shown on the right panel. See
main text for comparisons with the LHC GDPs.

”yt. The resulting bounds on ”yt are then even substantially better than that set by the
LHC alone.

The twelve-parameter GDPs for the combination of future lepton collider, LHC 3000 fb≠1

and LEP measurements are displayed on the right panel of Fig. 7. Corresponding nu-
merical values are 0.0077, 0.0054, 0.0049, 0.0058 for CEPC, FCC-ee, ILC and CLIC,
respectively. Varying prospective constraints on the charm Yukawa measurement compli-
cate the comparison with the high-luminosity LHC. The ATLAS collaboration estimated
the h æ J/Â “ branching fraction could be constrained to be smaller than 15 times its
standard model value with 3 ab≠1 at 14 TeV [80]. Such a constraint would translate into
a one-sigma precision reach on ”yc of order one. To broadly cover the range spent by
other studies [81–85], we vary the expected precision reach on ”yc in the 0.01 ≠ 10 range.
The combination of LHC 300 fb≠1 (3000 fb≠1) and LEP measurements only then leads to
GDPs in the 0.065 ≠ 0.116 (0.039 ≠ 0.069) interval, one order of magnitude worst than
when future lepton collider measurements are included. On the other hand, with ”yc set
to zero, the eleven-parameter GDP for the combination of LHC 300 fb≠1 (3000 fb≠1) and
LEP measurements only is of 0.078 (0.044). In comparison, when future lepton collider
measurements are also included, the corresponding eleven-parameter GDP are 0.0073,

19

Global ILC constraints on Higgs EFT 
Durieux et al,
1704.02333

ILC offers good coverage of Higgs EFT parameter space,

even in the global picture when all dimension-6 operators  

are present at the same time



Global constraints on SMEFTSM parameter. Marginalizing over Ṽud we find the following constraints:
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(4.8)
The correlation matrix is available in the Mathematica notebook attached as a supplemental
material [56]. The complete Gaussian likelihood for the Wilson coefficients of dimension-6 SMEFT
operators at the scale µ = mZ can be reproduced from Eq. (4.8) and that correlation matrix. For
user’s convenience, in the notebook the likelihood is displayed ready-made for cut and paste, and
we also provide a translation to the Warsaw basis. That likelihood is relevant to constrain the
masses and couplings of any new physics model whose leading effects at the weak scale can be

22

AA, Gonzalez-Alonso, Mimouni
1706.03783

Z coupling to LH top

related by SU(2) symmetry

to Zbb and Wbt couplings

thus is well constrained

Z coupling to RH is 

very weakly constrained


at present! 



Opportunity for ILC
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FIG. 6: 95% confidence ranges for the operators we consider here, from the 500 GeV ILC, assuming 1% theoretical and
experimental uncertainties, by fitting to cross-sections, asymmetries, and the combination, with each operator considered
individually (a) or in a 5D fit (b). To display both on the same plot, we scale the individual constraints up by a factor of 10,
so that the bottom axis is actually c̄i/10.

B. Polarised beams

One of the principal strengths of lepton colliders is that
the polarisation of the incoming beams can be finely con-
trolled, so that the relative contributions between dif-
ferent subprocesses to a given final state can be tuned.
Moreover, because the dependence of top observables on
the operators of Eq. (II.4) depends strongly on the ini-
tial state polarisation, varying the settings increases the
number of independent measurements that can be used
to place bounds in a global fit.

To emphasise this point, we study the forward-
backward asymmetry, defined as

At
FB =

N(cos ✓t > 0) �N(cos ✓t < 0)

N(cos ✓t > 0) + N(cos ✓t < 0)
, (V.1)

where ✓t is the polar angle between the top quark and
the incoming electron, for three incoming beam polar-
isation settings: unpolarised beams, denoted (At

FB)U ;
a fully left-handed initial polarised electron beam and
fully right-handed polarised positron beam, denoted
(At

FB)L; and vice versa, denoted (At
FB)R. The

SM predictions for these settings at tree level are
{(At

FB)U , (At
FB)L, (At

FB)R} ' {0.40, 0.37, 0.47}, which
agree well with the full NNLO QCD estimates [43, 44].
The dependence of these asymmetries on the operators
of Eq. (II.4) is shown in Fig. 5.

We see that the dependence on the operators distinc-
tively depends on the initial state polarisations. For the

(At
FB)L case, we again see the large interference-square

cancellation in the gauge-type operators OuW and OuB .
For the right-handed case the impact of OuW is much

milder. For both cases we see that the operators O(3)

'q

and O(1)

'q pull the prediction in opposite directions. Most
encouragingly, we see that the departure from the SM
prediction is now much stronger for the '-type opera-
tors than the total cross-section, which should lead to a
sizeable improvement in the final constraints.

To generate these constraints, we consider a global fit
of the four operators to six observables:

{(At
FB)U , (A

t
FB)L, (A

t
FB)R, (�

t¯t
tot

)U , (�
t¯t
tot

)L, (�
t¯t
tot

)R}.
(V.2)

In extracting the constraints, we consider the more
realistic ILC polarisation capabilities Pe� = ± 0.8,
Pe+ = ⌥ 0.3, noting that the cross-section for arbitrary
e+e� polarisations is related to the fully polarised one
by [45, 46]

�Pe�Pe+
=

1

4
{(1 + Pe�)(1 � Pe+)�

RL

+ (1 � Pe�)(1 + Pe+)�
LR

},
(V.3)

where �
RL

is the cross-section for fully right-handed
polarised electrons and fully left-handed polarised
positrons and �

RL

is vice versa (the �
RR

and �
LL

compo-
nents vanish for p-wave annihilation into spin-1 bosons).
Performing a �2 fit of the full analytic expression for each

Englert, Russell
1704.01872

1% precision measurement of ZtRtR couplings is 
possible, which will put this coupling on similar 

footing as those measured by LEP

see also 
Amjad et al
1505.06020



The sense and meaning of 
LHC-HL
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precision reach of the 12-parameter fit in Higgs basis
LHC 300/fb Higgs + LEP e+e-→WW
LHC 3000/fb Higgs + LEP e+e-→WW

CEPC 240GeV (5/ab) + 350GeV (200/fb)
FCC-ee 240GeV (10/ab) + 350GeV (2.6/ab)
ILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)
CLIC 350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)

light shade: e+e- collider only
solid shade: combined with HL-LHC
blue line: individual constraints
red star: assuming zero aTGCs

0.000

0.002

0.004

0.006

0.008

GDP

Figure 7: One-sigma precision reach of future lepton colliders on our e�ective-field-theory
parameters. All results but the light-shaded columns include the 14 TeV LHC (with
3000 fb≠1) and LEP measurements. LHC constraints also include measurements carried
out at 8 TeV. Note that, without run above the tt̄h threshold, circular colliders alone do not
constrain the c̄gg and ”yt e�ective-field-theory parameter individually. The combination
with LHC measurements however resolves this flat direction. The horizontal blue lines on
each column correspond to the constraints obtained when one single parameter is kept at
the time, assuming all others vanish. The red stars correspond to the constraints assuming
vanishing aTGCs. The GDPs of future lepton colliders are shown on the right panel. See
main text for comparisons with the LHC GDPs.

”yt. The resulting bounds on ”yt are then even substantially better than that set by the
LHC alone.

The twelve-parameter GDPs for the combination of future lepton collider, LHC 3000 fb≠1

and LEP measurements are displayed on the right panel of Fig. 7. Corresponding nu-
merical values are 0.0077, 0.0054, 0.0049, 0.0058 for CEPC, FCC-ee, ILC and CLIC,
respectively. Varying prospective constraints on the charm Yukawa measurement compli-
cate the comparison with the high-luminosity LHC. The ATLAS collaboration estimated
the h æ J/Â “ branching fraction could be constrained to be smaller than 15 times its
standard model value with 3 ab≠1 at 14 TeV [80]. Such a constraint would translate into
a one-sigma precision reach on ”yc of order one. To broadly cover the range spent by
other studies [81–85], we vary the expected precision reach on ”yc in the 0.01 ≠ 10 range.
The combination of LHC 300 fb≠1 (3000 fb≠1) and LEP measurements only then leads to
GDPs in the 0.065 ≠ 0.116 (0.039 ≠ 0.069) interval, one order of magnitude worst than
when future lepton collider measurements are included. On the other hand, with ”yc set
to zero, the eleven-parameter GDP for the combination of LHC 300 fb≠1 (3000 fb≠1) and
LEP measurements only is of 0.078 (0.044). In comparison, when future lepton collider
measurements are also included, the corresponding eleven-parameter GDP are 0.0073,
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Global LHC-HL constraints on Higgs EFT 
Durieux et al,
1704.02333

For most observables, high-luminosity phase of the LHC 
will only bring marginal improvement of accuracy



Precision vs Energy in EFT
Two distinct general situations

Observables at fixed mass scale m

(e.g. Z or Higgs decays)

High-energy tails of distributions

(e.g. Drell-Yan production )

Increasing UV scales probed in EFT

achieved solely by increasing


measurements precision

For Higgs decays, 

and tree EFT operator c6～g*^2  


given experimental precision ε = 10%

Increasing UV scales probed in EFT

may be achieved by increasing 

energy scale of measurement

For observable at E～2 TeV, 

and tree EFT operator c6～g*^2  


given experimental precision ε = 10%

�

�SM
⇡|1 + c6m2

⇤2
|2

�

�SM
⇡|1 + c6E2

⇤2
|2

⇤ &
⇢

110 TeV g⇤ ⇠ 4⇡
9 TeV g⇤ ⇠ 1

⇤ &
⇢

7 TeV g⇤ ⇠ 4⇡
0.6 TeV g⇤ ⇠ 1



Precision vs Energy in EFT

 General rule: for observables at fixed scales << 1 TeV, such as 
Higgs decays, the impact of LHC-HL is going to be marginal


 However, for observables where new physics effects are 
enhanced by E^2/Λ^2 LHC-HL can still have a significant impact 



Example: Diboson production at LHC-HL

Amplitude High-energy primaries Low-energy primaries

ūLdL ! WLZL,WLh
p
2a(3)q

p
2
g2

m2

W

⇥
c✓W (�gZuL � �gZdL)/g � c2✓W �gZ

1

⇤

ūLuL ! WLWL
a(1)q + a(3)q � 2g2

m2

W

⇥
YLt

2

✓W
�� + T uL

Z �gZ
1

+ c✓W �gZdL/g
⇤

d̄LdL ! ZLh

d̄LdL ! WLWL
a(1)q � a(3)q � 2g2

m2

W

h
YLt

2

✓W
�� + T dL

Z �gZ
1

+ c✓W �gZuL/g
i

ūLuL ! ZLh

f̄RfR ! WLWL, ZLh af � 2g2

m2

W

h
YfRt

2

✓W
�� + T fR

Z �gZ
1

+ c✓W �gZfR/g
i

Table 2: Parameter combinations (in the high- and in the low-energy primary bases) that

control E2-enhanced e↵ects in each polarized longitudinal diboson production process. Here,

T f
Z = T f

3

� Qfs2✓W and YL,fR is the hypercharge of the left-handed and right-handed quark

(e.g., YL = 1/6).

The fact that only the 4 HEP parameters produce sizable e↵ects at high energy is non-

trivial from the point of view of the generic d = 6 EFT, where a total of 6 anomalous couplings

contribute to longitudinal diboson processes. These couplings can be identified as �gZuL, �g
Z
uR,

�gZdL, �g
Z
dR, �g

Z
1

and �� in the notation of Ref. [18], defined through their contributions to

trilinear vertices as

�L
BSM

= �gZuL


ZµūL�µuL +

c✓Wp
2
(W+µūL�µdL + h.c.) + · · ·

�
+ �gZuR [ZµūR�µuR + · · · ]

+ �gZdL


Zµd̄L�µdL � c✓Wp

2
(W+µūL�µdL + h.c.) + · · ·

�
+ �gZdR

⇥
Zµd̄R�µdR + · · · ⇤

+ igc✓W �gZ
1

h
(Zµ(W+⌫W�

µ⌫ � h.c.) + Zµ⌫W+

µ W�
⌫ + · · ·

i

+ ie ��

⇥
(Aµ⌫ � t✓WZµ⌫)W

+µW�⌫ + · · · ⇤ , (4)

where Zµ⌫ ⌘ Ẑµ⌫� iW+

[µW
�
⌫] , Aµ⌫ ⌘ Âµ⌫ , W±

µ⌫ ⌘ Ŵ±
µ⌫± iW±

[µ(A+Z)⌫] with V̂µ⌫ ⌘ @µV⌫�@⌫Vµ,

and c✓W ⌘ cos ✓w where ✓w is the weak mixing angle. Modifications of the left-handed quark

couplings to the W are related to modifications to the Z couplings, due to an accidental

custodial symmetry present in the dimension-six operators. Similarly, the above 6 low-energy

primary parameters are related to certainx modifications of the physical Higgs couplings,

denoted with dots in eq. (4) (see Ref. [18] for details). The relations between the HEP

parameters and the 4 combinations of the low-energy primaries that produce growing-with-

energy e↵ects are reported in the third column of table 2.

9

There are exactly 4 linear combination of dimension-6 operators 
contributing to diboson production, interfering with the SM, and 
giving effects growing as energy squared


These 4 can be measured with much better precision as LHC-HL 
collects more statistics on the high-energy tail of the distribution

Franceschini et al
17/12.01310



Diboson production at LHC-HL
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

amplitude growth can be smoothly saturated at that scale, or display a resonant peak that

one could more e↵ectively see by dedicated resonance searches. In no case it will display the

growing with energy behavior predicted by the EFT, making our search strategy ine↵ective.

Accurate experimental measurements that are sensitive to relatively small BSM e↵ects, still

performed at high energy such as to exploit the enhancement as much as possible, are needed

in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high-energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�
syst

= 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in

3

Franceschini et al
17/12.01310

Qualitative improvement in reach for new physics models 
with LHC-HL data



Example: Drell-Yan production in LHC-HL

M. González-Alonso

What about the LHC?
W

R.C.

SM background NP (EFT)

W

x 10-3

[Falkowski, MGA & 

Mimouni, 2017]

[Wood et al., Science’97]
[Hardy & Towner'14,  
Flavianet’16,  
MGA & Martin Camalich'16]

Borrowed from Martin Gonzalez-Alonso

Two-fermion production (via charged or neutral currents)  
can be affected by 4-fermion SMEFT operators 

M. González-Alonso

What about the LHC?

Not really a precision machine, but the energy might help:  
 
 
 
 
 
 
 
 

W
R.C.

SM background NP (EFT)

W

x = (v, E) << Λ2

2



(ee)(qq)
[c(3)ℓq ]1111 [cℓq]1111 [cℓu]1111 [cℓd]1111 [ceq]1111 [ceu]1111 [ced]1111

Low-energy 0.45± 0.28 1.6± 1.0 2.8± 2.1 3.6± 2.0 −1.8± 1.1 −4.0± 2.0 −2.7± 2.0
LHC1.5 −0.70+0.66

−0.74 2.5+1.9
−2.5 2.9+2.4

−2.9 −1.6+3.4
−3.0 1.6+1.8

−2.2 1.6+2.5
−1.5 −3.1+3.6

−3.0

LHC1.0 −0.84+0.85
−0.92 3.6+3.6

−3.7 4.4+4.4
−4.7 −2.4+4.8

−4.7 2.4+3.0
−3.2 1.9+2.5

−1.9 −4.6+5.4
−4.1

LHC0.7 −1.0+1.4
−1.5 5.9± 7.2 7.4± 9.0 −3.6± 8.7 3.8± 5.9 2.1+3.8

−2.9 −8± 10

(µµ)(qq)
[c(3)ℓq ]2211 [cℓq]2211 [cℓu]2211 [cℓd]2211 [ceq]2211 [ceu]2211 [ced]2211

Low-energy −0.2± 1.2 4± 21 18± 19 −20± 37 40± 390 −20± 190 40± 390
LHC1.5 −1.22+0.62

−0.70 1.8± 1.3 2.0± 1.6 −1.1± 2.0 1.1± 1.2 2.5+1.8
−1.4 −2.2± 2.0

LHC1.0 −0.72+0.81
−0.87 3.2+4.0

−3.5 3.9+4.8
−4.4 −2.3+4.9

−4.7 2.3+3.1
−3.2 1.6+2.3

−1.8 −4.4± 5.3
LHC0.7 −0.7+1.3

−1.4 3.2+10.3
−4.8 4.3+12.5

−6.4 −3.6± 9.0 3.8± 6.2 1.6+3.4
−2.7 −8± 11

Chirality-violating operators (µ = 1 TeV)
[cℓequ]1111 [cℓedq]1111 [c(3)ℓequ]1111 [cℓequ]2211 [cℓedq]2211 [c(3)ℓequ]2211

Low-energy (−0.6± 2.4)10−4 (0.6± 2.4)10−4 (0.4± 1.4)10−3 0.014(49) −0.014(49) −0.09(29)
LHC1.5 0± 2.0 0± 2.6 0± 0.91 0± 1.2 0± 1.6 0± 0.56
LHC1.0 0± 2.9 0± 3.7 0± 1.4 0± 2.9 0± 3.7 0± 1.4
LHC0.7 0± 5.3 0± 6.6 0± 2.6 0± 5.5 0± 6.9 0± 2.6

Table 6: Comparison of low-energy and LHC constraints (in units of 10−3) on the Wilson coef-
ficients of the chirality-conserving (ee)(qq) and (µµ)(qq) and chirality-violating operators defined
at the scale µ = 1 TeV. The 68% CL bounds are derived assuming only one 4-fermion operator
is present at a time, and that the vertex corrections and [cℓℓ]1221 are absent. The low-energy
constraints combine all experimental input summarized in Table 4. The LHC1.5 constraints use
the mℓℓ ∈ [0.5-1.5] TeV bins of the measured differential e+e− and µ+µ− cross sections at the 8
TeV LHC [106]. We also separately show the constraints obtained when the mℓℓ ∈ [0.5-1.0] TeV
(LHC1.0) and mℓℓ ∈ [0.5-0.7] TeV (LHC0.7) data range is used.
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Drell-Yan production

AA, Gonzalez-Alonso, Mimouni
1706.03783

Complementarity of LHC and low-energy measurements

CERN-TH-2017-230

Catching a New Force by the Tail

Simone Alioli⇤

CERN Theory Division, CH-1211, Geneva 23, Switzerland & Universita’
degli Studi di Milano Bicocca, Piazza della Scienza 3, 20126 Milan, Italy

Marco Farina†

New High Energy Theory Center, Department of Physics,
Rutgers University, 136 Frelinghuisen Road, Piscataway, NJ 08854, USA

Duccio Pappadopulo‡ and Joshua T. Ruderman§

Center for Cosmology and Particle Physics, Department of Physics,
New York University, New York, NY 10003, USA.

The Large Hadron Collider (LHC) is sensitive to new heavy gauge bosons that produce narrow
peaks in the dilepton invariant mass spectrum up to about mZ0 ⇠ 5 TeV. Z0s that are too heavy to
produce directly can reveal their presence through interference with Standard Model dilepton pro-
duction. We show that the LHC can significantly extend the mass reach for such Z0s by performing
precision measurements of the shape of the dilepton invariant mass spectrum. The high luminosity
LHC can exclude, with 95% confidence, new gauge bosons as heavy as mZ0 ⇠ 10 � 20 TeV that
couple with gauge coupling strength of gZ0 ⇠ 1� 2.

Introduction.— Apart from gravity and the Higgs
force, all known forces are mediated by spin-1 particles:
the photon for electromagnetism, theW/Z bosons for the
weak force, and gluons for the strong force.

The search for new forces and their massive media-
tors is a well-motivated arena for both experiment and
theory. New short range abelian gauge forces appear in
many extensions of the Standard Model (SM) [1–22] (see
also [23, 24] for reviews), are an active area of investiga-
tion at the LHC [25–31], and serve as standard bench-
marks to test the performances of future colliders [32–
39]. Additional non-anomalous U(1) gauge groups [40–
49] are a relatively innocuous extension of the SM as the
masses of the associated vector bosons do not require
the existence of additional scalar degrees of freedom and
consequently, a worsening of the hierarchy problem.

The traditional strategy to search for Z 0s at colliders
has been to perform “bump hunts.” For Z 0s decaying to
leptons, the dilepton invariant mass distribution is scru-
tinized for narrow peaks rising above the monotonically
falling background. Searches at the LHC are sensitive to
Z 0s with masses up to about 5 TeV [25–29].

For masses above 5 TeV, bump hunts lose sensitivity
as the cross section for direct production vanishes. When
the massM of the new vector boson is too large for direct
production, the main contribution of the Z 0 at energies
E ⌧ M are interference e↵ects [50–53], which modify the
shapes of kinematical distributions. If the Z 0 couples to
both quarks and leptons, it modifies the invariant mass
distribution of Drell-Yan processes pp ! `+`�, ` = e, µ.
The interference e↵ects can be captured by a small num-
ber of higher dimension operators, obtained by integrat-
ing out the Z 0 (see Fig. 1), and are therefore relatively
insensitive to the specific details of the Z 0 model.

In this letter, we assess the reach of the LHC to probe

FIG. 1. At energies E much smaller than the mass M of the
heavy gauge boson Z0, the e↵ect of the new physics on the
Drell-Yan process, pp ! `+`�, is encoded by a finite set of
four-fermion contact operators.

heavy Z 0s through precision fits to the shape of the in-
variant mass spectrum of dileptons. Previous studies of
the interference of heavy Z’s at the LHC found that a 5
sigma discovery will be di�cult [12], and estimated the
reach of early 13 TeV measurements [22]. We go beyond
these preliminary studies by performing the first com-
prehensive study of theoretical uncertainties and their
correlations, and by mapping the future reach of the full
LHC dataset. We find that a vast parameter space of
Z’s will be probed at the LHC. Deviations in the shape
of the Drell-Yan distribution have also been used to con-
strain e↵ective operators [54], the running of electroweak
gauge couplings [55, 56], and other radiative e↵ects of
new electroweak states [57].
The rest of this letter is organized as follows. We be-

gin by reviewing the class of Z 0 models that we study.
Then we present the reach we find of the LHC to the
interference e↵ects of heavy Z 0s. We finish with our con-
clusions. We include appendices that contain a technical
description of our SM prediction, projections with future
higher energy colliders, and a comparison of our bounds
with experimental contact operator bounds.
The Minimal Model.— A class of Z 0 models moti-

vated by their simplicity and minimality has been stud-
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Drell-Yan production at LHC-HL

4

FIG. 4. Left panel: 95% CL lower bound on M/R as a function of m`` cut, for three example models, defined by specific
choices of ✓ (see Fig. 3). Right panel: 95% CL lower bound on M/R for the hypercharge model (✓ = ⇡/2) as a function of
m`` cut. We show how the bound di↵ers using two di↵erent choices for the total integrated luminosity (300 fb�1 and 3 ab�1) and
switching o↵ the theoretical uncertainty on higher order EW corrections.

is dominated by the statistical uncertainty.
It is natural to ask how the bounds on a given Z 0

model, obtained from the full theory in Eq. 1, compare
with those extracted from the EFT of Eq. 5. Using
the hypercharge model as a benchmark, Fig 5 shows the
95% CL upper bound on the coupling gY , using the full
model in Eq. 1. We compare to the exclusion obtained
from the EFT, where we choose either m`` cut = 1 or
m`` cut = M � 2.5⇥ �Z0 .

Fig. 5 shows that for small enough M . 5.5TeV,

103 30
0.0

0.5

1.0

1.5

2.0

2.5

3.0

M in TeV

g Y
/g
Z

EWPT
ATLAS 13TeV (36.1/fb)

EFT
UV model

300 fb-1 (dashed)
3 ab-1 (solid)

FIG. 5. Comparison between the 95% CL upper bound on
gY extracted using the EFT of Eq. 5, with m`` cut = M �
2.5⇥�Z0 , and the full model Eq. 5. The two bounds agree for
masses 5.5TeV . M . 25TeV. For smaller M , the EFT does
not capture on-shell Z0 production and the bound extracted
from the full model is much stronger. At larger masses and
couplings, finite Z0 width e↵ects, which are not included in the
EFT calculation, become important and lead to a weakening of
the bound in the full model. The gray region shows the region
which is excluded by low energy measurements.

the EFT bound is much weaker than the one obtained
from the full model. In this region, the cross section is
dominated by on-shell pp ! Z 0 production, followed by
Z 0 ! `+`� decay. The bound in this region approxi-
mates the reach of bump hunt searches, and we find a
result consistent, within a factor of 2 in cross section,
to prior bump-hunt studies [35, 38]. At larger masses,
the bound on gY agrees when using the full model ver-
sus the EFT. The agreement stops around M ⇠ 25TeV
and gY /gZ & 2.5. At large coupling, the Z 0 width is cor-
respondingly larger and �Z0/M corrections become im-
portant. These lead to a cancellation in the size of the
deviation from the SM prediction (see the red curve in
Fig 2).

Here we have focused on 2� exclusions. When M &
5.5 TeV, we find that a 5� discovery is not possible at at
the LHC, given LEP bounds. However it is possible to
have a signal with 3� significance. Additional 95% C.L.
projections for a pp collider with a larger center of mass
energy (27 and 100TeV) are shown in the Appendix.

Conclusions.—In this letter we have shown that pre-
cision measurements of the shape of the dilepton invari-
ant mass spectrum have broad reach to probe o↵-shell
Z 0s, extending the mass reach of direct searches. Un-
like bump hunts, o↵-shell interference is insensitive to
the presence of other decay modes. Our results only rely
on the invariant mass distribution, but it would be in-
teresting to explore how much sensitivity is gained by
also using angular information. We have demonstrated
significant reach for Z 0s, after a careful accounting of the-
oretical uncertainties. In order to fully realize this reach,
our results motivate a concerted e↵ort to control experi-
mental uncertainties in energetic dilepton tails. The LHC
may retain significant power, even if new physics is too
heavy for direct production.

Alioli et al 1712.02347

Factor of 2 improvement of the scale of new physics probed by Drell-Yan processes



For certain observables without energy squared enhancement, 
opportunities still opened


For example, couplings of Z boson to light quarks were not all 
constrained in model independent way in LEP, and constraints can 
be very much improved using Drell-Yan production near Z-pole in 
proton-proton collisions. 

Z pole measurements at LHC and LHC-HL

Next, we derive the constraints on the δg’s when all of them are simultaneously present and
a-priori unrelated by the UV theory. Minimizing our χ2 function with respect to δg we obtain the
following central values and 1σ errors:

[δgWe
L ]ii =

⎛

⎝
−1.00± 0.64
−1.36± 0.59
1.95± 0.79

⎞

⎠× 10−2, (4.5)

[δgZe
L ]ii =

⎛

⎝
−0.26± 0.28
0.1± 1.1
0.16± 0.58

⎞

⎠× 10−3, [δgZe
R ]ii =

⎛

⎝
−0.37± 0.27
0.0± 1.3
0.39± 0.62

⎞

⎠× 10−3, (4.6)

[δgZu
L ]ii =

⎛

⎝
−0.8± 3.1
−0.16± 0.36
−0.28± 3.8

⎞

⎠× 10−2, [δgZu
R ]ii =

⎛

⎝
1.3± 5.1
−0.38± 0.51

×

⎞

⎠× 10−2, (4.7)

[δgZd
L ]ii =

⎛

⎝
−1.0± 4.4
0.9± 2.8
0.33± 0.16

⎞

⎠× 10−2, [δgZd
R ]ii =

⎛

⎝
2.9± 16
3.5± 5.0
2.30± 0.82

⎞

⎠× 10−2. (4.8)

The corresponding 20× 20 correlation matrix is given in Appendix B.
As for the off diagonal couplings, we find:

√
|[δgZe

L ]12|2 + |[δgZe
R ]12|2 < 1.2× 10−3,

√
|[δgZe

L ]13|2 + |[δgZe
R ]13|2 < 4.3× 10−3,

√
|[δgZe

L ]23|2 + |[δgZe
R ]23|2 < 4.8× 10−3, (4.9)

where the measured central value of the Z width is used and

√
|[δgZu

L ]13|2 + |[δgZu
R ]13|2 + |[δgZu

L ]23|2 + |[δgZu
R ]23|2 < 1.6× 10−2

(
Γt

1.35GeV

)1/2

, (4.10)

at the 95% CL. Here we take ΓSM
t ≃ 1.35GeV for mt = 173 GeV [53].

Using the above central values δg0, uncertainties δgσ and the correlation matrix ρ one can
reconstruct the dependence of the global χ2 function on the vertex corrections:

χ2 =
∑

ij

[δg − δg0]iσ
−2
ij [δg − δg0]j , (4.11)

where σ−2
ij = [[δgσ]iρij [δgσ]j]−1. In specific extensions of the SM, the vertex corrections will be

functions of a (typically smaller) number of the model parameters. In this case, the global χ2

function can be minimized with respect to the new parameters, and thus limits on this particular
model can be obtained. This way our results can be used to obtain the constraints on any specific
UV model.

From our results for the vertex corrections, Eq. (4.5)–Eq. (4.8), we learn the following:

• Globally, the fit is in a very good agreement with the SM, corresponding to the p-value of
order 40%.
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TABLE III. Summary of the uncertainties for the electroweak mixing parameter sin2 θlepteff from the Tevatron combination of
the CDF and D0 measurements.

Uncertainties on sin2 θlepteff
Source CDF inputs D0 inputs Tevatron combination
Statistics ± 0.00043 ± 0.00035 ± 0.00027
Uncorrelated syst. ± 0.00007 ± 0.00007 ± 0.00005
PDF ± 0.00016 ± 0.00019 ± 0.00018

TABLE IV. Summary of uncertainties on the inference of
the on-shell electroweak mixing parameter sin2 θW for the
Tevatron-combination value of sin2 θlepteff . The column labeled
δ sin2 θW gives the uncertainty of each source. Except for
the uncertainty due to the sample size, all other entries are
systematic uncertainties.

Source δ sin2 θW
Statistics ± 0.00026
Uncorrelated ± 0.00005
PDF ± 0.00017
Form factor (mt = 173.2 ± 0.9 GeV/c2) ± 0.00008

The Tevatron-combination values for sin2 θlepteff ,
sin2 θW , and MW are

sin2 θlepteff = 0.23148± 0.00027± 0.00018

= 0.23148± 0.00033 (30)

sin2 θW = 0.22324± 0.00026± 0.00019

= 0.22324± 0.00033 (31)

MW = 80.367± 0.014± 0.010 GeV/c2

= 80.367± 0.017 GeV/c2 , (32)

where the first contribution to each uncertainty is statis-
tical and the second is systematic. The total systematic
uncertainty is the sum in quadrature of all systematic
uncertainties listed in Tables III and IV. The form-factor
uncertainty is only included in the systematic uncertainty
of sin2 θW and MW .

C. Result comparisons

The measurements of sin2 θlepteff are compared with pre-
vious results from the Z-boson pole mass region in Fig. 3.
The hadron-collider results are based on Afb measure-
ments. The LEP-1 and SLD results are from the individ-
ual asymmetry measurements indicated in the figure.
The W -boson mass inference is compared in Fig. 4

with previous direct and indirect measurements. The
direct measurements are from the Tevatron and LEP-2
[58]. The indirect measurements from the Tevatron are
derived from the CDF and D0 measurements of Afb, and
their combination. The indirect measurement of sin2 θW
from LEP-1 and SLD, 0.22332± 0.00039, is from a SM
fit to all Z-pole measurements [4, 5] described in Ap-
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FIG. 3. Comparison of experimental measurements of
sin2 θlepteff in the region of the Z-boson pole mass. The hor-
izontal bars represent total uncertainties. The Tevatron com-
bination (this paper) of CDF and D0 results is denoted as
“TeV combined: CDF+D0”. The other measurements are
from LEP-1 combination [4], SLD [4], CMS [15], ATLAS [14],
LHCb [16], CDF [8, 9], and D0 [12, 13]. The LEP-1 and SLD
Z pole result is the combination of their six measurements,
and the shaded vertical band shows its uncertainty.

pendix F of Ref. [5]. In that fit, the following input pa-
rameters to zfitter are varied simultaneously within the
constraints of the LEP-1 and SLD data: the Higgs-boson
mass mH , the Z-boson mass MZ , the QCD coupling at

Meanwhile…

LHC and others often dwell on analyses that give exactly zero amount of useful information



High-energy physics is receiving some bad press these 
days, in part deservedly


Supersymmetry/extra dimensions/black holes as 
motivations for future colliders may easily backfire and 
make easy targets for ridicule


It is not obvious that in ~15 years particle physics will 
still be a dynamic research domain and will continue 
stirring public imagination


A realistic and physicswise interesting program is crucial 
for the exploration of fundamental physics to continue in 
the long run

Personal Remarks



In the coming years, precision measurements will play a 
central role in exploring fundamental physics 


EFT is the universal language for precision measurements 


ILC and LHC-HL are especially useful for probing Higgs, 
diboson, and top quark processes, as the corresponding 
EFT operators  are difficult to access otherwise


These experiments will allow one to indirectly study 
physics well beyond the scale actually directly probed at 
colliders


Especially in hadron colliders, better interactions with 
theorists may be helpful to avoid wasting resources for 
analyses which are of little use

Final Words



Backup



To correctly take into account effects of dimension-6 operator, it is convenient to rewrite 
SM EFT in terms of  mass eigenstates after electroweak symmetry breaking. Moreover, it is 

convenient to work with Lagrangian that is canonically normalized,  kinetic terms are 2-
derivative, and SM relations between gauge couplings and input observables are preserved

Operators to Observables

Example (always arise for composite Higgs) This operator modifies  Higgs 
boson kinetic term. To retrieve 

canonical normalization we 
need to rescale:

Note that everything that is order 1/Λ^4 has to be consistently ignored in my calculation, 

otherwise I need to also take into account dimension-8 operator
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Table 99: Four-fermion operators in the SILH basis. They are the same as in the Warsaw basis [614], except that
the operators [O``]1221, [O``]1122, [Ouu]3333 are absent by definition. In this table, e, u, d are always right-handed
fermions, while ` and q are left-handed. A flavour index is implicit for each fermion field. For complex operators
the complex conjugate operator is implicit.

(L̄L)(L̄L) and (L̄R)(L̄R)

O``
1
v2 (¯̀�µ`)(¯̀�µ`)

Oqq
1
v2 (q̄�µq)(q̄�µq)

O0
qq

1
v2 (q̄�µ�iq)(q̄�µ�iq)

O`q
1
v2 (¯̀�µ`)(q̄�µq)

O0
`q

1
v2 (¯̀�µ�i`)(q̄�µ�iq)

Oquqd
1
v2 (q̄ju)✏jk(q̄kd)

O0
quqd

1
v2 (q̄jT au)✏jk(q̄kT ad)

O`equ
1
v2 (¯̀je)✏jk(q̄ku)

O0
`equ

1
v2 (¯̀j�µ⌫e)✏jk(q̄k�µ⌫u)

O`edq
1
v2 (¯̀je)(d̄qj)

(R̄R)(R̄R)

Oee
1
v2 (ē�µe)(ē�µe)

Ouu
1
v2 (ū�µu)(ū�µu)

Odd
1
v2 (d̄�µd)(d̄�µd)

Oeu
1
v2 (ē�µe)(ū�µu)

Oed
1
v2 (ē�µe)(d̄�µd)

Oud
1
v2 (ū�µu)(d̄�µd)

O0
ud

1
v2 (ū�µT au)(d̄�µT ad)

(L̄L)(R̄R)

O`e
1
v2 (¯̀�µ`)(ē�µe)

O`u
1
v2 (¯̀�µ`)(ū�µu)

O`d
1
v2 (¯̀�µ`)(d̄�µd)

Oeq
1
v2 (q̄�µq)(ē�µe)

Oqu
1
v2 (q̄�µq)(ū�µu)

O0
qu

1
v2 (q̄�µT aq)(ū�µT au)

Oqd
1
v2 (q̄�µq)(d̄�µd)

O0
qd

1
v2 (q̄�µT aq)(d̄�µT ad)

v ! v(1 + �v), gs ! gs(1 + �gs), g ! g(1 + �g), g0 ! g0(1 + �g0),

� ! �(1 + ��), h ! (1 + �1)h + �2h
2/v + �3h

3/v2, (II.2.5)

where the free parameters �i are O(⇤�2) in the EFT expansion. Note that the non-linear transformation
of the Higgs boson field does not generate any new interaction terms at O(⇤�2) in the effective La-
grangian that cannot be generated by D=6 operators.II.5 In addition, one is free to add to the Lagrangian
a total derivative and/or interactions terms that vanish by equations of motion. These redefinitions of
course do not change the physical predictions or symmetries of the theory. However, they allow one to
bring the theory to a more convenient form to perform practical calculations.II.6 We will use this freedom
to demand that the mass eigenstate Lagrangian has the following features:

#1 All kinetic and mass terms are diagonal and canonically normalized. In particular, higher-derivative
kinetic terms are absent.

#2 The non-derivative photon and gluon interactions with fermions are the same as in the SM.
#3 Tree-level relations between the electroweak parameters and input observables are the same as the

SM ones in Eq. (II.2.4).
#4 Two-derivative self-interactions of the Higgs boson (e.g. h@µh@µh) are absent.
#5 In the Higgs boson interactions with gauge bosons, the derivative does not act on the Higgs (e.g.,

there is no @µhV⌫Vµ⌫ terms).
#6 For each fermion pair, the coefficient of the vertex-like Higgs interaction terms

⇣

2h
v + h2

v2

⌘

Vµf̄�µf

is equal to the vertex correction to the respective Vµf̄�µf interaction.

II.5For example, applied to the h4 self-interaction term in the SM Lagrangian, it generates h5 and h6 self-interactions at
O(⇤�2), which are also generated by the O6 operator in the SILH basis. Rather than applying the non-linear transformation,
one can equivalently use the equations of motion for the Higgs boson field.

II.6Editor footnote: Another point of view is expressed in Section II.2.3, where it is argued that this kind of transformations
make one-loop calculations harder to develop.

Many possible D=6 operators!

Giudice et al  hep-ph/0703164

Contino et al 1303.3876 


Full set has 2499 distinct operators,  
including flavor structure and CP conjugates

Alonso et al 1312.2014, Henning et al 1512.03433
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The tree-level relations between the input observables and the electroweak parameters are given by:

GF =
1p
2v2

, ↵ =
g2g02

4⇡(g2 + g02)
, mZ =

p

g2 + g02v

2
, m2

h = 2�v2. (II.2.4)

We demand that the dimension-6 operators O(6)
i in Eq. (II.2.2) form a complete, non-redundant

set - a so-called basis. Complete means that any dimension-6 operator is either a part of the basis or
can be obtained from a combination of operators in the basis using equations of motion, integration
by parts, field redefinitions, and Fierz transformations. Non-redundant means it is a minimal such set.
Any complete basis leads to the same physical predictions concerning possible new physics effects.
Several bases have been proposed in the literature, and they may be convenient for specific applications.
Historically, a complete and non-redundant set of D=6 operators was first identified in Ref. [614], and
is usually referred to as the Warsaw basis. This basis is described in detail in Section II.2.3., and the
relevant formulas are summarized in Appendix A of Ref. [621]. Below, we work with another basis
choice commonly used in the literature: the so-called SILH basis [464]. Later, in Section. II.2.1.d, we
propose a new basis choice that is particularly convenient for leading-order LHC Higgs analyses in the
EFT framework.

Table 97: Bosonic D=6 operators in the SILH basis.

Bosonic CP-even

OH
1

2v2

⇥

@µ(H†H)
⇤2

OT
1

2v2

⇣

H† !DµH
⌘2

O6 � �
v2 (H†H)3

Og
g2
s

m2
W

H†H Ga
µ⌫Ga

µ⌫

O�
g02

m2
W

H†H Bµ⌫Bµ⌫

OW
ig

2m2
W

⇣

H†�i !DµH
⌘

D⌫W i
µ⌫

OB
ig0

2m2
W

⇣

H† !DµH
⌘

@⌫Bµ⌫

OHW
ig

m2
W

�

DµH†�iD⌫H
�

W i
µ⌫

OHB
ig0

m2
W

�

DµH†D⌫H
�

Bµ⌫

O2W
1

m2
W

DµW i
µ⌫D⇢W i

⇢⌫

O2B
1

m2
W

@µBµ⌫@⇢B⇢⌫

O2G
1

m2
W

DµGa
µ⌫D⇢Ga

⇢⌫

O3W
g3

m2
W

✏ijkW i
µ⌫W j

⌫⇢W
k
⇢µ

O3G
g3
s

m2
W

fabcGa
µ⌫Gb

⌫⇢G
c
⇢µ

Bosonic CP-odd

eOg
g2
s

m2
W

H†H eGa
µ⌫Ga

µ⌫

eO�
g02

m2
W

H†H eBµ⌫Bµ⌫

eOHW
ig

m2
W

�

DµH†�iD⌫H
�

fW i
µ⌫

eOHB
ig

m2
W

�

DµH†D⌫H
�

eBµ⌫

eO3W
g3

m2
W

✏ijk
fW i

µ⌫W j
⌫⇢W

k
⇢µ

eO3G
g3
s

m2
W

fabc
eGa

µ⌫Gb
⌫⇢G

c
⇢µ

The full set of operators in the SILH basis is given in Tables 97, 98, and 99. We use the normal-
ization and conventions of Ref. [464].II.4

II.4In Ref. [464] it was assumed that the flavour indices of fermionic D=6 operators are proportional to the unit matrix.
Generalizing this to an arbitrary flavour structure, one needs to specify flavour indices of the operators [OH`], [O0

H`], [O``] and
[O0

uu] which are absent in the SILH basis to avoid redundancy. Here, for concreteness, we made a particular though somewhat
arbitrary choice of these indices.

One example of non-redundant set, 

so-called SILH basis
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Table 98: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the Warsaw basis, except
that the operators [OH`]11, [O0

H`]11 are absent by definition. We define �µ⌫ = i[�µ, �⌫ ]/2. In this table, e, u, d

are always right-handed fermions, while ` and q are left-handed. For complex operators the complex conjugate
operator is implicit.

Vertex

[OH`]ij
i

v2
¯̀
i�µ`jH† !DµH

[O0
H`]ij

i
v2

¯̀
i�k�µ`jH†�k !DµH

[OHe]ij
i

v2 ēi�µējH† !DµH

[OHq]ij
i

v2 q̄i�µqjH† !DµH

[O0
Hq]ij

i
v2 q̄i�k�µqjH†�k !DµH

[OHu]ij
i

v2 ūi�µujH† !DµH

[OHd]ij
i

v2 d̄i�µdjH† !DµH

[OHud]ij
i

v2 ūi�µdjH̃†DµH

Yukawa and Dipole

[Oe]ij

p
2mei

mej

v3 H†H ¯̀
iHej

[Ou]ij

p
2mui

muj

v3 H†Hq̄i
eHuj

[Od]ij

p
2mdi

mdj

v3 H†Hq̄iHdj

[OeW ]ij
g

m2
W

p
2mei

mej

v
¯̀
i�kH�µ⌫ejW k

µ⌫

[OeB ]ij
g0

m2
W

p
2mei

mej

v
¯̀
iH�µ⌫ejBµ⌫

[OuG]ij
gs

m2
W

p
2mui

muj

v q̄iH̃�µ⌫T aujGa
µ⌫

[OuW ]ij
g

m2
W

p
2mui

muj

v q̄i�kH̃�µ⌫ujW k
µ⌫

[OuB ]ij
g0

m2
W

p
2mui

muj

v q̄iH̃�µ⌫ujBµ⌫

[OdG]ij
gs

m2
W

p
2mdi

mdj

v q̄iH�µ⌫T adjGa
µ⌫

[OdW ]ij
g

m2
W

p
2mdi

mdj

v q̄i�kH�µ⌫djW k
µ⌫

[OdB ]ij
g0

m2
W

p
2mdi

mdj

v q̄iH�µ⌫djBµ⌫

II.2.1.c Effective Lagrangian of mass eigenstates
In Section. II.2.1.b we introduced an EFT with the SM supplemented by D=6 operators, using a man-
ifestly SU(2) ⇥ U(1) invariant notation. At that point, the connection between the new operators and
phenomenology is not obvious. To relate to high-energy collider observables, it is more transparent to ex-
press the EFT Lagrangian in terms of the mass eigenstates after electroweak symmetry breaking (Higgs
boson, W , Z, photon, etc.). Once this step is made, only the unbroken SU(3)c ⇥ U(1)em local symme-
try is manifest in the Lagrangian. Moreover, to simplify the interaction vertices, we will make further
field transformations that respect only SU(3)c⇥U(1)em. Since field redefinitions do not affect physical
predictions, the gauge invariance of the EFT we started with ensures that observables calculated using
this mass eigenstate Lagrangian are also gauge invariant. This is possible because the full SU(2)⇥U(1)
electroweak symmetry is still present, albeit in a non-manifest way, in the form of non-trivial relations be-
tween different couplings of mass eigenstates. Finally, for the sake of calculating observables beyond the
tree-level one needs to specify the gauge fixing terms. Again, the gauge invariance of the starting point
ensures that physical observables are independent of the gauge fixing procedure. Below we only present
the Lagrangian in the unitary gauge when the Goldstone bosons eaten by W and Z are set to zero, which
is completely sufficient to calculate LHC Higgs observables at tree level; see Appendix C of Ref. [621]
for a generalization to the R⇠ gauge.

In this section we relate the Wilson coefficients of dimension-6 operators in the SILH basis to the
parameters of the tree-level effective Lagrangian describing the interactions of the mass eigenstates. The
analogous relations can be derived for any other basis; see Appendix A of [621] for the map from the
Warsaw basis. The form of the mass eigenstate Lagrangian obtained directly by inserting the Higgs VEV
and eigenstates into Eq. (II.2.2) is not convenient for practical applications. However, at this point one is
free to make the following redefinitions of fields and couplings in the Lagrangian:

Ga
µ ! (1 + �G)Ga

µ, W±
µ ! (1 + �W )W±

µ , Zµ ! (1 + �Z)Zµ, Aµ ! (1 + �A)Aµ + �AZZµ,

http://arxiv.org/abs/hep-ph/0703164
http://arxiv.org/abs/arXiv:1303.3876

