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Introduction
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• Precision era: Looking for modifications of the standard 
model  

• Which manifest not per se in total yields, but rather in 
distortions of (differential) spectra, or in tails  

• EFT: Adding operators to the SM Lagrangian 

• Dim 6 example: affects differential Higgs cross 
sections  

• Dim 8 example: affects anomalous quartic gauge 
coupling (aQGC) in VBS 
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Outline
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• Differential cross sections

• Attainable uncertainties on spectra at HL-LHC 

• Interpretations in terms of Higgs coupling modifiers 

• VBF/VBS

• EFT for VBS 

• Summary of results & projections
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yf = f · ySM
f

Introduction: Differential cross sections
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• What is so interesting about the differential cross 
sections? 

• Measures not only the inclusive cross section, but 
also the shape of the distribution 

• The shape may be tested versus its Standard Model 
expectation 

• Relatively small coupling variations lead to significant 
shape distortions

H
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Introduction: Differential cross sections
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• Transverse momentum pTH  
• Sensitivity to modifications of effective Higgs 

Yukawa couplings at low pT  
• Sensitivity to finite top mass effects at high pT 

H
yf 

yf = f · ySM
f

2

momenta pT . mh/2. This partly compensates for the
quadratic mass suppression m2

Q/m
2
h appearing in (1). As

a result of the logarithmic sensitivity and of the 2
Q de-

pendence in quark-initiated production, one expects de-
viations of several percent in the pT spectra in Higgs
production for O(1) modifications of Q. In the SM,
the light-quark e↵ects are small. Specifically, in compar-
ison to the Higgs e↵ective field theory (HEFT) predic-
tion, in gg ! hj the bottom contribution has an e↵ect
of around �5% on the di↵erential distributions while the
impact of the charm quark is at the level of �1%. Like-
wise, the combined gQ ! hQ, QQ̄ ! hg channels (with
Q = b, c) lead to a shift of roughly 2%. Precision mea-
surements of the Higgs distributions for moderate pT
values combined with precision calculations of these ob-
servables are thus needed to probe O(1) deviations in yb
and yc. Achieving such an accuracy is both a theoretical
and experimental challenge, but it seems possible in view
of foreseen advances in higher-order calculations and the
large statistics expected at future LHC runs.

Theoretical framework. Our goal is to explore
the sensitivity of the Higgs-boson (pT,h) and leading-
jet (pT,j) transverse momentum distributions in inclusive
Higgs production to simultaneous modifications of the
light Yukawa couplings. We consider final states where
the Higgs boson decays into a pair of gauge bosons. To
avoid sensitivity to the modification of the branching ra-
tios, we normalise the distributions to the inclusive cross
section. The e↵ect on branching ratios can be included in
the context of a global analysis, jointly with the method
proposed here.

The gg ! hj channel was analysed in depth in the
HEFT framework where one integrates out the domi-
nant top-quark loops and neglects the contributions from
lighter quarks. While in this approximation the two
spectra and the total cross section were studied exten-
sively, the e↵ect of lighter quarks is not yet known with
the same precision for pT . mh/2. Within the SM,
the LO distribution for this process was derived long
ago [17, 19], and the next-to-leading-order (NLO) cor-
rections to the total cross section were calculated in [20–
24]. In the context of analytic resummations of the Su-
dakov logarithms ln (pT /mh), the inclusion of mass cor-
rections to the HEFT were studied both for the pT,h

and pT,j distributions [25–27]. More recently, the first
resummations of some of the leading logarithms (1) were
accomplished both in the abelian [28] and in the high-
energy [29] limit. The reactions gQ ! hQ, QQ̄ ! hg
were computed at NLO [30, 31] in the five-flavour scheme
that we employ here, and the resummation of the loga-
rithms ln (pT,h/mh) in QQ̄ ! h was also performed up to
next-to-next-to-leading-logarithmic (NNLL) order [32].

In the case of gg ! hj, we generate the LO spectra
with MG5aMC@NLO [33]. We also include NLO corrections
to the spectrum in the HEFT [34–36] using MCFM [37].
The total cross sections for inclusive Higgs production
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Figure 1: The normalised pT,h spectrum of inclusive Higgs
production at

p
s = 8TeV divided by the SM prediction for

di↵erent values of c. Only c is modified, while the remain-
ing Yukawa couplings are kept at their SM values.

are obtained from HIGLU [38], taking into account the
NNLO corrections in the HEFT [39–41]. Sudakov loga-
rithms ln (pT /mh) are resummed up to NNLL order both
for pT,h [42–44] and pT,j [45–47], treating mass correc-
tions following [27]. The latter e↵ects will be significant,
once the spectra have been precisely measured down to
pT values of O(5GeV). The gQ ! hQ, QQ̄ ! hg contri-
butions to the distributions are calculated at NLO with
MG5aMC@NLO [48] and cross-checked against MCFM. The ob-
tained events are showered with PYTHIA 8.2 [49] and jets
are reconstructed with the anti-kt algorithm [50] as im-
plemented in FastJet [51] using R = 0.4 as a radius
parameter.
Our default choice for the renormalisation (µR), fac-

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in
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Re (2016) [1606.09253] ���������������������

��������������������������
����������

��
������������������������
������������������������
������������������������
������������������������
�����������������������
������������������������
�����������������������
������������������������

����

����

����

����

���

���

�����������

����
����
����
����
��

����
����
����
����
��

��� ���� ���� ���� ���� ���� ���� ����
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Figure 1: Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations and
(b) mixed contribution of the dimension-six operator for 0 GeV pT  400 GeV. The lower frame shows the ratio
with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5

5 Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery of new resonances,
it will be crucial to fully exploit the data to study possible (small) deviations from the SM predictions. The formalism
that can be used for this purpose is SMEFT, which parametrises high-scale BSM e↵ects through appropriate higher-
dimensional operators. Bounds on the corresponding Wilson coe�cients of these operators can be set by comparing
to the experimental data.

In this note we have presented an extension of the recently published NLL+NLO calculations of the Higgs pT
spectra augmented with SMEFT operators [1] to NNLL+NNLO level of accuracy. We start with state-of-the-art
SM predictions and scale them by relative SMEFT/SM e↵ects at NLL+NLO (i.e. the ratios plotted in the lower
panels of the Figures).

We found that variations of di↵erent SMEFT operators manifest themselves in di↵erent regions of the Higgs pT
spectrum: a modification of the bottom Yukawa coupling (O3) induces e↵ects almost exclusively at small pT , while
a direct coupling of the Higgs boson to gluons (O1) changes the shape of the distribution in the high-pT tail and
the top Yukawa coupling primary a↵ects the normalisation. We notice from the presented spectra that the shape of
the transverse momentum distribution depends on the mass of the particle that mediates the Higgs-gluon coupling.
The lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of bottom
loop leads to the softest spectrum, while an enhancement of the point-like coupling (corresponding to infinite mass
particles in the loop) to the hardest one.

Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are known only in the heavy
top limit, with just approximate inclusion of top mass e↵ects, and thus the approach involving a scaling of the

5
For more discussion on the SMEFT operators impact on the spectra refer to [1].

3

Grazzini, Ilnicka, Spira, 
Wiesemann (2017) 

[1705.05143]
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Introduction: Differential cross sections
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• Jet multiplicity Njets & pT 
of the first jet pTjet1  

• New physics in the 
loop, sensitivity at 
high pT   

• Rapidity |yH|  

• Theory distribution 
mostly determined by 
the gluon PDF; 
possible test

Banfi, M
artin, Sanz (2014) [1308.4771]



18 June 2018  -  Thomas Klijnsma  -  HE/HL-LHC workshop  -  CERN

The current state
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• Primary measurements of differential cross sections from H 
to 2 photons and H to 4 leptons   

• Current state for 13 TeV:

ATLAS CMS

H→γγ pTH, Njets, pTjet1, |yH|  
[1802.04146]

pTH, Njets 
[CMS-PAS-HIG-17-015]

H→ZZ pTH, Njets 
[1712.02304]

pTH, Njets, pTjet1 
[JHEP 1711 (2017) 047]

Combination
 
 

[ATLAS-CONF-2018-002]
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pT
H: ATLAS
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• Fleshed out 
combination from 
ATLAS 

• Particular 
improvement in the 
low pT region 

• 20%-40% 
uncertainties, mostly 
statistically dominated

[ATLAS-CONF-2018-002]
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pT
H: Projections from ATLAS

9

H → γγ H → ZZ

• ~5% uncertainties for H → γγ, between 5-10% for H → ZZ 
• For H → γγ, Improvement by a factor of ~8-9, 

really close to                        (scaling only stat., assuming same syst.)  
• <5% uncertainty achievable with a combination

p
3000/36 ' 9

[ATLAS TD
R]

[ATLAS TD
R]
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pT
H: CMS
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H → γγ H → ZZ

• Proper combination ongoing, but we can make an attempt: 

• Assume no correlations, and no bin-to-bin migrations

[C
M

S-PAS-H
IG

-17-015]

[JH
EP 1711 (2017) 047]
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Observable
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• Doing a very basic 
combination 
• No bin-to-bin 

correlations/migrations 
• Simple χ2 fit (entries 

weighted by uncertainty)  
• This is not a proper 

combination and not a 
CMS result 

• This study indicates a 
similar pattern to ATLAS: 
20-30% statistically 
dominated uncertainties 

DISCLAIMER: NOT A PROPER COMBINATION; BALLPARK ESTIMATE

Private study; not a 
CMS/ATLAS result
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pT
H: Projections from CMS
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• Projection available 
for H → ZZ  
• 5-10% 

uncertainties, 
comparable to 
ATLAS H → ZZ
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Observable
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• No proper projection 
for the combination 
yet, but simply scaling 
observed uncertainties 
by  

• Moved central values to 
SM expectation 

• Yields ~3% 
uncertainties (a bit by 
construction of course), 
comparable to the 
ATLAS projections

p
35.9/3000

Private study; not a 
CMS/ATLAS result
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Remarks on pT
H 
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• Uncertainties of the order of a few percent seem 
achievable for HL-LHC, with 𝒪(10) bins up to pT 350 GeV  

• Currently, uncertainties are very statistically dominated  

• Differentials are not hit as hard by the ‘systematics wall’ 

• Good motivation to combine results from both 
experiments 

• Possibility to improve further by including more decay 
channels in the combination: H → WW, VH → bb (planned by 

ATLAS), (boosted) H → bb, etc.
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Couplings: κt vs. cg 
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(a) (b)

Figure 1: Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations and
(b) mixed contribution of the dimension-six operator for 0 GeV pT  400 GeV. The lower frame shows the ratio
with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5

5 Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery of new resonances,
it will be crucial to fully exploit the data to study possible (small) deviations from the SM predictions. The formalism
that can be used for this purpose is SMEFT, which parametrises high-scale BSM e↵ects through appropriate higher-
dimensional operators. Bounds on the corresponding Wilson coe�cients of these operators can be set by comparing
to the experimental data.

In this note we have presented an extension of the recently published NLL+NLO calculations of the Higgs pT
spectra augmented with SMEFT operators [1] to NNLL+NNLO level of accuracy. We start with state-of-the-art
SM predictions and scale them by relative SMEFT/SM e↵ects at NLL+NLO (i.e. the ratios plotted in the lower
panels of the Figures).

We found that variations of di↵erent SMEFT operators manifest themselves in di↵erent regions of the Higgs pT
spectrum: a modification of the bottom Yukawa coupling (O3) induces e↵ects almost exclusively at small pT , while
a direct coupling of the Higgs boson to gluons (O1) changes the shape of the distribution in the high-pT tail and
the top Yukawa coupling primary a↵ects the normalisation. We notice from the presented spectra that the shape of
the transverse momentum distribution depends on the mass of the particle that mediates the Higgs-gluon coupling.
The lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of bottom
loop leads to the softest spectrum, while an enhancement of the point-like coupling (corresponding to infinite mass
particles in the loop) to the hardest one.

Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are known only in the heavy
top limit, with just approximate inclusion of top mass e↵ects, and thus the approach involving a scaling of the

5
For more discussion on the SMEFT operators impact on the spectra refer to [1].

3

G
razzini, Ilnicka, Spira, W

iesem
ann (2017) [1705.05143]

• pT spectrum can be used 
to fit κt vs. cg  

• Modify Lagrangian: 

(κt = 1, cg = 0) ~ SM,  
 
 
 
(κt = 0, cg = ~1/12) ~ 
point-like coupling of 
the Higgs to gluons  

L = LSM +
X

i

ci
⇤2

Oi

H

H

(dim-6)
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(a) (b)

Figure 1: Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations and
(b) mixed contribution of the dimension-six operator for 0 GeV pT  400 GeV. The lower frame shows the ratio
with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5

5 Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery of new resonances,
it will be crucial to fully exploit the data to study possible (small) deviations from the SM predictions. The formalism
that can be used for this purpose is SMEFT, which parametrises high-scale BSM e↵ects through appropriate higher-
dimensional operators. Bounds on the corresponding Wilson coe�cients of these operators can be set by comparing
to the experimental data.

In this note we have presented an extension of the recently published NLL+NLO calculations of the Higgs pT
spectra augmented with SMEFT operators [1] to NNLL+NNLO level of accuracy. We start with state-of-the-art
SM predictions and scale them by relative SMEFT/SM e↵ects at NLL+NLO (i.e. the ratios plotted in the lower
panels of the Figures).

We found that variations of di↵erent SMEFT operators manifest themselves in di↵erent regions of the Higgs pT
spectrum: a modification of the bottom Yukawa coupling (O3) induces e↵ects almost exclusively at small pT , while
a direct coupling of the Higgs boson to gluons (O1) changes the shape of the distribution in the high-pT tail and
the top Yukawa coupling primary a↵ects the normalisation. We notice from the presented spectra that the shape of
the transverse momentum distribution depends on the mass of the particle that mediates the Higgs-gluon coupling.
The lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of bottom
loop leads to the softest spectrum, while an enhancement of the point-like coupling (corresponding to infinite mass
particles in the loop) to the hardest one.

Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are known only in the heavy
top limit, with just approximate inclusion of top mass e↵ects, and thus the approach involving a scaling of the

5
For more discussion on the SMEFT operators impact on the spectra refer to [1].

3

G
razzini, Ilnicka, Spira, W

iesem
ann (2017) [1705.05143]

• pT spectrum can be used 
to fit κt vs. cg  

• Modify Lagrangian: 

(κt = 1, cg = 0) ~ SM,  
 
 
 
(κt = 0, cg = 0.007) ~ 
point-like coupling of 
the Higgs to gluons  

L = LSM +
X

i

ci
⇤2

Oi

H

H
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Private study; not a 

CMS/ATLAS result
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(a) (b)

Figure 1: Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations and
(b) mixed contribution of the dimension-six operator for 0 GeV pT  400 GeV. The lower frame shows the ratio
with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5

5 Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery of new resonances,
it will be crucial to fully exploit the data to study possible (small) deviations from the SM predictions. The formalism
that can be used for this purpose is SMEFT, which parametrises high-scale BSM e↵ects through appropriate higher-
dimensional operators. Bounds on the corresponding Wilson coe�cients of these operators can be set by comparing
to the experimental data.

In this note we have presented an extension of the recently published NLL+NLO calculations of the Higgs pT
spectra augmented with SMEFT operators [1] to NNLL+NNLO level of accuracy. We start with state-of-the-art
SM predictions and scale them by relative SMEFT/SM e↵ects at NLL+NLO (i.e. the ratios plotted in the lower
panels of the Figures).

We found that variations of di↵erent SMEFT operators manifest themselves in di↵erent regions of the Higgs pT
spectrum: a modification of the bottom Yukawa coupling (O3) induces e↵ects almost exclusively at small pT , while
a direct coupling of the Higgs boson to gluons (O1) changes the shape of the distribution in the high-pT tail and
the top Yukawa coupling primary a↵ects the normalisation. We notice from the presented spectra that the shape of
the transverse momentum distribution depends on the mass of the particle that mediates the Higgs-gluon coupling.
The lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of bottom
loop leads to the softest spectrum, while an enhancement of the point-like coupling (corresponding to infinite mass
particles in the loop) to the hardest one.

Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are known only in the heavy
top limit, with just approximate inclusion of top mass e↵ects, and thus the approach involving a scaling of the

5
For more discussion on the SMEFT operators impact on the spectra refer to [1].
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Figure 1: Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations and
(b) mixed contribution of the dimension-six operator for 0 GeV pT  400 GeV. The lower frame shows the ratio
with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5

5 Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery of new resonances,
it will be crucial to fully exploit the data to study possible (small) deviations from the SM predictions. The formalism
that can be used for this purpose is SMEFT, which parametrises high-scale BSM e↵ects through appropriate higher-
dimensional operators. Bounds on the corresponding Wilson coe�cients of these operators can be set by comparing
to the experimental data.

In this note we have presented an extension of the recently published NLL+NLO calculations of the Higgs pT
spectra augmented with SMEFT operators [1] to NNLL+NNLO level of accuracy. We start with state-of-the-art
SM predictions and scale them by relative SMEFT/SM e↵ects at NLL+NLO (i.e. the ratios plotted in the lower
panels of the Figures).

We found that variations of di↵erent SMEFT operators manifest themselves in di↵erent regions of the Higgs pT
spectrum: a modification of the bottom Yukawa coupling (O3) induces e↵ects almost exclusively at small pT , while
a direct coupling of the Higgs boson to gluons (O1) changes the shape of the distribution in the high-pT tail and
the top Yukawa coupling primary a↵ects the normalisation. We notice from the presented spectra that the shape of
the transverse momentum distribution depends on the mass of the particle that mediates the Higgs-gluon coupling.
The lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of bottom
loop leads to the softest spectrum, while an enhancement of the point-like coupling (corresponding to infinite mass
particles in the loop) to the hardest one.

Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are known only in the heavy
top limit, with just approximate inclusion of top mass e↵ects, and thus the approach involving a scaling of the
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For more discussion on the SMEFT operators impact on the spectra refer to [1].
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with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5
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Figure 1: Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations and
(b) mixed contribution of the dimension-six operator for 0 GeV pT  400 GeV. The lower frame shows the ratio
with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5

5 Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery of new resonances,
it will be crucial to fully exploit the data to study possible (small) deviations from the SM predictions. The formalism
that can be used for this purpose is SMEFT, which parametrises high-scale BSM e↵ects through appropriate higher-
dimensional operators. Bounds on the corresponding Wilson coe�cients of these operators can be set by comparing
to the experimental data.

In this note we have presented an extension of the recently published NLL+NLO calculations of the Higgs pT
spectra augmented with SMEFT operators [1] to NNLL+NNLO level of accuracy. We start with state-of-the-art
SM predictions and scale them by relative SMEFT/SM e↵ects at NLL+NLO (i.e. the ratios plotted in the lower
panels of the Figures).

We found that variations of di↵erent SMEFT operators manifest themselves in di↵erent regions of the Higgs pT
spectrum: a modification of the bottom Yukawa coupling (O3) induces e↵ects almost exclusively at small pT , while
a direct coupling of the Higgs boson to gluons (O1) changes the shape of the distribution in the high-pT tail and
the top Yukawa coupling primary a↵ects the normalisation. We notice from the presented spectra that the shape of
the transverse momentum distribution depends on the mass of the particle that mediates the Higgs-gluon coupling.
The lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of bottom
loop leads to the softest spectrum, while an enhancement of the point-like coupling (corresponding to infinite mass
particles in the loop) to the hardest one.

Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are known only in the heavy
top limit, with just approximate inclusion of top mass e↵ects, and thus the approach involving a scaling of the
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scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
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the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
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and heavy fermion production @10#.
The necessity to include all vector-boson scattering dia-

grams for V1V2!V3V4 in order to obtain EVBA predictions
for the production of a vector-boson pair V3V4, not neces-
sarily near a Higgs boson resonance, was first mentioned in
@9# and @11#. The possible diagrams for these processes,
q1q2!q18q28V3V4, where qi ,qi8 are quarks, are shown in Fig.
2.
It was further pointed out that the yield of V3V4 pairs

from q1q2!q18q28V3V4 must be discussed together with the
yield from the direct reaction q1q2!V3V4 ~Drell-Yan reac-
tion! unless a suitable analysis of the different proton rem-
nants from the two production mechanisms allows one to
separate the different production mechanisms.
In first applications to vector-boson scattering, again only

the contribution from the longitudinal intermediate states
was considered while the contribution from transverse states
was neglected. This contribution was taken to be small
against the q1q2!V3V4 contribution while the contribution
from V1,LV2,L!V3V4 could be large if the longitudinal vec-
tor bosons interact strongly. The interest in the strongly in-
teracting scenario @12# was the original motivation to use the
EVBA.
The EVBA has been used for vector-boson scattering in

@2#, @13–17#. In @14#, the EVBA was used only for the lon-
gitudinal intermediate states. The transverse states were

taken into account by a complete perturbative calculation ~to
lowest order in the coupling! of the process
q1q2!q18q28V3V4. This calculation requires the evaluation of
more diagrams than only the vector-boson scattering dia-
grams, as indicated in Fig. 3. To be precise, in @14# the
EVBA was used only to calculate the difference between the
cross sections in a strongly interacting model and in the stan-
dard model with a light Higgs boson. This difference shows
an interesting behavior in a strongly interacting scenario and
was therefore considered as a potential signal for strongly
interacting vector bosons. The difference receives a contri-
bution virtually only from the longitudinal states. It was
found @14# that this calculation agrees with a complete per-
turbative calculation to about 10% ~evidenced for W6Z and
W6W6 production! if the standard model with a heavy
Higgs boson is taken as the strongly interacting model. I note
that for strong scattering a method has been recently de-
scribed which does not make use of the EVBA @18#.
In @13,16,17# the application of the EVBA was extended

to the contributions from all intermediate polarization states.
It was known, however, that the EVBA can overestimate
results of complete perturbative calculations by a factor of 3
if the transverse helicities are important @19,20#. Other com-
parisons of results of complete calculations for
pp!V3V41X with EVBA results @21,22# showed that the
EVBA is always a good approximation on the Higgs boson

FIG. 2. The diagram for q1q2!q18q28V3V4 in the effective vector-boson approximation and the diagrams for vector-boson scattering.
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• Add higher dimension operators to the SM Lagrangian: 

• Compare measurements under     vs.        , look for NP!
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• Add higher dimension operators to the SM Lagrangian: 

• Compare measurements under     vs.        , look for NP!
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OS,0,

OS,1,

OS,2

OM,0,

OM,1,

OM,7

OM,2,

OM,3,

OM,4,

OM,5

OT,0,

OT,1,

OT,2

OT,5,

OT,6,

OT,7

OT,8,

OT,9

WWWW X X X

WWZZ X X X X X

ZZZZ X X X X X X

WWZ� X X X X

WW�� X X X X

ZZZ� X X X X X

ZZ�� X X X X X

Z��� X X X

���� X X X

TABLE IV. Quartic vertices modified by each dimension-8 operator are marked with X. Table
adopted from Ref. [146].

have been defined, which however vanish identically. For OT,3, the trace is symmetric under

permutations of indices � and ⌫, while the field-strength tensor bB�⌫ is anti-symmetric, and
for OT,4 the trace itself vanishes. The operator

OM,6 =
h
(Dµ�)

†cW�⌫
cW �⌫Dµ�

i
, (78)

which has also been introduced in Ref. [148], is equivalent to OM,0 and the relation OM,6 =
1
2OM,0 holds [150].

The scalar case contains an additional operatorOS,2 [149, 151, 152] compared to Ref. [148].
This operator cannot be constructed out of the other ones, but is a new, distinct possibility.
This can be easily seen if we first consider the following building block appearing in the
scalar dimension-8 operators

⇥
(Dµ�)

†D⌫�
⇤
=

1

2
(@µH) (@⌫H) +M2

WW�
µ W+

⌫

✓
1 +

H

v

◆2

+
M2

Z

2
ZµZ⌫

✓
1 +

H

v

◆2

+
iMZ

2

�
Zµ (@⌫H)� Z⌫ (@µH)

�✓
1 +

H

v

◆
. (79)
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• dim-8 operators needed to induce 
(anomalous) QGC without TGC 
vertices 

• Modifications of existing SM 
vertices, and newly allowed 
vertices 

[Rauch, 1610.08420]
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Very forward jet, 
large Δη

Rather central w.r.t. 
backgrounds

Main decay channels: 
WW, WZ, ZZ

The CMS Collaboration / Physics Letters B 774 (2017) 682–705 687

Table 2
Expected and observed lower and upper 95% CL limits on the couplings of the quartic operators T0, T1, and T2, 
as well as the neutral current operators T8 and T9. The unitarity bounds are also listed. All coupling parameter 
limits are in TeV−4, while the unitarity bounds are in TeV.

Coupling Exp. lower Exp. upper Obs. lower Obs. upper Unitarity bound

fT0/!4 −0.53 0.51 −0.46 0.44 2.5
fT1/!4 −0.72 0.71 −0.61 0.61 2.3
fT2/!4 −1.4 1.4 −1.2 1.2 2.4
fT8/!4 −0.99 0.99 −0.84 0.84 2.8
fT9/!4 −2.1 2.1 −1.8 1.8 2.9

The BDT distribution of the events in the ZZjj selection is 
used to extract the significance of the EW signal via a maximum-
likelihood fit. The expected distributions for the signal and the ir-
reducible backgrounds are taken from the simulation while the re-
ducible background is estimated from the data. The shape and nor-
malization of each distribution are allowed to vary in the fit within 
the respective uncertainties. This approach constrains the yield of 
the QCD-induced production from the background-enriched region 
of the BDT distribution.

The systematic uncertainties are treated as nuisance parame-
ters in the fit and profiled [54]. The post-fit values are then used 
to extract the signal strength. The signal strength is measured to 
be µ = 1.39+0.72

−0.57 (stat) +0.46
−0.31 (syst) = 1.39+0.86

−0.65 and the background-
only hypothesis is excluded with a significance of 2.7 standard 
deviations (1.6 standard deviations expected).

The measured signal strength is used to determine the fidu-
cial cross section for the EW production. The fiducial volume is 
almost identical to the selections imposed at the reconstruction 
level, the only difference being the lepton thresholds of pℓ

T >

5 GeV and |η|ℓ < 2.5. The generator-level lepton momenta are cor-
rected by adding the momenta of generator-level photons within 
$R(ℓ, γ ) < 0.1. The kinematic selection of the Z bosons and the 
final ZZjj candidate proceeds as the reconstruction-level selection. 
The observed signal strength corresponds to a fiducial cross section 
of σEW(pp → ZZjj → ℓℓℓ′ℓ′jj) = 0.40+0.21

−0.16 (stat) +0.13
−0.09 (syst) fb, com-

patible with the SM prediction of 0.29+0.02
−0.03 fb.

8. Limits on anomalous quartic gauge couplings

The events in the ZZjj selection are used to constrain aQGCs in 
the effective field theory approach. The ZZjj channel is sensitive to 
the operators T0, T1, and T2, as well as the neutral current opera-
tors T8 and T9 [7]. The former operators are constructed from the 
SUL(2) gauge fields, while the latter only involve the UY (1) fields. 
As a consequence, the T8 and T9 operators are experimentally ac-
cessible only via final states involving the neutral gauge bosons. 
The effect of a nonzero aQGC is to enhance the production cross 
section at large masses of the ZZ system. Thus the mZZ distribution 
is used to constrain the aQGC parameters fTi/!

4. The increase of 
the yield exhibits a quadratic dependence on the anomalous cou-
pling, and a parabolic function is fitted to the per-mass bin yields, 
allowing for an interpolation between the discrete coupling pa-
rameters of the simulated signals. The statistical analysis employs 
the same methodology used for the signal strength, including the 
profiling of the systematic uncertainties. The distributions of the 
background model, including the EW component, are normalized 
to their respective SM predictions. The Wald Gaussian approxima-
tion and Wilks’ theorem are used to derive 95% confidence level 
(CL) limits on the aQGC parameters [55–57]. The measurement is 
statistically limited.

Fig. 4 shows the expected mZZ distribution for the SM and two 
aQGC scenarios. Table 2 lists the individual lower and upper lim-
its obtained by setting all other anomalous couplings to zero, as 
well as the unitarity bound. The unitarity bound is determined 

Fig. 4. The mZZ distribution in the ZZjj selection together with the SM prediction 
and two hypotheses for the aQGC coupling strengths. Points represent the data, 
filled histograms the expected signal and background contributions. The last bin 
includes all contributions with mZZ > 1200 GeV.

using the VBFNLO framework [58] as the scattering energy mZZ
at which the aQGC coupling strength set equal to the observed 
limit would result in a scattering amplitude that violates unitarity. 
These are the most stringent limits to date on the aQGC parame-
ters fT0,1,2/!

4 and fT8,9/!
4.

9. Summary

A search was performed for vector boson scattering in the 
four-lepton and two-jet final state using proton–proton collisions 
at 13 TeV. The data correspond to an integrated luminosity of 
35.9 fb−1 collected with the CMS detector at the LHC.

The electroweak production of two Z bosons in association 
with two jets was measured with an observed (expected) signif-
icance of 2.7 (1.6) standard deviations. The fiducial cross section 
is σEW(pp → ZZjj → ℓℓℓ′ℓ′jj) = 0.40+0.21

−0.16 (stat) +0.13
−0.09 (syst) fb, con-

sistent with the standard model prediction of 0.29+0.02
−0.03 fb.

Limits on anomalous quartic gauge couplings were set at the 
95% confidence level in terms of effective field theory operators, in 
units of TeV−4:

−0.46 < fT0/!
4 < 0.44

−0.61 < fT1/!
4 < 0.61

−1.2 < fT2/!
4 < 1.2

−0.84 < fT8/!
4 < 0.84

−1.8 < fT9/!
4 < 1.8.

These are the first results for the electroweak production of two 
Z bosons in association with jets at the LHC and the most stringent 
limits on the T0, T1, T2, T8, and T9 anomalous quartic gauge cou-
plings to date.

ΛNP
See NP effects 
in tails of 
distributions
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• Currently statistically limited at high energy 
• General prospects of HL LHC:

Very forward jet, 
large Δη

Rather central w.r.t. 
backgrounds

• Better statistics in the tail 
• Better forward coverage 
• Availability of differential 

cross sections

• Harsh pileup conditions 

Main decay channels: 
WW, WZ, ZZ
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10 6 Same-sign W±W± scattering

both cases, the signal is stacked over the backgrounds. The full red line shows the difference
between these two cases.
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Figure 3: Distributions of the di-lepton invariant mass (m``), the pT of the leading lepton (pl1
T ),

the difference in f angle between the tag jets (Dfjj), the difference in pseudorapidity between
the tag jets (Dhjj), the tag jets invariant mass (mjj) and the variable R = p`1

T · p`2
T /(pj1

T · pj2
T ),

where p`1
T and p`2

T (pj1
T and pj2

T ) are the pT of the two leptons (tag jets), for the Phase II detector,
after the same-sign W±W± selection. The signal and the backgrounds are reported, normalized
to the integrated luminosity of 3 ab�1. In particular, the blue continuous line corresponds to the
EWK di-boson scattering in the Standard Model, the dashed pink one corresponds to the EWK
di-boson scattering in absence of the Higgs boson, while the continuous red line corresponds
to the difference between the two.

6.1 Systematic uncertainties affecting the measurements

The systematic uncertainties affecting the same-sign W±W± scattering analysis are listed in
Table 1 together with their magnitudes, for each of the scenarios considered. As the results are
extracted by making use of the shapes of several kinematic variables, when appropriate, the
variation in shapes has also been taken into account. For the Phase I aged scenario, several
systematics are downgraded according to studies done by comparisons between the Phase II
and Phase I aged full simulation based on GEANT in Ref.[18]. Some of these studies were also
confirmed directly based on VBS signal samples produced with the detailed simulation. In
particular the shape uncertainty on the lepton fake rate was increased by 30%.

6.2 Same-sign EWK W±W± scattering result

The inclusive EWK cross-section for the same-sign WW production with two jets is determined
by fitting the 2D distribution of (m``, R), where R = p`1

T · p`2
T /(pj1

T · pj2
T ) with p`1

T and p`2
T (pj1

T and
pj2

T ) being the pT of the two leptons (tag jets). The templates for the various samples are derived

10 6 Same-sign W±W± scattering

both cases, the signal is stacked over the backgrounds. The full red line shows the difference
between these two cases.
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Figure 3: Distributions of the di-lepton invariant mass (m``), the pT of the leading lepton (pl1
T ),

the difference in f angle between the tag jets (Dfjj), the difference in pseudorapidity between
the tag jets (Dhjj), the tag jets invariant mass (mjj) and the variable R = p`1

T · p`2
T /(pj1

T · pj2
T ),

where p`1
T and p`2

T (pj1
T and pj2

T ) are the pT of the two leptons (tag jets), for the Phase II detector,
after the same-sign W±W± selection. The signal and the backgrounds are reported, normalized
to the integrated luminosity of 3 ab�1. In particular, the blue continuous line corresponds to the
EWK di-boson scattering in the Standard Model, the dashed pink one corresponds to the EWK
di-boson scattering in absence of the Higgs boson, while the continuous red line corresponds
to the difference between the two.

6.1 Systematic uncertainties affecting the measurements

The systematic uncertainties affecting the same-sign W±W± scattering analysis are listed in
Table 1 together with their magnitudes, for each of the scenarios considered. As the results are
extracted by making use of the shapes of several kinematic variables, when appropriate, the
variation in shapes has also been taken into account. For the Phase I aged scenario, several
systematics are downgraded according to studies done by comparisons between the Phase II
and Phase I aged full simulation based on GEANT in Ref.[18]. Some of these studies were also
confirmed directly based on VBS signal samples produced with the detailed simulation. In
particular the shape uncertainty on the lepton fake rate was increased by 30%.

6.2 Same-sign EWK W±W± scattering result

The inclusive EWK cross-section for the same-sign WW production with two jets is determined
by fitting the 2D distribution of (m``, R), where R = p`1

T · p`2
T /(pj1

T · pj2
T ) with p`1

T and p`2
T (pj1

T and
pj2

T ) being the pT of the two leptons (tag jets). The templates for the various samples are derived
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section stems from scale variations and parton distribution
functions. Complete NLO QCD and EW corrections to
WþWþ scattering [36] are computed using similar selection
requirements as presented in this paper. The NLO EW
corrections to the fiducial cross section are dominant and
negative (−13%). The overall efficiency within the fiducial
region is 34.8" 0.3 ðstatÞ " 2.3 ðsystÞ%.
Various extensions of the SM alter the couplings between

vector bosons. Reference [6] proposes nine independent
charge conjugate and parity-conserving dimension-8 effec-
tive operators to modify the quartic couplings. In this case,
the mll distributions in both the signal andWZ regions are
used to perform the statistical analysis. The EW production
is treated as a background consistent with the SM expect-
ation and can vary within the estimated uncertainties. The
observed and expected 95% confidence level (C.L.) limits
for the nine coefficients, shown in Table II, are obtained by
varying the effective operators one by one. The effect of
possible AQGCs on the WZ process in the signal region is
negligible because the background is normalized using data.

The table also shows the most stringent 95% C.L. limits
reported by the CMS Collaboration previously.
Doubly charged Higgs bosons are predicted in models

that contain a Higgs triplet field. Some of these scenarios
predict same-sign lepton events fromW"W" decays with a
VBF topology. The Georgi-Machacek model of Higgs
triplets [37] is considered. The couplings depend on
mH"" and the parameter sin θH, or sH, where s2H denotes
the fraction of the W boson mass generated by the vacuum
expectation value of the triplets. The expected signal event
yields for VBF production of H"" decaying to W"W" are
directly proportional to s2H. The remaining five parameters
in the model are adjusted to achieve the given mH""

hypothesis, while requiring one of the scalar singlets to
have a mass of 125 GeV. By using the (mjj, mll) two-
dimensional distribution in the signal region and the mjj
distribution in the WZ control region simultaneously to
discriminate between signal and background processes,
95% C.L. upper limits on σVBFðH""ÞBðH"" → W"W"Þ
can be derived, as shown in Fig. 3. The observed limit
excludes sH values greater than 0.18 and 0.44 at
mðH""Þ ¼ 200 and 1000 GeV, respectively. See
Supplemental Material [31] for the expected and observed
95% C.L. upper limits on sH in the Georgi-Machacek
model as a function of doubly charged Higgs boson mass.
In summary, we present the first observation of electro-

weak production of same-sign W boson pairs in proton-
proton collisions. The data sample corresponds to an
integrated luminosity of 35.9 fb−1 collected at

ffiffiffi
s

p
¼

13 TeV with the CMS detector. Events are selected by
requiring exactly two leptons of the same charge, moderate
pmiss
T , and two jets with large rapidity separation and large

dijet mass. The two main background processes after the
event selection has been applied are nonprompt lepton
and WZ → 3lν processes. The observed significance is
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FIG. 2. Distributions of mjj (left) and mll (right) in the signal region. The normalization of the EW W"W" and background
distributions corresponds to the result of the fit. The hatched bands include statistical and systematic uncertainties from the predicted
yields. The histograms for other backgrounds include the contributions from QCD WW, Wγ, wrong-sign events, double parton
scattering, and triboson processes. The overflow is included in the last bin.

TABLE II. Observed and expected 95% C.L. limits on the
coefficients for higher-order (dimension-8) operators in the
effective field theory Lagrangian.

Observed limits (TeV−4) Expected limits (TeV−4)

fS0=Λ4 ½−7.7; 7.7' ½−7.0; 7.2'
fS1=Λ4 ½−21.6; 21.8' ½−19.9; 20.2'
fM0=Λ4 ½−6.0; 5.9' ½−5.6; 5.5'
fM1=Λ4 ½−8.7; 9.1' ½−7.9; 8.5'
fM6=Λ4 ½−11.9; 11.8' ½−11.1; 11.0'
fM7=Λ4 ½−13.3; 12.9' ½−12.4; 11.8'
fT0=Λ4 ½−0.62; 0.65' ½−0.58; 0.61'
fT1=Λ4 ½−0.28; 0.31' ½−0.26; 0.29'
fT2=Λ4 ½−0.89; 1.02' ½−0.80; 0.95'

PHYSICAL REVIEW LETTERS 120, 081801 (2018)

081801-4

• ssWW 
largest σEW/
σQCD  

• Recent 5.5 
(5.7) σ 
observed 
(expected) 
significance 
by CMS 

• Increased 
reach 
projected at 
HL-LHC

section stems from scale variations and parton distribution
functions. Complete NLO QCD and EW corrections to
WþWþ scattering [36] are computed using similar selection
requirements as presented in this paper. The NLO EW
corrections to the fiducial cross section are dominant and
negative (−13%). The overall efficiency within the fiducial
region is 34.8" 0.3 ðstatÞ " 2.3 ðsystÞ%.
Various extensions of the SM alter the couplings between

vector bosons. Reference [6] proposes nine independent
charge conjugate and parity-conserving dimension-8 effec-
tive operators to modify the quartic couplings. In this case,
the mll distributions in both the signal andWZ regions are
used to perform the statistical analysis. The EW production
is treated as a background consistent with the SM expect-
ation and can vary within the estimated uncertainties. The
observed and expected 95% confidence level (C.L.) limits
for the nine coefficients, shown in Table II, are obtained by
varying the effective operators one by one. The effect of
possible AQGCs on the WZ process in the signal region is
negligible because the background is normalized using data.

The table also shows the most stringent 95% C.L. limits
reported by the CMS Collaboration previously.
Doubly charged Higgs bosons are predicted in models

that contain a Higgs triplet field. Some of these scenarios
predict same-sign lepton events fromW"W" decays with a
VBF topology. The Georgi-Machacek model of Higgs
triplets [37] is considered. The couplings depend on
mH"" and the parameter sin θH, or sH, where s2H denotes
the fraction of the W boson mass generated by the vacuum
expectation value of the triplets. The expected signal event
yields for VBF production of H"" decaying to W"W" are
directly proportional to s2H. The remaining five parameters
in the model are adjusted to achieve the given mH""

hypothesis, while requiring one of the scalar singlets to
have a mass of 125 GeV. By using the (mjj, mll) two-
dimensional distribution in the signal region and the mjj
distribution in the WZ control region simultaneously to
discriminate between signal and background processes,
95% C.L. upper limits on σVBFðH""ÞBðH"" → W"W"Þ
can be derived, as shown in Fig. 3. The observed limit
excludes sH values greater than 0.18 and 0.44 at
mðH""Þ ¼ 200 and 1000 GeV, respectively. See
Supplemental Material [31] for the expected and observed
95% C.L. upper limits on sH in the Georgi-Machacek
model as a function of doubly charged Higgs boson mass.
In summary, we present the first observation of electro-

weak production of same-sign W boson pairs in proton-
proton collisions. The data sample corresponds to an
integrated luminosity of 35.9 fb−1 collected at

ffiffiffi
s

p
¼

13 TeV with the CMS detector. Events are selected by
requiring exactly two leptons of the same charge, moderate
pmiss
T , and two jets with large rapidity separation and large

dijet mass. The two main background processes after the
event selection has been applied are nonprompt lepton
and WZ → 3lν processes. The observed significance is
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FIG. 2. Distributions of mjj (left) and mll (right) in the signal region. The normalization of the EW W"W" and background
distributions corresponds to the result of the fit. The hatched bands include statistical and systematic uncertainties from the predicted
yields. The histograms for other backgrounds include the contributions from QCD WW, Wγ, wrong-sign events, double parton
scattering, and triboson processes. The overflow is included in the last bin.

TABLE II. Observed and expected 95% C.L. limits on the
coefficients for higher-order (dimension-8) operators in the
effective field theory Lagrangian.

Observed limits (TeV−4) Expected limits (TeV−4)

fS0=Λ4 ½−7.7; 7.7' ½−7.0; 7.2'
fS1=Λ4 ½−21.6; 21.8' ½−19.9; 20.2'
fM0=Λ4 ½−6.0; 5.9' ½−5.6; 5.5'
fM1=Λ4 ½−8.7; 9.1' ½−7.9; 8.5'
fM6=Λ4 ½−11.9; 11.8' ½−11.1; 11.0'
fM7=Λ4 ½−13.3; 12.9' ½−12.4; 11.8'
fT0=Λ4 ½−0.62; 0.65' ½−0.58; 0.61'
fT1=Λ4 ½−0.28; 0.31' ½−0.26; 0.29'
fT2=Λ4 ½−0.89; 1.02' ½−0.80; 0.95'
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section stems from scale variations and parton distribution
functions. Complete NLO QCD and EW corrections to
WþWþ scattering [36] are computed using similar selection
requirements as presented in this paper. The NLO EW
corrections to the fiducial cross section are dominant and
negative (−13%). The overall efficiency within the fiducial
region is 34.8" 0.3 ðstatÞ " 2.3 ðsystÞ%.
Various extensions of the SM alter the couplings between

vector bosons. Reference [6] proposes nine independent
charge conjugate and parity-conserving dimension-8 effec-
tive operators to modify the quartic couplings. In this case,
the mll distributions in both the signal andWZ regions are
used to perform the statistical analysis. The EW production
is treated as a background consistent with the SM expect-
ation and can vary within the estimated uncertainties. The
observed and expected 95% confidence level (C.L.) limits
for the nine coefficients, shown in Table II, are obtained by
varying the effective operators one by one. The effect of
possible AQGCs on the WZ process in the signal region is
negligible because the background is normalized using data.

The table also shows the most stringent 95% C.L. limits
reported by the CMS Collaboration previously.
Doubly charged Higgs bosons are predicted in models

that contain a Higgs triplet field. Some of these scenarios
predict same-sign lepton events fromW"W" decays with a
VBF topology. The Georgi-Machacek model of Higgs
triplets [37] is considered. The couplings depend on
mH"" and the parameter sin θH, or sH, where s2H denotes
the fraction of the W boson mass generated by the vacuum
expectation value of the triplets. The expected signal event
yields for VBF production of H"" decaying to W"W" are
directly proportional to s2H. The remaining five parameters
in the model are adjusted to achieve the given mH""

hypothesis, while requiring one of the scalar singlets to
have a mass of 125 GeV. By using the (mjj, mll) two-
dimensional distribution in the signal region and the mjj
distribution in the WZ control region simultaneously to
discriminate between signal and background processes,
95% C.L. upper limits on σVBFðH""ÞBðH"" → W"W"Þ
can be derived, as shown in Fig. 3. The observed limit
excludes sH values greater than 0.18 and 0.44 at
mðH""Þ ¼ 200 and 1000 GeV, respectively. See
Supplemental Material [31] for the expected and observed
95% C.L. upper limits on sH in the Georgi-Machacek
model as a function of doubly charged Higgs boson mass.
In summary, we present the first observation of electro-

weak production of same-sign W boson pairs in proton-
proton collisions. The data sample corresponds to an
integrated luminosity of 35.9 fb−1 collected at

ffiffiffi
s

p
¼

13 TeV with the CMS detector. Events are selected by
requiring exactly two leptons of the same charge, moderate
pmiss
T , and two jets with large rapidity separation and large

dijet mass. The two main background processes after the
event selection has been applied are nonprompt lepton
and WZ → 3lν processes. The observed significance is
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FIG. 2. Distributions of mjj (left) and mll (right) in the signal region. The normalization of the EW W"W" and background
distributions corresponds to the result of the fit. The hatched bands include statistical and systematic uncertainties from the predicted
yields. The histograms for other backgrounds include the contributions from QCD WW, Wγ, wrong-sign events, double parton
scattering, and triboson processes. The overflow is included in the last bin.

TABLE II. Observed and expected 95% C.L. limits on the
coefficients for higher-order (dimension-8) operators in the
effective field theory Lagrangian.

Observed limits (TeV−4) Expected limits (TeV−4)

fS0=Λ4 ½−7.7; 7.7' ½−7.0; 7.2'
fS1=Λ4 ½−21.6; 21.8' ½−19.9; 20.2'
fM0=Λ4 ½−6.0; 5.9' ½−5.6; 5.5'
fM1=Λ4 ½−8.7; 9.1' ½−7.9; 8.5'
fM6=Λ4 ½−11.9; 11.8' ½−11.1; 11.0'
fM7=Λ4 ½−13.3; 12.9' ½−12.4; 11.8'
fT0=Λ4 ½−0.62; 0.65' ½−0.58; 0.61'
fT1=Λ4 ½−0.28; 0.31' ½−0.26; 0.29'
fT2=Λ4 ½−0.89; 1.02' ½−0.80; 0.95'
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Figure 9: Distributions of the di-lepton invariant mass (m``) for m`` > 600 GeV for the SM
signal and its modifications for two values of the coefficient associated with the S0 (left) and T0
(right) operators.

Phase I Phase II Phase I aged Run-I results
( TeV �4) ( TeV �4) ( TeV �4) ( TeV �4)

S0 2.47 2.49 2.85 43 [12]
S1 8.19 8.25 9.45 131 [12]
M0 1.88 1.76 2.03 4.6 [38]
M1 2.54 2.38 2.72 1.7 [38]
M6 3.78 3.54 4.05 69 [12]
M7 3.42 3.24 3.75 73 [12]
T0 0.17 0.17 0.19 3.4 [39]
T1 0.078 0.070 0.080 2.4 [12]
T2 0.25 0.23 0.25 7.1 [12]

Table 2: Expected 95% CL limits on the coefficients for BSM higher order (dimension-eight)
operators in the EFT Lagrangian for 3 ab�1 of data and the unity scale factor of the fake lepton
rate for the three detector scenarios. The last column is summarizing the LHC Run-I observed
upper limits obtained so far by CMS [12, 38, 39].

• two of the leptons should have same-flavor (SF) and opposite-sign (OS) to recon-
struct the Z boson within 10 GeV of its mass. When all three leptons have the same
flavor, all combinations of opposite-sign pairs are evaluated to reconstruct the dilep-
ton invariant mass and the combination that has a value closest to the Z boson mass
(i.e. 91 GeV) is considered as Z candidate. The unpaired lepton is assumed to come
from the W boson decay

• any SF OS lepton pair should have an invariant mass (m``) larger than 20 GeV
• at least 30 GeV of missing energy should be present in the event
• at least two jets with pT larger than 30 GeV have to be detected and the first two

highest pT ones are identified as the tag jets from the VBS process
• the pseudorapidity difference between the two tag jets (Dhjj) has to be larger than 4

units

95% CLs @ 3000 fb-1 95% CLs @ 35.9 fb-1 

• Projected limits on dim-8 operators show much stronger 
constraints

[PR
L 120, 081801 (2018)]

[C
M

S PA
S SM

P-14-008]

[ATLAS-PHYS-PUB-2013-006]

ATLAS @ 3000 fb-1 
model 300 fb−1 3 ab−1

fS 0/Λ
4 10 TeV−4 4.5 TeV−4

Table 3: Summary of 5σ discovery values of fS 0 using the pp → W±W± + 2 j → ℓ±νℓ±ν + 2 j search in

the VBS mode at pp collision center-of-mass energy of 14 TeV.

The main background contributions are from WZ j j, Wγ, jets faking leptons, lepton charge flips, and

the QCD diagrams of ssWW. The WZ and ssWW-QCD backgrounds were generated using MadGraph

version 1.5.9. The misidentified-lepton, photon-conversion (from Wγ production) and charge-flip contri-

butions, collectively termed “mis-ID” backgrounds, were accounted for by scaling the WZ background

by a conservative factor of ≈ 2 taken from the study of ssWW with current ATLAS data.

6.2 Event Selection

Events are considered ssWW candidates provided they meet the following criteria:

• Exactly two selected leptons (each with pT > 25 GeV) with the same charge.

• At least one selected lepton must fire the trigger.

• At least two selected jets with pT > 50 GeV.

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets.

6.3 Statistical Analysis

The statistical analysis is performed by constructing templates of the mll j j distribution for different values

of fS 0/Λ
4. The templates for ssWW-QCD and (scaled) WZ backgrounds are included. Here mll j j is the

4-body invariant mass of the two leading leptons and the two leading jets in the event, which we found

to be a robust and sensitive variable since calculating the true WW invariant mass is not possible when

two neutrinos are present. The distribution of mll j j and the signal significance as a function of fS 0/Λ
4

are shown in Fig. 3.

In Table 3 the 5σ discovery potential is illustrated, showing the improvement possible with the in-

creased luminosity.

7 Zγγ in the dilepton plus diphoton channel

The Zγγ mass spectrum at high mass is sensitive to BSM triboson contributions. The lepton-photon

channel allows full reconstruction of the final state and calculate the Zγγ invariant mass. This analysis

is new since the European Strategy Submission. We parameterize the BSM physics using the following

operators

LT,8 =
fT8

Λ4
BµνB

µνBαβB
αβ

LT,9 =
fT9

Λ4
BαµB

µβBβνB
να (4)

6

5σ discovery 
values
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section stems from scale variations and parton distribution
functions. Complete NLO QCD and EW corrections to
WþWþ scattering [36] are computed using similar selection
requirements as presented in this paper. The NLO EW
corrections to the fiducial cross section are dominant and
negative (−13%). The overall efficiency within the fiducial
region is 34.8" 0.3 ðstatÞ " 2.3 ðsystÞ%.
Various extensions of the SM alter the couplings between

vector bosons. Reference [6] proposes nine independent
charge conjugate and parity-conserving dimension-8 effec-
tive operators to modify the quartic couplings. In this case,
the mll distributions in both the signal andWZ regions are
used to perform the statistical analysis. The EW production
is treated as a background consistent with the SM expect-
ation and can vary within the estimated uncertainties. The
observed and expected 95% confidence level (C.L.) limits
for the nine coefficients, shown in Table II, are obtained by
varying the effective operators one by one. The effect of
possible AQGCs on the WZ process in the signal region is
negligible because the background is normalized using data.

The table also shows the most stringent 95% C.L. limits
reported by the CMS Collaboration previously.
Doubly charged Higgs bosons are predicted in models

that contain a Higgs triplet field. Some of these scenarios
predict same-sign lepton events fromW"W" decays with a
VBF topology. The Georgi-Machacek model of Higgs
triplets [37] is considered. The couplings depend on
mH"" and the parameter sin θH, or sH, where s2H denotes
the fraction of the W boson mass generated by the vacuum
expectation value of the triplets. The expected signal event
yields for VBF production of H"" decaying to W"W" are
directly proportional to s2H. The remaining five parameters
in the model are adjusted to achieve the given mH""

hypothesis, while requiring one of the scalar singlets to
have a mass of 125 GeV. By using the (mjj, mll) two-
dimensional distribution in the signal region and the mjj
distribution in the WZ control region simultaneously to
discriminate between signal and background processes,
95% C.L. upper limits on σVBFðH""ÞBðH"" → W"W"Þ
can be derived, as shown in Fig. 3. The observed limit
excludes sH values greater than 0.18 and 0.44 at
mðH""Þ ¼ 200 and 1000 GeV, respectively. See
Supplemental Material [31] for the expected and observed
95% C.L. upper limits on sH in the Georgi-Machacek
model as a function of doubly charged Higgs boson mass.
In summary, we present the first observation of electro-

weak production of same-sign W boson pairs in proton-
proton collisions. The data sample corresponds to an
integrated luminosity of 35.9 fb−1 collected at

ffiffiffi
s

p
¼

13 TeV with the CMS detector. Events are selected by
requiring exactly two leptons of the same charge, moderate
pmiss
T , and two jets with large rapidity separation and large

dijet mass. The two main background processes after the
event selection has been applied are nonprompt lepton
and WZ → 3lν processes. The observed significance is
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FIG. 2. Distributions of mjj (left) and mll (right) in the signal region. The normalization of the EW W"W" and background
distributions corresponds to the result of the fit. The hatched bands include statistical and systematic uncertainties from the predicted
yields. The histograms for other backgrounds include the contributions from QCD WW, Wγ, wrong-sign events, double parton
scattering, and triboson processes. The overflow is included in the last bin.

TABLE II. Observed and expected 95% C.L. limits on the
coefficients for higher-order (dimension-8) operators in the
effective field theory Lagrangian.

Observed limits (TeV−4) Expected limits (TeV−4)

fS0=Λ4 ½−7.7; 7.7' ½−7.0; 7.2'
fS1=Λ4 ½−21.6; 21.8' ½−19.9; 20.2'
fM0=Λ4 ½−6.0; 5.9' ½−5.6; 5.5'
fM1=Λ4 ½−8.7; 9.1' ½−7.9; 8.5'
fM6=Λ4 ½−11.9; 11.8' ½−11.1; 11.0'
fM7=Λ4 ½−13.3; 12.9' ½−12.4; 11.8'
fT0=Λ4 ½−0.62; 0.65' ½−0.58; 0.61'
fT1=Λ4 ½−0.28; 0.31' ½−0.26; 0.29'
fT2=Λ4 ½−0.89; 1.02' ½−0.80; 0.95'
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Figure 9: Distributions of the di-lepton invariant mass (m``) for m`` > 600 GeV for the SM
signal and its modifications for two values of the coefficient associated with the S0 (left) and T0
(right) operators.

Phase I Phase II Phase I aged Run-I results
( TeV �4) ( TeV �4) ( TeV �4) ( TeV �4)

S0 2.47 2.49 2.85 43 [12]
S1 8.19 8.25 9.45 131 [12]
M0 1.88 1.76 2.03 4.6 [38]
M1 2.54 2.38 2.72 1.7 [38]
M6 3.78 3.54 4.05 69 [12]
M7 3.42 3.24 3.75 73 [12]
T0 0.17 0.17 0.19 3.4 [39]
T1 0.078 0.070 0.080 2.4 [12]
T2 0.25 0.23 0.25 7.1 [12]

Table 2: Expected 95% CL limits on the coefficients for BSM higher order (dimension-eight)
operators in the EFT Lagrangian for 3 ab�1 of data and the unity scale factor of the fake lepton
rate for the three detector scenarios. The last column is summarizing the LHC Run-I observed
upper limits obtained so far by CMS [12, 38, 39].

• two of the leptons should have same-flavor (SF) and opposite-sign (OS) to recon-
struct the Z boson within 10 GeV of its mass. When all three leptons have the same
flavor, all combinations of opposite-sign pairs are evaluated to reconstruct the dilep-
ton invariant mass and the combination that has a value closest to the Z boson mass
(i.e. 91 GeV) is considered as Z candidate. The unpaired lepton is assumed to come
from the W boson decay

• any SF OS lepton pair should have an invariant mass (m``) larger than 20 GeV
• at least 30 GeV of missing energy should be present in the event
• at least two jets with pT larger than 30 GeV have to be detected and the first two

highest pT ones are identified as the tag jets from the VBS process
• the pseudorapidity difference between the two tag jets (Dhjj) has to be larger than 4

units

95% CLs @ 3000 fb-1 95% CLs @ 35.9 fb-1 

• Projected limits on dim-8 operators show much stronger 
constraints
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Table 3: Summary of 5σ discovery values of fS 0 using the pp → W±W± + 2 j → ℓ±νℓ±ν + 2 j search in

the VBS mode at pp collision center-of-mass energy of 14 TeV.

The main background contributions are from WZ j j, Wγ, jets faking leptons, lepton charge flips, and

the QCD diagrams of ssWW. The WZ and ssWW-QCD backgrounds were generated using MadGraph

version 1.5.9. The misidentified-lepton, photon-conversion (from Wγ production) and charge-flip contri-

butions, collectively termed “mis-ID” backgrounds, were accounted for by scaling the WZ background

by a conservative factor of ≈ 2 taken from the study of ssWW with current ATLAS data.

6.2 Event Selection

Events are considered ssWW candidates provided they meet the following criteria:

• Exactly two selected leptons (each with pT > 25 GeV) with the same charge.

• At least one selected lepton must fire the trigger.

• At least two selected jets with pT > 50 GeV.

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets.

6.3 Statistical Analysis

The statistical analysis is performed by constructing templates of the mll j j distribution for different values

of fS 0/Λ
4. The templates for ssWW-QCD and (scaled) WZ backgrounds are included. Here mll j j is the

4-body invariant mass of the two leading leptons and the two leading jets in the event, which we found

to be a robust and sensitive variable since calculating the true WW invariant mass is not possible when

two neutrinos are present. The distribution of mll j j and the signal significance as a function of fS 0/Λ
4

are shown in Fig. 3.

In Table 3 the 5σ discovery potential is illustrated, showing the improvement possible with the in-

creased luminosity.

7 Zγγ in the dilepton plus diphoton channel

The Zγγ mass spectrum at high mass is sensitive to BSM triboson contributions. The lepton-photon

channel allows full reconstruction of the final state and calculate the Zγγ invariant mass. This analysis

is new since the European Strategy Submission. We parameterize the BSM physics using the following

operators

LT,8 =
fT8

Λ4
BµνB

µνBαβB
αβ

LT,9 =
fT9

Λ4
BαµB

µβBβνB
να (4)
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Figure 12: The expected total uncertainty for the various detector scenarios for the EWK WZ
cross section measurement as a function of the collected luminosity.
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Figure 13: The expected discovery significance for the longitudinal vector boson scattering for
the various detector scenarios as a function of the collected luminosity for the WZ analysis.

8 Combination of the WW and WZ results
The results from the WW and WZ analyses have been combined, to determine the overall
performance for significance of the longitudinal scattering observation and the 95% CL limit
on deviations from the Standard Model due to partial unitarization schemes. The combination
accounts for correlations between the two analyses. Table 3 shows the relevant results of the
combination, assuming a unity scale factor for the fake lepton rate. Figures 15 and 16 show the
evolution of these results with the fake lepton rate scale factor for a luminosity of 3 ab�1, and
as a function of the luminosity for the unity of the fake lepton rate scale factor. In both cases
the Phase II detector provides better performance than the Phase I aged one.

• Larger σ than VBS ZZ, 
while still able to construct 
mVV  

• Attainable sensitivity in the 
tails at high lumi 

• Much better precision on 
the cross section 

• 5σ discovery values:
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Figure 1: In the pp → ZZ + 2 j → ℓℓℓℓ + 2 j process, the reconstructed 4-lepton mass (m4ℓ) spectrum is

shown after requiring m j j > 1 TeV (left), and signal significance as a function of cφW/Λ
2 (right). The

overflow bin is included in the plot on the left.

In the event that there are multiple neutrino pz solutions to the W mass constraint equation, the

solution with the smallest magnitude is chosen. If no real pz solution exists, the x and y components of

Emiss
T

are varied minimally to give a unique solution.

Figure 2 shows the reconstructed 4-lepton invariant mass distribution for this channel.
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Figure 2: In the pp → WZ + 2 j → ℓνℓℓ + 2 j channel, the reconstructed WZ mass spectrum using the

charged leptons and the neutrino solution after requiring m j j > 1 TeV (left), and and signal significance

as a function of fT1/Λ
4 (right). The overflow bin is included in the plot on the left.

5.1 Monte Carlo Predictions

We include only the SM WZ production as background, as ATLAS analyses of current data [17] have

shown that mis-identification backgrounds are small in this channel. Non-VBS WZ production in as-

sociation with initial-state radiation of two jets was simulated using MadGraph [11]. MadGraph 1.5.9

4

was used to generate SM and non-SM VBS WZ production. Each W boson was required to decay to an

electron and neutrino or a muon and neutrino, and each Z boson was required to decay to an electron or

muon pair.

5.2 Event Selection

Events are considered VBS WZ candidates provided they meet the following criteria:

• Exactly three selected leptons (each with pT > 25 GeV) which can be separated into an opposite

sign, same flavor pair and an additional single lepton

• At least one selected lepton must fire the trigger.

• At least two selected jets with pT > 50 GeV.

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets

5.3 Statistical Analysis

The statistical analysis is identical to that employed in Sec. 4.3. Figure 2 shows the signal significance

as a function of fT1/Λ
4. In Table 2 the 5σ discovery potential is illustrated, showing the improvement

possible with the increased luminosity. As in the ZZ → 4ℓ channel, the reconstructed 3ℓν mass is the

process
√

ŝ, and the study of its distribution directly probes the energy-dependence of the new physics.

300 fb−1 3000 fb−1

fT1/Λ
4 1.3 TeV−4 0.6 TeV−4

Table 2: Summary of expected sensitivity to anomalous VBS WZ signal at
√

s = 14 TeV, quoted in the

terms of 5σ-significance discovery values of fT1/Λ
4.

6 VBS W±W± → ℓ±νℓ±ν

The potential for new physics via dimension-8 gauge-invariant operators is presented in the scattering of

same-sign W bosons (ssWW). The dimension-8 operator

LS ,0 =
fS 0

Λ4
[(Dµφ)

†Dνφ)] × [(Dµφ)†Dνφ)] (3)

is chosen to parameterize the new physics in terms of the magnitude of the coefficient fS 0/Λ
4. This

analysis is new since the European Strategy submission.

The two leading jets are used to tag the vector boson scattering process pp → W±W± + 2 j →
l±νl±ν + 2 j where l is electron or muon. We protect against pile-up jets by requiring the tagging jets to

have pT > 50 GeV.

6.1 Monte Carlo Predictions

The signal samples were generated using MadGraph version 1.5.10. Cross sections calculated by Mad-

Graph were found to be in agreement with VBFNLO [18, 19, 20] calculations within 2% for the SM

VBS process and within 10% for non-zero values of fS 0/Λ
4.

5
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Table 2
Expected and observed lower and upper 95% CL limits on the couplings of the quartic operators T0, T1, and T2, 
as well as the neutral current operators T8 and T9. The unitarity bounds are also listed. All coupling parameter 
limits are in TeV−4, while the unitarity bounds are in TeV.

Coupling Exp. lower Exp. upper Obs. lower Obs. upper Unitarity bound

fT0/!4 −0.53 0.51 −0.46 0.44 2.5
fT1/!4 −0.72 0.71 −0.61 0.61 2.3
fT2/!4 −1.4 1.4 −1.2 1.2 2.4
fT8/!4 −0.99 0.99 −0.84 0.84 2.8
fT9/!4 −2.1 2.1 −1.8 1.8 2.9

The BDT distribution of the events in the ZZjj selection is 
used to extract the significance of the EW signal via a maximum-
likelihood fit. The expected distributions for the signal and the ir-
reducible backgrounds are taken from the simulation while the re-
ducible background is estimated from the data. The shape and nor-
malization of each distribution are allowed to vary in the fit within 
the respective uncertainties. This approach constrains the yield of 
the QCD-induced production from the background-enriched region 
of the BDT distribution.

The systematic uncertainties are treated as nuisance parame-
ters in the fit and profiled [54]. The post-fit values are then used 
to extract the signal strength. The signal strength is measured to 
be µ = 1.39+0.72

−0.57 (stat) +0.46
−0.31 (syst) = 1.39+0.86

−0.65 and the background-
only hypothesis is excluded with a significance of 2.7 standard 
deviations (1.6 standard deviations expected).

The measured signal strength is used to determine the fidu-
cial cross section for the EW production. The fiducial volume is 
almost identical to the selections imposed at the reconstruction 
level, the only difference being the lepton thresholds of pℓ

T >

5 GeV and |η|ℓ < 2.5. The generator-level lepton momenta are cor-
rected by adding the momenta of generator-level photons within 
$R(ℓ, γ ) < 0.1. The kinematic selection of the Z bosons and the 
final ZZjj candidate proceeds as the reconstruction-level selection. 
The observed signal strength corresponds to a fiducial cross section 
of σEW(pp → ZZjj → ℓℓℓ′ℓ′jj) = 0.40+0.21

−0.16 (stat) +0.13
−0.09 (syst) fb, com-

patible with the SM prediction of 0.29+0.02
−0.03 fb.

8. Limits on anomalous quartic gauge couplings

The events in the ZZjj selection are used to constrain aQGCs in 
the effective field theory approach. The ZZjj channel is sensitive to 
the operators T0, T1, and T2, as well as the neutral current opera-
tors T8 and T9 [7]. The former operators are constructed from the 
SUL(2) gauge fields, while the latter only involve the UY (1) fields. 
As a consequence, the T8 and T9 operators are experimentally ac-
cessible only via final states involving the neutral gauge bosons. 
The effect of a nonzero aQGC is to enhance the production cross 
section at large masses of the ZZ system. Thus the mZZ distribution 
is used to constrain the aQGC parameters fTi/!

4. The increase of 
the yield exhibits a quadratic dependence on the anomalous cou-
pling, and a parabolic function is fitted to the per-mass bin yields, 
allowing for an interpolation between the discrete coupling pa-
rameters of the simulated signals. The statistical analysis employs 
the same methodology used for the signal strength, including the 
profiling of the systematic uncertainties. The distributions of the 
background model, including the EW component, are normalized 
to their respective SM predictions. The Wald Gaussian approxima-
tion and Wilks’ theorem are used to derive 95% confidence level 
(CL) limits on the aQGC parameters [55–57]. The measurement is 
statistically limited.

Fig. 4 shows the expected mZZ distribution for the SM and two 
aQGC scenarios. Table 2 lists the individual lower and upper lim-
its obtained by setting all other anomalous couplings to zero, as 
well as the unitarity bound. The unitarity bound is determined 

Fig. 4. The mZZ distribution in the ZZjj selection together with the SM prediction 
and two hypotheses for the aQGC coupling strengths. Points represent the data, 
filled histograms the expected signal and background contributions. The last bin 
includes all contributions with mZZ > 1200 GeV.

using the VBFNLO framework [58] as the scattering energy mZZ
at which the aQGC coupling strength set equal to the observed 
limit would result in a scattering amplitude that violates unitarity. 
These are the most stringent limits to date on the aQGC parame-
ters fT0,1,2/!

4 and fT8,9/!
4.

9. Summary

A search was performed for vector boson scattering in the 
four-lepton and two-jet final state using proton–proton collisions 
at 13 TeV. The data correspond to an integrated luminosity of 
35.9 fb−1 collected with the CMS detector at the LHC.

The electroweak production of two Z bosons in association 
with two jets was measured with an observed (expected) signif-
icance of 2.7 (1.6) standard deviations. The fiducial cross section 
is σEW(pp → ZZjj → ℓℓℓ′ℓ′jj) = 0.40+0.21

−0.16 (stat) +0.13
−0.09 (syst) fb, con-

sistent with the standard model prediction of 0.29+0.02
−0.03 fb.

Limits on anomalous quartic gauge couplings were set at the 
95% confidence level in terms of effective field theory operators, in 
units of TeV−4:

−0.46 < fT0/!
4 < 0.44

−0.61 < fT1/!
4 < 0.61

−1.2 < fT2/!
4 < 1.2

−0.84 < fT8/!
4 < 0.84

−1.8 < fT9/!
4 < 1.8.

These are the first results for the electroweak production of two 
Z bosons in association with jets at the LHC and the most stringent 
limits on the T0, T1, T2, T8, and T9 anomalous quartic gauge cou-
plings to date.

• Fully reconstructable final state 
• 13 TeV CMS result, reaching up 

to mZZ ~1600 GeV 

• Projection from ATLAS  
 (mjj > 1 TeV)  
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Figure 1: In the pp → ZZ + 2 j → ℓℓℓℓ + 2 j process, the reconstructed 4-lepton mass (m4ℓ) spectrum is

shown after requiring m j j > 1 TeV (left), and signal significance as a function of cφW/Λ
2 (right). The

overflow bin is included in the plot on the left.

In the event that there are multiple neutrino pz solutions to the W mass constraint equation, the

solution with the smallest magnitude is chosen. If no real pz solution exists, the x and y components of

Emiss
T

are varied minimally to give a unique solution.

Figure 2 shows the reconstructed 4-lepton invariant mass distribution for this channel.
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Figure 2: In the pp → WZ + 2 j → ℓνℓℓ + 2 j channel, the reconstructed WZ mass spectrum using the

charged leptons and the neutrino solution after requiring m j j > 1 TeV (left), and and signal significance

as a function of fT1/Λ
4 (right). The overflow bin is included in the plot on the left.

5.1 Monte Carlo Predictions

We include only the SM WZ production as background, as ATLAS analyses of current data [17] have

shown that mis-identification backgrounds are small in this channel. Non-VBS WZ production in as-

sociation with initial-state radiation of two jets was simulated using MadGraph [11]. MadGraph 1.5.9
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Table 2
Expected and observed lower and upper 95% CL limits on the couplings of the quartic operators T0, T1, and T2, 
as well as the neutral current operators T8 and T9. The unitarity bounds are also listed. All coupling parameter 
limits are in TeV−4, while the unitarity bounds are in TeV.

Coupling Exp. lower Exp. upper Obs. lower Obs. upper Unitarity bound

fT0/!4 −0.53 0.51 −0.46 0.44 2.5
fT1/!4 −0.72 0.71 −0.61 0.61 2.3
fT2/!4 −1.4 1.4 −1.2 1.2 2.4
fT8/!4 −0.99 0.99 −0.84 0.84 2.8
fT9/!4 −2.1 2.1 −1.8 1.8 2.9

The BDT distribution of the events in the ZZjj selection is 
used to extract the significance of the EW signal via a maximum-
likelihood fit. The expected distributions for the signal and the ir-
reducible backgrounds are taken from the simulation while the re-
ducible background is estimated from the data. The shape and nor-
malization of each distribution are allowed to vary in the fit within 
the respective uncertainties. This approach constrains the yield of 
the QCD-induced production from the background-enriched region 
of the BDT distribution.

The systematic uncertainties are treated as nuisance parame-
ters in the fit and profiled [54]. The post-fit values are then used 
to extract the signal strength. The signal strength is measured to 
be µ = 1.39+0.72

−0.57 (stat) +0.46
−0.31 (syst) = 1.39+0.86

−0.65 and the background-
only hypothesis is excluded with a significance of 2.7 standard 
deviations (1.6 standard deviations expected).

The measured signal strength is used to determine the fidu-
cial cross section for the EW production. The fiducial volume is 
almost identical to the selections imposed at the reconstruction 
level, the only difference being the lepton thresholds of pℓ

T >

5 GeV and |η|ℓ < 2.5. The generator-level lepton momenta are cor-
rected by adding the momenta of generator-level photons within 
$R(ℓ, γ ) < 0.1. The kinematic selection of the Z bosons and the 
final ZZjj candidate proceeds as the reconstruction-level selection. 
The observed signal strength corresponds to a fiducial cross section 
of σEW(pp → ZZjj → ℓℓℓ′ℓ′jj) = 0.40+0.21

−0.16 (stat) +0.13
−0.09 (syst) fb, com-

patible with the SM prediction of 0.29+0.02
−0.03 fb.

8. Limits on anomalous quartic gauge couplings

The events in the ZZjj selection are used to constrain aQGCs in 
the effective field theory approach. The ZZjj channel is sensitive to 
the operators T0, T1, and T2, as well as the neutral current opera-
tors T8 and T9 [7]. The former operators are constructed from the 
SUL(2) gauge fields, while the latter only involve the UY (1) fields. 
As a consequence, the T8 and T9 operators are experimentally ac-
cessible only via final states involving the neutral gauge bosons. 
The effect of a nonzero aQGC is to enhance the production cross 
section at large masses of the ZZ system. Thus the mZZ distribution 
is used to constrain the aQGC parameters fTi/!

4. The increase of 
the yield exhibits a quadratic dependence on the anomalous cou-
pling, and a parabolic function is fitted to the per-mass bin yields, 
allowing for an interpolation between the discrete coupling pa-
rameters of the simulated signals. The statistical analysis employs 
the same methodology used for the signal strength, including the 
profiling of the systematic uncertainties. The distributions of the 
background model, including the EW component, are normalized 
to their respective SM predictions. The Wald Gaussian approxima-
tion and Wilks’ theorem are used to derive 95% confidence level 
(CL) limits on the aQGC parameters [55–57]. The measurement is 
statistically limited.

Fig. 4 shows the expected mZZ distribution for the SM and two 
aQGC scenarios. Table 2 lists the individual lower and upper lim-
its obtained by setting all other anomalous couplings to zero, as 
well as the unitarity bound. The unitarity bound is determined 

Fig. 4. The mZZ distribution in the ZZjj selection together with the SM prediction 
and two hypotheses for the aQGC coupling strengths. Points represent the data, 
filled histograms the expected signal and background contributions. The last bin 
includes all contributions with mZZ > 1200 GeV.

using the VBFNLO framework [58] as the scattering energy mZZ
at which the aQGC coupling strength set equal to the observed 
limit would result in a scattering amplitude that violates unitarity. 
These are the most stringent limits to date on the aQGC parame-
ters fT0,1,2/!

4 and fT8,9/!
4.

9. Summary

A search was performed for vector boson scattering in the 
four-lepton and two-jet final state using proton–proton collisions 
at 13 TeV. The data correspond to an integrated luminosity of 
35.9 fb−1 collected with the CMS detector at the LHC.

The electroweak production of two Z bosons in association 
with two jets was measured with an observed (expected) signif-
icance of 2.7 (1.6) standard deviations. The fiducial cross section 
is σEW(pp → ZZjj → ℓℓℓ′ℓ′jj) = 0.40+0.21

−0.16 (stat) +0.13
−0.09 (syst) fb, con-

sistent with the standard model prediction of 0.29+0.02
−0.03 fb.

Limits on anomalous quartic gauge couplings were set at the 
95% confidence level in terms of effective field theory operators, in 
units of TeV−4:

−0.46 < fT0/!
4 < 0.44

−0.61 < fT1/!
4 < 0.61

−1.2 < fT2/!
4 < 1.2

−0.84 < fT8/!
4 < 0.84

−1.8 < fT9/!
4 < 1.8.

These are the first results for the electroweak production of two 
Z bosons in association with jets at the LHC and the most stringent 
limits on the T0, T1, T2, T8, and T9 anomalous quartic gauge cou-
plings to date.
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• Projections for VBF 

• Good for precision 
measurements of the Higgs 
signal strength, and couplings 
to other particles

4.6 Physics Benchmark Studies
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Figure 4.32: Kinematic distributions used in the measurement of VBF Higgs Boson production: (a)
Dfll , (b) mT , (c) |Dyjj|, and (d) mjj. Each distribution is shown for the full selection except for the
requirement on the variable being displayed, arrows indicate the point at which the selection cut is
set.

evaluation of their individual contribution has to take into account the strong correlation
between them. If the track confirmation is dropped for jets in the pseudorapidity region
|h| > 2.4, a degradation of the signal strength measurement by up to 60% is observed. On
the other hand, the importance of b-tagging in the very forward region for physics processes
where top-quark production is a significant background is demonstrated by removing the
b-tagging requirement in the very forward region. In this case, the degradation in the signal
strength measurement is 55%.

4.6.2 Same-Sign WW production

The measurement of same-sign W±W± production offers one of the best opportunities to
measure the cross section for vector-boson scattering (VBS). In the Standard Model, the
Higgs boson prevents the longitudinal scattering amplitude of the VV ! VV process from
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Figure 7: BDT training variable kinematics for the Middle detector layout. The solid blue distributions represent
VBF-mediated Higgs-boson events, while the hatched red distributions represent 2-jet gluon fusion-mediated Higgs-
boson events.
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Figure 8: BDT training variable kinematics for the Reference detector layout. The solid blue distributions represent
VBF-mediated Higgs-boson events, while the hatched red distributions represent 2-jet gluon fusion-mediated Higgs-
boson events.
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Figure 11.28: (left) Distribution of the opening angle in h, Dh(J1, J2), for the highest and second
highest pT jet, and (right) the visible mtt for events with Dh(J1, J2) > 4.5.

lepton energy scales are assumed to be known with a precision of 1% and 1.5% respectively.
The significance of a SM HH signal is expected to range between 1.1 and 1.3s, depending on
the assumptions made on the background rejection. The corresponding 95% confidence level
upper limit on the HH SM production cross section (sSM

HH) ranges between 1.9 and 1.7 ⇥ sSM
HH.

These results constitute the reference to which the sensitivity to HH production obtained with
the analysis described below should be compared.

The analysis described in the following makes use of dedicated simulated samples, to incorpo-
rate the collision conditions of the HL-LHC and the performance of Phase-2 upgraded detector
including the HGCal. These samples allow the verification of the assumptions made concern-
ing the performance of the future HL-LHC CMS detector, and the study of the improved ca-
pabilities of the CMS experiment following the installation of the HGCal detector. The study
of HH VBF production is also explored to evaluate the advantages provided by the upgraded
HGCal detector information.

Events selected in the Phase-2 analysis are required to have at least two (medium WP) b-tagged
jets with pT > 30 GeV, and two hadronically decayed tau leptons with pT > 45 GeV. A veto
on the presence of a third isolated lepton (either a muon or an electron) is applied to reduce
the contributions from misidentified leptons and QCD background. A misidentification prob-
ability for electron(jets) to tau leptons of 4%(1.26%), obtained from dedicated studies shown in
Section 11.2.2, is applied to the corresponding Phase-2 objects.

A dedicated category targeting VBF HH production has been introduced that considers events
satisfying the criteria above and also have an additional pair of jets with an invariant mass
mjj > 250 GeV and |Dh(j, j)| > 2.5. To increase signal statistics in this category, the b tagging
requirement on the two b jets is relaxed to the loose working point.

H ! thth (Htt) candidates are reconstructed by combining all possible opposite-sign tau lep-
ton pairs present in each event. In each pair, the tau with the highest pT is defined to be the first.
If more then one pair is present in the event, the chosen candidate is the one where the first tau
is the most isolated according to the sum of pT of the charged particle in a cone of 0.5 around
it. Pairs are formed only from taus with isolation less than 2.5 GeV. The SVFit [76] algorithm is
applied to selected di-tau pairs in order to reconstruct the most likely H ! tt invariant mass.

ATLAS 
H → WW

ATLAS H → ZZ CMS 
H →ττ
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• HL-LHC opens up some interesting avenues for NP-searches at 
high energy 

• Deviations in differential spectra at high pT can be fitted to 
Higgs coupling modifiers, e.g. κt/cg  

• NP-potential in the tails of VBS  

• EFT in both cases a good framework for interpretation 

• Interpretation by theorists or experimentalists? 

• Both cases currently limited by statistics  

• 3 ab-1 of data opens up possibilities for new measurements, 
and would provide competitive limits on Higgs couplings
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• Transverse momentum pT
H  

• Sensitivity to modifications of 
effective Higgs Yukawa 
couplings  

• Sensitivity to finite top mass 
effects 

• Jet multiplicity Njets & pT of the 
first jet pT

jet1  

• New physics in the loop, 
sensitivity at high pT   

• Rapidity |yH|  

• Theory distribution mostly 
determined by the gluon 
PDF; possible test

Banfi, M
artin, Sanz (2014) 

[1308.4771]

2

momenta pT . mh/2. This partly compensates for the
quadratic mass suppression m2

Q/m
2
h appearing in (1). As

a result of the logarithmic sensitivity and of the 2
Q de-

pendence in quark-initiated production, one expects de-
viations of several percent in the pT spectra in Higgs
production for O(1) modifications of Q. In the SM,
the light-quark e↵ects are small. Specifically, in compar-
ison to the Higgs e↵ective field theory (HEFT) predic-
tion, in gg ! hj the bottom contribution has an e↵ect
of around �5% on the di↵erential distributions while the
impact of the charm quark is at the level of �1%. Like-
wise, the combined gQ ! hQ, QQ̄ ! hg channels (with
Q = b, c) lead to a shift of roughly 2%. Precision mea-
surements of the Higgs distributions for moderate pT
values combined with precision calculations of these ob-
servables are thus needed to probe O(1) deviations in yb
and yc. Achieving such an accuracy is both a theoretical
and experimental challenge, but it seems possible in view
of foreseen advances in higher-order calculations and the
large statistics expected at future LHC runs.

Theoretical framework. Our goal is to explore
the sensitivity of the Higgs-boson (pT,h) and leading-
jet (pT,j) transverse momentum distributions in inclusive
Higgs production to simultaneous modifications of the
light Yukawa couplings. We consider final states where
the Higgs boson decays into a pair of gauge bosons. To
avoid sensitivity to the modification of the branching ra-
tios, we normalise the distributions to the inclusive cross
section. The e↵ect on branching ratios can be included in
the context of a global analysis, jointly with the method
proposed here.

The gg ! hj channel was analysed in depth in the
HEFT framework where one integrates out the domi-
nant top-quark loops and neglects the contributions from
lighter quarks. While in this approximation the two
spectra and the total cross section were studied exten-
sively, the e↵ect of lighter quarks is not yet known with
the same precision for pT . mh/2. Within the SM,
the LO distribution for this process was derived long
ago [17, 19], and the next-to-leading-order (NLO) cor-
rections to the total cross section were calculated in [20–
24]. In the context of analytic resummations of the Su-
dakov logarithms ln (pT /mh), the inclusion of mass cor-
rections to the HEFT were studied both for the pT,h

and pT,j distributions [25–27]. More recently, the first
resummations of some of the leading logarithms (1) were
accomplished both in the abelian [28] and in the high-
energy [29] limit. The reactions gQ ! hQ, QQ̄ ! hg
were computed at NLO [30, 31] in the five-flavour scheme
that we employ here, and the resummation of the loga-
rithms ln (pT,h/mh) in QQ̄ ! h was also performed up to
next-to-next-to-leading-logarithmic (NNLL) order [32].

In the case of gg ! hj, we generate the LO spectra
with MG5aMC@NLO [33]. We also include NLO corrections
to the spectrum in the HEFT [34–36] using MCFM [37].
The total cross sections for inclusive Higgs production
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Figure 1: The normalised pT,h spectrum of inclusive Higgs
production at

p
s = 8TeV divided by the SM prediction for

di↵erent values of c. Only c is modified, while the remain-
ing Yukawa couplings are kept at their SM values.

are obtained from HIGLU [38], taking into account the
NNLO corrections in the HEFT [39–41]. Sudakov loga-
rithms ln (pT /mh) are resummed up to NNLL order both
for pT,h [42–44] and pT,j [45–47], treating mass correc-
tions following [27]. The latter e↵ects will be significant,
once the spectra have been precisely measured down to
pT values of O(5GeV). The gQ ! hQ, QQ̄ ! hg contri-
butions to the distributions are calculated at NLO with
MG5aMC@NLO [48] and cross-checked against MCFM. The ob-
tained events are showered with PYTHIA 8.2 [49] and jets
are reconstructed with the anti-kt algorithm [50] as im-
plemented in FastJet [51] using R = 0.4 as a radius
parameter.
Our default choice for the renormalisation (µR), fac-

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in

Bishara, Haisch, Monni, 
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(a) (b)

Figure 1: Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations and
(b) mixed contribution of the dimension-six operator for 0 GeV pT  400 GeV. The lower frame shows the ratio
with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5

5 Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery of new resonances,
it will be crucial to fully exploit the data to study possible (small) deviations from the SM predictions. The formalism
that can be used for this purpose is SMEFT, which parametrises high-scale BSM e↵ects through appropriate higher-
dimensional operators. Bounds on the corresponding Wilson coe�cients of these operators can be set by comparing
to the experimental data.

In this note we have presented an extension of the recently published NLL+NLO calculations of the Higgs pT
spectra augmented with SMEFT operators [1] to NNLL+NNLO level of accuracy. We start with state-of-the-art
SM predictions and scale them by relative SMEFT/SM e↵ects at NLL+NLO (i.e. the ratios plotted in the lower
panels of the Figures).

We found that variations of di↵erent SMEFT operators manifest themselves in di↵erent regions of the Higgs pT
spectrum: a modification of the bottom Yukawa coupling (O3) induces e↵ects almost exclusively at small pT , while
a direct coupling of the Higgs boson to gluons (O1) changes the shape of the distribution in the high-pT tail and
the top Yukawa coupling primary a↵ects the normalisation. We notice from the presented spectra that the shape of
the transverse momentum distribution depends on the mass of the particle that mediates the Higgs-gluon coupling.
The lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of bottom
loop leads to the softest spectrum, while an enhancement of the point-like coupling (corresponding to infinite mass
particles in the loop) to the hardest one.

Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are known only in the heavy
top limit, with just approximate inclusion of top mass e↵ects, and thus the approach involving a scaling of the

5
For more discussion on the SMEFT operators impact on the spectra refer to [1].

3

Grazzini, Ilnicka, Spira, 
Wiesemann (2017) 

[1705.05143]
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and heavy fermion production @10#.
The necessity to include all vector-boson scattering dia-

grams for V1V2!V3V4 in order to obtain EVBA predictions
for the production of a vector-boson pair V3V4, not neces-
sarily near a Higgs boson resonance, was first mentioned in
@9# and @11#. The possible diagrams for these processes,
q1q2!q18q28V3V4, where qi ,qi8 are quarks, are shown in Fig.
2.
It was further pointed out that the yield of V3V4 pairs

from q1q2!q18q28V3V4 must be discussed together with the
yield from the direct reaction q1q2!V3V4 ~Drell-Yan reac-
tion! unless a suitable analysis of the different proton rem-
nants from the two production mechanisms allows one to
separate the different production mechanisms.
In first applications to vector-boson scattering, again only

the contribution from the longitudinal intermediate states
was considered while the contribution from transverse states
was neglected. This contribution was taken to be small
against the q1q2!V3V4 contribution while the contribution
from V1,LV2,L!V3V4 could be large if the longitudinal vec-
tor bosons interact strongly. The interest in the strongly in-
teracting scenario @12# was the original motivation to use the
EVBA.
The EVBA has been used for vector-boson scattering in

@2#, @13–17#. In @14#, the EVBA was used only for the lon-
gitudinal intermediate states. The transverse states were

taken into account by a complete perturbative calculation ~to
lowest order in the coupling! of the process
q1q2!q18q28V3V4. This calculation requires the evaluation of
more diagrams than only the vector-boson scattering dia-
grams, as indicated in Fig. 3. To be precise, in @14# the
EVBA was used only to calculate the difference between the
cross sections in a strongly interacting model and in the stan-
dard model with a light Higgs boson. This difference shows
an interesting behavior in a strongly interacting scenario and
was therefore considered as a potential signal for strongly
interacting vector bosons. The difference receives a contri-
bution virtually only from the longitudinal states. It was
found @14# that this calculation agrees with a complete per-
turbative calculation to about 10% ~evidenced for W6Z and
W6W6 production! if the standard model with a heavy
Higgs boson is taken as the strongly interacting model. I note
that for strong scattering a method has been recently de-
scribed which does not make use of the EVBA @18#.
In @13,16,17# the application of the EVBA was extended

to the contributions from all intermediate polarization states.
It was known, however, that the EVBA can overestimate
results of complete perturbative calculations by a factor of 3
if the transverse helicities are important @19,20#. Other com-
parisons of results of complete calculations for
pp!V3V41X with EVBA results @21,22# showed that the
EVBA is always a good approximation on the Higgs boson

FIG. 2. The diagram for q1q2!q18q28V3V4 in the effective vector-boson approximation and the diagrams for vector-boson scattering.
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• Can use the pT 
spectra to fit κb vs. 
κc  
• Simply vary κb 

vs. κc until the 
spectrum 
matches the 
observed 
spectrum the 
best 

• What can we do 
with this at 3 
ab-1?
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momenta pT . mh/2. This partly compensates for the
quadratic mass suppression m2

Q/m
2
h appearing in (1). As

a result of the logarithmic sensitivity and of the 2
Q de-

pendence in quark-initiated production, one expects de-
viations of several percent in the pT spectra in Higgs
production for O(1) modifications of Q. In the SM,
the light-quark e↵ects are small. Specifically, in compar-
ison to the Higgs e↵ective field theory (HEFT) predic-
tion, in gg ! hj the bottom contribution has an e↵ect
of around �5% on the di↵erential distributions while the
impact of the charm quark is at the level of �1%. Like-
wise, the combined gQ ! hQ, QQ̄ ! hg channels (with
Q = b, c) lead to a shift of roughly 2%. Precision mea-
surements of the Higgs distributions for moderate pT
values combined with precision calculations of these ob-
servables are thus needed to probe O(1) deviations in yb
and yc. Achieving such an accuracy is both a theoretical
and experimental challenge, but it seems possible in view
of foreseen advances in higher-order calculations and the
large statistics expected at future LHC runs.

Theoretical framework. Our goal is to explore
the sensitivity of the Higgs-boson (pT,h) and leading-
jet (pT,j) transverse momentum distributions in inclusive
Higgs production to simultaneous modifications of the
light Yukawa couplings. We consider final states where
the Higgs boson decays into a pair of gauge bosons. To
avoid sensitivity to the modification of the branching ra-
tios, we normalise the distributions to the inclusive cross
section. The e↵ect on branching ratios can be included in
the context of a global analysis, jointly with the method
proposed here.

The gg ! hj channel was analysed in depth in the
HEFT framework where one integrates out the domi-
nant top-quark loops and neglects the contributions from
lighter quarks. While in this approximation the two
spectra and the total cross section were studied exten-
sively, the e↵ect of lighter quarks is not yet known with
the same precision for pT . mh/2. Within the SM,
the LO distribution for this process was derived long
ago [17, 19], and the next-to-leading-order (NLO) cor-
rections to the total cross section were calculated in [20–
24]. In the context of analytic resummations of the Su-
dakov logarithms ln (pT /mh), the inclusion of mass cor-
rections to the HEFT were studied both for the pT,h

and pT,j distributions [25–27]. More recently, the first
resummations of some of the leading logarithms (1) were
accomplished both in the abelian [28] and in the high-
energy [29] limit. The reactions gQ ! hQ, QQ̄ ! hg
were computed at NLO [30, 31] in the five-flavour scheme
that we employ here, and the resummation of the loga-
rithms ln (pT,h/mh) in QQ̄ ! h was also performed up to
next-to-next-to-leading-logarithmic (NNLL) order [32].

In the case of gg ! hj, we generate the LO spectra
with MG5aMC@NLO [33]. We also include NLO corrections
to the spectrum in the HEFT [34–36] using MCFM [37].
The total cross sections for inclusive Higgs production
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Figure 1: The normalised pT,h spectrum of inclusive Higgs
production at

p
s = 8TeV divided by the SM prediction for

di↵erent values of c. Only c is modified, while the remain-
ing Yukawa couplings are kept at their SM values.

are obtained from HIGLU [38], taking into account the
NNLO corrections in the HEFT [39–41]. Sudakov loga-
rithms ln (pT /mh) are resummed up to NNLL order both
for pT,h [42–44] and pT,j [45–47], treating mass correc-
tions following [27]. The latter e↵ects will be significant,
once the spectra have been precisely measured down to
pT values of O(5GeV). The gQ ! hQ, QQ̄ ! hg contri-
butions to the distributions are calculated at NLO with
MG5aMC@NLO [48] and cross-checked against MCFM. The ob-
tained events are showered with PYTHIA 8.2 [49] and jets
are reconstructed with the anti-kt algorithm [50] as im-
plemented in FastJet [51] using R = 0.4 as a radius
parameter.
Our default choice for the renormalisation (µR), fac-

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in
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• Can use the pT 
spectra to fit κb vs. 
κc  
• Simply vary κb 

vs. κc until the 
spectrum 
matches the 
observed 
spectrum the 
best 

• What can we do 
with this at 3 
ab-1?

2

momenta pT . mh/2. This partly compensates for the
quadratic mass suppression m2

Q/m
2
h appearing in (1). As

a result of the logarithmic sensitivity and of the 2
Q de-

pendence in quark-initiated production, one expects de-
viations of several percent in the pT spectra in Higgs
production for O(1) modifications of Q. In the SM,
the light-quark e↵ects are small. Specifically, in compar-
ison to the Higgs e↵ective field theory (HEFT) predic-
tion, in gg ! hj the bottom contribution has an e↵ect
of around �5% on the di↵erential distributions while the
impact of the charm quark is at the level of �1%. Like-
wise, the combined gQ ! hQ, QQ̄ ! hg channels (with
Q = b, c) lead to a shift of roughly 2%. Precision mea-
surements of the Higgs distributions for moderate pT
values combined with precision calculations of these ob-
servables are thus needed to probe O(1) deviations in yb
and yc. Achieving such an accuracy is both a theoretical
and experimental challenge, but it seems possible in view
of foreseen advances in higher-order calculations and the
large statistics expected at future LHC runs.

Theoretical framework. Our goal is to explore
the sensitivity of the Higgs-boson (pT,h) and leading-
jet (pT,j) transverse momentum distributions in inclusive
Higgs production to simultaneous modifications of the
light Yukawa couplings. We consider final states where
the Higgs boson decays into a pair of gauge bosons. To
avoid sensitivity to the modification of the branching ra-
tios, we normalise the distributions to the inclusive cross
section. The e↵ect on branching ratios can be included in
the context of a global analysis, jointly with the method
proposed here.

The gg ! hj channel was analysed in depth in the
HEFT framework where one integrates out the domi-
nant top-quark loops and neglects the contributions from
lighter quarks. While in this approximation the two
spectra and the total cross section were studied exten-
sively, the e↵ect of lighter quarks is not yet known with
the same precision for pT . mh/2. Within the SM,
the LO distribution for this process was derived long
ago [17, 19], and the next-to-leading-order (NLO) cor-
rections to the total cross section were calculated in [20–
24]. In the context of analytic resummations of the Su-
dakov logarithms ln (pT /mh), the inclusion of mass cor-
rections to the HEFT were studied both for the pT,h

and pT,j distributions [25–27]. More recently, the first
resummations of some of the leading logarithms (1) were
accomplished both in the abelian [28] and in the high-
energy [29] limit. The reactions gQ ! hQ, QQ̄ ! hg
were computed at NLO [30, 31] in the five-flavour scheme
that we employ here, and the resummation of the loga-
rithms ln (pT,h/mh) in QQ̄ ! h was also performed up to
next-to-next-to-leading-logarithmic (NNLL) order [32].

In the case of gg ! hj, we generate the LO spectra
with MG5aMC@NLO [33]. We also include NLO corrections
to the spectrum in the HEFT [34–36] using MCFM [37].
The total cross sections for inclusive Higgs production
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Figure 1: The normalised pT,h spectrum of inclusive Higgs
production at

p
s = 8TeV divided by the SM prediction for

di↵erent values of c. Only c is modified, while the remain-
ing Yukawa couplings are kept at their SM values.

are obtained from HIGLU [38], taking into account the
NNLO corrections in the HEFT [39–41]. Sudakov loga-
rithms ln (pT /mh) are resummed up to NNLL order both
for pT,h [42–44] and pT,j [45–47], treating mass correc-
tions following [27]. The latter e↵ects will be significant,
once the spectra have been precisely measured down to
pT values of O(5GeV). The gQ ! hQ, QQ̄ ! hg contri-
butions to the distributions are calculated at NLO with
MG5aMC@NLO [48] and cross-checked against MCFM. The ob-
tained events are showered with PYTHIA 8.2 [49] and jets
are reconstructed with the anti-kt algorithm [50] as im-
plemented in FastJet [51] using R = 0.4 as a radius
parameter.
Our default choice for the renormalisation (µR), fac-

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in

Bishara, Haisch, Monni, Re (2016) [1606.09253]
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momenta pT . mh/2. This partly compensates for the
quadratic mass suppression m2

Q/m
2
h appearing in (1). As

a result of the logarithmic sensitivity and of the 2
Q de-

pendence in quark-initiated production, one expects de-
viations of several percent in the pT spectra in Higgs
production for O(1) modifications of Q. In the SM,
the light-quark e↵ects are small. Specifically, in compar-
ison to the Higgs e↵ective field theory (HEFT) predic-
tion, in gg ! hj the bottom contribution has an e↵ect
of around �5% on the di↵erential distributions while the
impact of the charm quark is at the level of �1%. Like-
wise, the combined gQ ! hQ, QQ̄ ! hg channels (with
Q = b, c) lead to a shift of roughly 2%. Precision mea-
surements of the Higgs distributions for moderate pT
values combined with precision calculations of these ob-
servables are thus needed to probe O(1) deviations in yb
and yc. Achieving such an accuracy is both a theoretical
and experimental challenge, but it seems possible in view
of foreseen advances in higher-order calculations and the
large statistics expected at future LHC runs.

Theoretical framework. Our goal is to explore
the sensitivity of the Higgs-boson (pT,h) and leading-
jet (pT,j) transverse momentum distributions in inclusive
Higgs production to simultaneous modifications of the
light Yukawa couplings. We consider final states where
the Higgs boson decays into a pair of gauge bosons. To
avoid sensitivity to the modification of the branching ra-
tios, we normalise the distributions to the inclusive cross
section. The e↵ect on branching ratios can be included in
the context of a global analysis, jointly with the method
proposed here.

The gg ! hj channel was analysed in depth in the
HEFT framework where one integrates out the domi-
nant top-quark loops and neglects the contributions from
lighter quarks. While in this approximation the two
spectra and the total cross section were studied exten-
sively, the e↵ect of lighter quarks is not yet known with
the same precision for pT . mh/2. Within the SM,
the LO distribution for this process was derived long
ago [17, 19], and the next-to-leading-order (NLO) cor-
rections to the total cross section were calculated in [20–
24]. In the context of analytic resummations of the Su-
dakov logarithms ln (pT /mh), the inclusion of mass cor-
rections to the HEFT were studied both for the pT,h

and pT,j distributions [25–27]. More recently, the first
resummations of some of the leading logarithms (1) were
accomplished both in the abelian [28] and in the high-
energy [29] limit. The reactions gQ ! hQ, QQ̄ ! hg
were computed at NLO [30, 31] in the five-flavour scheme
that we employ here, and the resummation of the loga-
rithms ln (pT,h/mh) in QQ̄ ! h was also performed up to
next-to-next-to-leading-logarithmic (NNLL) order [32].

In the case of gg ! hj, we generate the LO spectra
with MG5aMC@NLO [33]. We also include NLO corrections
to the spectrum in the HEFT [34–36] using MCFM [37].
The total cross sections for inclusive Higgs production
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Figure 1: The normalised pT,h spectrum of inclusive Higgs
production at

p
s = 8TeV divided by the SM prediction for

di↵erent values of c. Only c is modified, while the remain-
ing Yukawa couplings are kept at their SM values.

are obtained from HIGLU [38], taking into account the
NNLO corrections in the HEFT [39–41]. Sudakov loga-
rithms ln (pT /mh) are resummed up to NNLL order both
for pT,h [42–44] and pT,j [45–47], treating mass correc-
tions following [27]. The latter e↵ects will be significant,
once the spectra have been precisely measured down to
pT values of O(5GeV). The gQ ! hQ, QQ̄ ! hg contri-
butions to the distributions are calculated at NLO with
MG5aMC@NLO [48] and cross-checked against MCFM. The ob-
tained events are showered with PYTHIA 8.2 [49] and jets
are reconstructed with the anti-kt algorithm [50] as im-
plemented in FastJet [51] using R = 0.4 as a radius
parameter.
Our default choice for the renormalisation (µR), fac-

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in
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• Theorist fit on ATLAS combined pT-
specturm indicates κc sensitivity of 
order [-10, 10] @ 68% CL  

• Projections*: 
• ~[-1.5 , 4.0] @ 300 fb-1  
• ~[-0.5 , 3.0] @ 3000 fb-1 

Bishara, H
aisch, M

onni, Re (2016) [1606.09253]

using 
ATLAS data  

20.3 fb-1  
@ 8 TeV

300 & 3000 fb-1 @ 13 TeV*: Some side notes: 
• Optimistic projections for theory uncertainties 
• Assuming also H → WW 
• Correlations taken from 8 TeV case


