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SMEFT and Snowmass

September 24, 2020

— identify key reference measurements to compare facilities 

— highlight strong and weak aspects / complementarity in Physics reach

— chance to develop analysis tools / approaches, but secondary  

   have their unique featurespp, e+e−, γγ, μ+μ−, ep ( s) . . .

SMEFT is the framework for Higgs, Top, EW, + … measurements

— take advantage of correlated effects for tighter constraints on deviations from SM
 global Fits⇒

— some effects may not be correlated or different impact (by physics or construction)
 dedicated Fits⇒

“Snowmass” is the planning exercise  focus on future facilities ⇒

— sensitivity to higher scale beyond direct reach (change in kinematics and yields)

Extensive experience from LHC (H,t,EW,EFT) WG, other…  
— most complete projections from the European Strategy Group 

https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1905.03764
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Example: CP-violating Operators

— potential baryogengesis connection to CP in the Higgs sector  
— connection to the EDM measurements

— well-defined stand-alone reference measurement

— input to the global SMEFT fits, currently missing in most global fits

At Snowmass-2013 considered dedicated CP fits  (also see backup)

(CP-odd admixture )H → τ+τ−,4ℓ, tt̄H, ggH, VBF, VH, . .

Table 45: Estimated uncertainties [%] on the determination of single-Higgs production channels in H !

4` decay mode. These are CMS projections for high-luminosity LHC (14 TeV centre of mass energy and
3 ab�1 integrated luminosity) in scenario S1 (systematic uncertainties are kept constant with luminosity)
taken from Ref. [139].

Process Combination Statistical Theory (Sig.) Theory (Bkg.) Experimental

H ! ZZ

ggF 6.6 2.1 5.4 1.7 2.7
VBF 15.2 11.7 9.1 2.4 1.8
WH 48.0 46.5 6.2 2.8 7.8
ZH 82.5 75.7 27.0 7.6 16.4
ttH 26.9 23.6 10.9 2.5 4.2

The signal strength, µi,f is a function of the BSM parameters and it is defined as,

µi,f = µi ⇥ µf (24)
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The total uncertainty, �
2
i,f includes theoretical, experimental systematic and statistical uncertain-

ties, which are added in quadrature. The one-sigma uncertainties for the high-luminosity (14 TeV centre
of mass energy and 3 ab�1 integrated luminosity) are given in table 45. Assuming the same acceptance
efficiency, we scale the statistical uncertainties at 14 TeV and 3 ab�1 luminosity appropriately to ob-
tain the statistical uncertainties at 27 TeV and 15 ab�1 luminosity. The theoretical and experimental
systematic uncertainties are kept unchanged.

When considering kinematic distributions in the fit, we estimate the statistical uncertainty in each
bin by scaling the overall statistical uncertainty by the fraction of number of events in each bin. On
the other hand, the theoretical and systematic uncertainties are assumed to be the same in all the bins
implying a very conservative scenario.

Since we are interested in the sensitivity on the CPV parameters that can be reached at HL and
HE LHC, due to the present lack of experimental data, we take µobs.

i,f = 1, implying that the future data
would be consistent with the SM hypothesis. In the current analysis, we consider all the single Higgs
production channels and Higgs decaying to four charged-leptons, i.e i = ggF, VBF, ZH, WH, tt̄H and
f = 4`(2e2µ, 4e, 4µ). The projected uncertainties in these channels for HL-LHC are given in table 45.
All the results in the following sections are presented taking MH =125 GeV.

Production signal strengths : Inclusive

The first step is to calculate the signal strengths for the relevant production channels in presence
of the CP-violating parameters c̃Z� and c̃ZZ . We use Madgraph5_aMC@NLO [79] to obtain the inclusive
cross sections in presence of these parameters. We have generated the required UFO model file for
Madgraph using the FeynRules package [246, 247]. At 14 TeV, the production signal strengths are
given by,

µ14TeV
ZH = 1.00 + 0.54 c̃2

Z� + 2.80 c̃2
ZZ + 0.95 c̃Z� c̃ZZ (26)

µ14TeV
WH = 1.00 + 0.84 c̃2

Z� + 3.87 c̃2
ZZ + 3.63 c̃Z� c̃ZZ (27)

µ14TeV
VBF = 1.00 + 0.25 c̃2

Z� + 0.45 c̃2
ZZ + 0.45 c̃Z� c̃ZZ (28)

81

Be careful not to interpret yield as CP: CP-even CP-odd
HL-LHC report: arXiv:1902.00134 

Physics message may be lost
behind certain fits…

September 24, 2020

— CP-sensitive kinematic observables are the key in doing CP measurements 

   have their unique features with beam polarization pp, e+e−, γγ, μ+μ−, ep ( s) . . .
production mechanisms,…  See review at the June EF01 meeting 

arXiv:1310.8361 

https://arxiv.org/abs/1902.00134
https://arxiv.org/abs/1902.00134
https://indico.fnal.gov/event/43279/contributions/187483/attachments/130333/158740/talk_Snowmass-June2020.pdf
https://indico.fnal.gov/event/43279/contributions/187483/attachments/130333/158740/talk_Snowmass-June2020.pdf
https://arxiv.org/abs/1310.8361
https://arxiv.org/abs/1310.8361
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Tradeoff between complexity/reach and simplicity/scope 

September 24, 2020

SMEFT at Snowmass: Open Questions

— what is better to illustrate certain point: implications for colliders?

— how best to present dozens (or hundreds) of parameters not losing critical info?
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the set
of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms of the
bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections, adding
further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from the growth
with energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive constraints
on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these studies are
usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects at high
energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with a
certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters [48] (which can be mapped into c2W,2B) from fermion pair production
at the HL-LHC, HE-LHC [13], FCC-hh [49], ILC at 250, 500 and 1000 GeV [4] and CLIC [46]15.

It must be noted that, for the HE-LHC, only the sensitivity to W and Y from pp ! `+`� is available in [13]. There is no
sensitivity reported from charged-current process, which can constrain W independently. No studies on the reach for the
W and Y parameters were available for CEPC or the FCC-ee. For this section for these two lepton colliders it has been

15 The studies in [46] and [4] make use of significantly different assumptions for the systematic uncertainties and efficiencies for each e+e� ! f f̄ channel.
The apparent small difference in terms of reach at the highest energy stages for CLIC/ILC is, however, due to the high luminosity assumed at ILC, as well as
the use of positron polarization, which allow to partially compensate the lower energy achievable compared to CLIC.
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
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◆
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while lz is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (12)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent7:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (14)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥di j, etc. However the right handed charged current, associated with d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated with
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated with leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters 8:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd , dye, lz
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R ,dgZe
R

o
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SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt , dyc, dyb, dyt , dyµ , lz
 

+
n
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
o

q1=q2 6=q3, `=e,µ,t
. (16)

7Here we choose a slightly different convention for the dependent couplings with respect to [35,36], and we express everything in terms of the modifications
of the neutral currents.

8The impact at NLO of the relatively poorly constrained Higgs self-coupling on the determination of the single-Higgs couplings will be discussed in
Section 4.
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up to O(1) factors. The expression for cT has been derived under the most favorable hypothesis where the new physics preserves
custodial symmetry. Note also that, for the relevant case of a pseudo-Nambu-Goldstone-boson (pNGb) Higgs, cg,g benefit from
a further suppression ⇠ y2

t /16p2. Moreover, in explicit constructions based on warped compactifications cfW,fB,3W,3G arise at
"loop level" and have a further suppression ⇠ g2

?/16p2, which of course matters only when g? is not maximally strong.
A few remarks concerning the above effective Lagrangian are in order. First, notice that the only effects enhanced by the

strong coupling g⇤ are those on the first line and involving non linearities in the Higgs field. That is not surprising given that
in CH, the Higgs itself is strongly interacting while the other SM degrees of freedom are not. In view of that, see discussion
in Section 8.3, in CH the measurements of Higgs couplings compete very well with much more precise measurements, like
EWPT, which are not directly zooming in on the strongly coupled nature of the Higgs boson. Second, notice that in CH the
whole set y2f 2D is subdominant and neglected in lowest approximation. However, the operator basis used above, which is the
one naturally dictated by the structure of the model, is not precisely the one we used for our global analysis. In particular, the
operators associated with c2W,2B,2G can be turned, by a field redefinition, into a particular combination of 4-fermion operators
and one particular and flavour universal combination of the y2f 2D. Third, the CH models, when considering gg ! HH at
high energy, offer a nice example of dim-8 operators potentially winning over dim-6 ones. Indeed, as mentioned above, when
the Higgs is a composite pNGb, the coefficient of the dim-6 operator is further suppressed by a top loop factor y2

t /16p2 [41].
However that is not the case for the dim-8 operator Dr f †Dr fGA

µn GA µn which simply comes with coefficient ⇠ g2
s /m4

⇤. One
can then easily see that when the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t /16p2), the
sensitivity on m⇤ is dominated by the dim-8 operator.

Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically sound benchmark
to interpret the results of our studies from a more BSM-oriented perspective. The contributions from the different SILH Wilson
coefficients in the Lagrangian (19) to the parameters of the Higgs basis can be found in [35].

3.4 Results from the EFT framework studies
In the previous section we have detailed the counting of the degrees of freedom that enter in the different SMEFT fit scenarios
using the so-called Higgs basis. While physical results do not depend on the choice of basis, in some cases a particular basis
may be convenient for computational, presentational or interpretational purposes (note that the physical interpretation of each
dimension-six operator does depend on the basis). From the point of view of the results presented in this section, however, we
are mostly interested in comparing the sensitivity to deformations with respect to the SM in the Higgs couplings at the different
future collider projects. To assess these deformations with respect to the SM in a basis-independent way one can project the
results of the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs effective couplings:

geff 2
HX ⌘ GH!X

GSM
H!X

. (21)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions are also
convenient to compare in a straightforward manner the SMEFT results with those of the k framework for the single Higgs
couplings. Such definition is, however, not phenomenologically possible for the top-Higgs coupling and the Higgs self-
interaction. For the present report we will sidestep these issues by: (1) defining the effective top coupling in a similar way to all
other fermions; (2) to connect and compare with all current studies of the Higgs self-interaction, we will define gHHH ⌘ l3/l SM

3 .
Note that, at the dimension-six level and truncating the physical effects at order 1/L2 one can always express the previous

effective couplings in terms of the dimension-six operators via a linear transformation. Provided one has a large enough set of
such effective couplings, one can then map the effective coupling result into Wilson coefficients, and viceversa (of course, the
former are not a basis per se and the connection is only well-defined at a fixed order in perturbation theory and in the EFT
expansion). The single Higgs couplings plus gHHH are however not enough to match the number of free parameters in the
SMEFT fits, even in the simplified scenario SMEFTPEW in eq. (18). In particular, the on-shell couplings geff

HZZ,HWW in eq. (21)
do not capture all possible linear combinations of the different types of EFT interactions contributing to the HZZ and HWW
vertices.9 For that reason we will also present our results by adding the predictions for the anomalous Triple Gauge Coupling
(aTGC), a (pseudo)-observable obtained from the di-boson analysis. These extra parameters offer a measure of the Higgs
couplings to gauge bosons with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell effective couplings and aTGC is perfectly appropriate. When high-energy observables
are considered, like in Section 3.4.2, it would have to be revisited. (In that section, however, we will present the results directly
in terms of the Wilson coefficients, for easier interpretation in terms of BSM scenarios.) Even after adding the aTGC, in the
SMEFTPEW scenario where dm ⌘ 0 the geff

HZZ,HWW couplings are not independent, and therefore we will present the results
reporting only the coupling to Z bosons.

9We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below Eq. (20), the contributions
to such interactions are dominated only by cf , unless g? ⇠ g.
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e.g. effective couplings:

if we include e.g. CPV:

fHX
CP ≡

ΓCP odd
H→X

ΓCP odd
H→X + ΓCP even

H→X

(Snowmass-2013)

— look for structure:

— how much do correlations in a global fit help? 

https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1310.8361
https://arxiv.org/abs/1310.8361
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SMEFT at Snowmass: Open Questions

Relaxing symmetries: CP, flavor universality and diagonality? 
— can flavor or table-top experiments help? 
— does it make a case for certain colliders? 

Incorporate Rare&Precision Frontier measurements?  
— synergy between frontiers…
— reduce assumptions? 

Common approach and input in global or dedicated Fits?  
— different assumptions may lead to drastically different predictions / results 
— cannot compare colliders with different assumptions 

Theoretical and experimental uncertainties specific to EFT
— in which cases are those important for Snowmass projections?  (e.g. large )q2

— both are typically not fully explored  (e.g. assume SM kinematics in acceptance)
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Vector boson scattering and off-shell Higgs 

September 24, 2020

SMEFT at Snowmass: Ideas

— most global fits do not deal with  and couplings from off-shell HiggsΓH

— may consider total width  in the presence of unknown Higgs decays  ΓH

— most assume  from known decays, no unknown / exotic Higgs decays  ΓH

— interconnection of VBS and Higgs couplings, joint EW-Higgs fits 
— total width  is an important parameter to consider in Snowmass studiesΓH
— lepton colliders have unique ways to approach this

(even if SMEFT assumes no new particles up to scale )Λ ≫ 100 GeV

Inclusion of CP-odd operators 
— see previous slides for discussion…

Deeper connection of EW and Higgs fits: 
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New LHC EFT Working Group

September 24, 2020

LHC EFT WG

— EFT Formalism
— Predictions and tools
— Experimental measurements and observables
— Fits and related systematics
— Benchmark scenarios from UV models
— Dissemination and outreach

https://lpcc.web.cern.ch/lhc-eft-wg

1st open meeting of the LHC EFT Working Group: 19-20 Oct. 2020

Considering activities:

Many of these aspects running across Higgs, EW, Top,…
can also be discussed in the new forum: 

https://lpcc.web.cern.ch/lhc-eft-wg
https://lpcc.web.cern.ch/lhc-eft-wg
https://indico.cern.ch/event/943996/
https://indico.cern.ch/event/943996/
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1.4 Study of CP -mixture and spin 33

than 10�6. This study is based on assumption of 250 fb�1 at 250 GeV and 20 fb�1 at each of three energy
points below.

Table 1-26. List of expected precision of spin and CP -mixture measurements. Spin significance is quoted

for one representative model of minimal coupling KK graviton J
P

= 2
+
m. For various e↵ective couplings,

precision is quoted on CP -odd cross-section fraction, such as fa3 defined for H ! ZZ
⇤
. Target precision

is estimated to be < 10
�5

for the modes with pseudoscalar coupling expected to be suppressed by a loop

(ZZH and WWH), while it is estimated to be < 10
�2

for fermion couplings and vector boson couplings

suppressed by a loop for both scalar and pseudoscalar (ggH, ��H, Z�H). Numerical values are given where

reliable estimates are provided, � mark indicates that some studies are done and measurement is in principle

possible or feasibility of such a measurement could be considered.

Collider pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

�� µ
+
µ
� target

E (GeV) 14,000 14,000 250 350 500 1,000 126 126 (theory)

L (fb�1) 300 3,000 250 350 500 1,000 250

spin-2+
m

⇠10� �10� >10� >10� >10� >10� >5�

V VH
† 0.07 0.02 � � � � � � < 10�5

V VH
‡ 4·10�4 1.2·10�4 7·10�4 1.1·10�4 4·10�5 8·10�6 – – < 10�5

V VH
3 7·10�4 1.3·10�4 � � � � – – < 10�5

ggH 0.50 0.16 – – – – – – < 10�2

��H – – – – – – 0.06 – < 10�2

Z�H – � – – – – – – < 10�2

⌧⌧H � � 0.01 0.01 0.02 0.06 � � < 10�2

ttH � � – – 0.29 0.08 – – < 10�2

µµH – – – – – – – � < 10�2

† estimated in H ! ZZ
⇤ decay mode

‡ estimated in V
⇤
! HV production mode

3 estimated in V
⇤
V

⇤
! H (VBF) production mode

The CP mixture study at an e
+
e
� collider was shown based on 500 fb�1 at a centre-of-mass energy of

350 GeV and mH = 120 GeV [67]. Recent studies [123–125] compare expected performance of an e
+
e
�

collider and LHC. Precision on CP -odd cross-section fraction of 0.036 (0.044) is obtained at 250 GeV (500
GeV) scenarios. However, these fractions correspond to di↵erent fCP values in the H ! ZZ decay, due to
di↵erent relative strength of CP -odd and CP -even couplings. The corresponding precision on fCP is 0.0007
(0.00004) [123–125], assuming that no strong momentum dependence of couplings occurs at these energies.

A promising channel to study CP violation is the decay H ! ⌧
+
⌧
�. Spin correlations are possible to use in

the ⌧ decay. For example, the pion is preferably emitted in the direction of the ⌧ spin in the ⌧ rest frame.
These studies are performed in the clean e

+
e
� environment, while it is extremely di�cult in proton collisions.

Several studies have been performed, in the decays ⌧ ! ⇡⇡⌫ [127, 128], and all final states [129–131]. All
studies agree on a similar precision of about 5� for the typical scenarios in Table 1-26. The above estimate
translates to approximately 0.01 precision on fCP . The precision becomes somewhat worse with increased
collider energy due to reduced ZH production cross-section, and this technique relies on the knowledge of
the Z vertex. A recent study [128] indicates that with 3000 fb�1 at LHC, the CP phase could be measurable
to an accuracy of about 11�.

Community Planning Study: Snowmass 2013

—   have their unique features in CP of H(125)pp, e+e−, γγ, μ+μ− ( s)
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comparison across facilities 

parameters of interest

CPV from Snowmass-2013

Chapter 1.4 devoted to spin and CP: arXiv:1310.8361 

Higgs Working Group Report of the Snowmass-2013 Community Planning Study

September 24, 2020

https://arxiv.org/abs/1310.8361
https://arxiv.org/abs/1310.8361

