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Higgs boson plays a central role 

in the Standard Model (SM). 

Electroweak symmetry breaking 

gives rise to massive W/Z bosons. 

Yukawa couplings are introduced 

to provide massive fermions. 

Fiducial and differential cross section — 

test of the Higgs boson properties and 

probe for physics beyond the SM (BSM).
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Fiducial phase space defined to closely match the analysis acceptance 
Less model-dependent measurements — aim at minimising 
extrapolations and SM assumptions

Inclusive fiducial cross section

Full phase space

Fiducial 
phase space

Differential fiducial cross section 
in bins of a variable (pTH, Njets, …) 
typically unfolded to particle-level quantities 
— probe of pQCD, Yukawa coupling, BSM, …
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Gluon-gluon fusion (ggF) Vector-boson fusion (VBF)

Associated production 
with vector boson (VH)

Associated production 
with top quark pair (ttH)
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Various production and decay modes can be probed by fiducial/differential cross sections.

13 TeV, mH = 125 GeV
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Higgs boson decay Reference

H→ZZ Eur. Phys. J. C 80, 942 (2020)

H→γγ JHEP 08 (2022) 027

H→ZZ + H→γγ arXiv:2207.08615

H→bb
Phys. Rev. D 105, 092003 
ATLAS-CONF-2022-015

Focus on the results obtained with the full Run 2 data sample

13 TeV, ~140 fb-1

https://doi.org/10.1140/epjc/s10052-020-8223-0
https://doi.org/10.1007/JHEP08(2022)027
https://doi.org/10.48550/arXiv.2207.08615
https://doi.org/10.1103/PhysRevD.105.092003
http://cdsweb.cern.ch/record/2805712
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Fiducial phase space requirements Analysis selection

Similarity of the definition of the fiducial phase space to the analysis criteria 

Leptons and jets
Leptons pT > 5 GeV, |⌘| < 2.7
Jets pT > 30 GeV, |y| < 4.4

Lepton selection and pairing
Lepton kinematics pT > 20, 15, 10 GeV

Leading pair (m12) SFOC lepton pair with smallest |mZ �m``|
Subleading pair (m34) remaining SFOC lepton pair with smallest |mZ �m``|

Event selection (at most one quadruplet per event)
Mass requirements 50 GeV< m12 < 106 GeV and 12 GeV < m34 < 115 GeV

Lepton separation �R(`i, `j) > 0.1
Lepton/Jet separation �R(`i, jet) > 0.1
J/ veto m(`i, `j) > 5 GeV for all SFOC lepton pairs

Mass window 105 GeV < m4` < 160 GeV

If extra lepton with pT > 12 GeV Quadruplet with largest matrix element value

Leptons and jets

Muons pT > 5 GeV, |⌘| < 2.7
Electrons ET > 7 GeV, |⌘| < 2.47
Jets pT > 30 GeV, |⌘| < 4.5

Lepton selection and pairing

Lepton kinematics pT > 20, 15, 10 GeV

Leading pair (m12) SFOC lepton pair with smallest |mZ �m``|
Subleading pair (m34) Remaining SFOC lepton pair with smallest |mZ �m``|

Event selection (at most one Higgs boson candidate per channel)

Mass requirements 50 GeV< m12 < 106 GeV and mthreshold < m34 < 115 GeV

Lepton separation: �R(`i, `j) > 0.1
Lepton/Jet separation �R(µi(ei), jet) > 0.1(0.2)
J/ veto m(`i, `j) > 5 GeV for all SFOC lepton pairs

Impact parameter |d0|/�(d0) ¡ 5 (3) for electrons (muons)

Mass window 105 GeV < m4` < 160 GeV

Vertex selection: �2/Ndof ¡ 6 (9) for 4µ (other channels)

If extra lepton with pT > 12 GeV Quadruplet with largest matrix element (ME) value
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Table 6 Expected (pre-fit) and observed numbers of events in the
four decay final states after the event selection, in the mass range
115 GeV< m4! < 130 GeV. The sum of the expected number of SM

Higgs boson events and the estimated background yields is compared
with the data. Combined statistical and systematic uncertainties are
included for the predictions (see Sect. 8)

Final Signal Z Z∗ Other Total Observed
state background backgrounds expected

4µ 78 ± 5 38.0 ± 2.1 2.85 ± 0.18 119 ± 5 115

2e2µ 53.0 ± 3.1 26.1 ± 1.4 2.98 ± 0.19 82.0 ± 3.4 96

2µ2e 40.1 ± 2.9 17.3 ± 1.3 3.6 ± 0.5 61.0 ± 3.2 57

4e 35.3 ± 2.6 15.0 ± 1.5 2.91 ± 0.33 53.2 ± 3.1 42

Total 206 ± 13 96 ± 6 12.2 ± 1.0 315 ± 14 310

Finally, unfolding-related uncertainties arise from uncer-
tainties in the production mode composition that affect the
response matrices, as well as from uncertainties in the bias
introduced by the unfolding method. For the former, an
uncertainty is assessed by varying the production cross sec-
tions within their measured uncertainties taken from Ref.
[12], and has an impact of less than 1%. In the latter case, the
uncertainty in the bias is obtained independently per bin by
comparing the unfolded cross section from simulation with
that expected when varying the underlying true cross sections
of the simulated data sample within the expected statistical
error. The impact of this uncertainty is typically negligible in
distributions such as p4!

T , where the response matrix is largely
diagonal, but can be of the order of 10% in distributions with
larger bin migrations, such as Njets.

9 Results

Results are presented for the full set of inclusive and differ-
ential variables outlined in Sect. 5. Section 9.1 presents the
data yields from the full Run 2 data set. Section 9.2 provides
details of the statistical procedure used for the extraction of
the measurements. Cross-section results, and comparisons
with SM predictions, are provided in Sects. 9.3 and 9.4.

9.1 Measured data yields

The observed number of events in each of the four decay final
states, and the expected signal and background yields before
fitting to data (pre-fit), are presented in Table 6. These events
have passed the event selection and fall in a narrow window
around the Higgs boson mass peak (115 < m4! < 130 GeV).

Figures 2 and 3 show the expected and observed four-
lepton invariant mass distributions, inclusively and per final
state respectively. Them4! distribution shows two clear peaks
corresponding to Z → 4! production and the Higgs boson
signal with a mass near 125 GeV.

The observed and expected distributions of one-dimension-
al observables are shown in Figs. 4, 5, 6, 7, 8 and 9. In addi-

Fig. 2 The observed and expected (pre-fit) inclusive four-lepton invari-
ant mass distributions for the selected Higgs boson candidates, shown
for an integrated luminosity of 139 fb−1 and at

√
s = 13 TeV. The uncer-

tainty in the prediction is shown by the hatched band, which includes
the theoretical uncertainties of the SM cross section for the signal and
the Z Z∗ background

tion, the observed and expected distributions for the two-
dimensional observables are shown in Figs. 10, 11, 12, 13,
14, 15, 16 and 17. All these figures show events selected
within an m4! mass range of 115–130 GeV. Further details
of the compatibility with the SM are reported in Sect. 9.4.

9.2 Statistical analysis

The inclusive fiducial and differential cross sections are mea-
sured using a binned profile-likelihood-ratio fit [139], taking
into account all bins of a given distribution. The likelihood
function includes the shape and normalisation uncertainties
of the signal and background predictions as nuisance param-
eters, as outlined in Sect. 8. The cross sections are extracted
by minimising two times the negative logarithm of the profile
likelihood ratio, −2 ln ". In the asymptotic approximation,

123

Eur. Phys. J. C 80, 942 (2020)

Four low-pT isolated leptons (e and μ) 

originating from the primary vertex 

Main background from ZZ continuum 

Fit to the distributions of m4l 

Inclusive fiducial cross section for H→ZZ 

measured to be , 

in agreement with the SM prediction 

of 

σfid = 3.28 ± 0.32 fb

σfid,SM = 3.41 ± 0.18 fb

https://doi.org/10.1140/epjc/s10052-020-8223-0
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Differential fiducial cross 

sections measured. 

Example plots shown 

for pT4l and Njets. 

The measurements are 

compared with different 

SM predictions. Good 

agreement is found. p-value for nominal prediction 
(NNLOPS): 8%

p-value for nominal prediction 
(NNLOPS): 77%

https://doi.org/10.1140/epjc/s10052-020-8223-0
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Differential fiducial cross section for H→γγ, example shown for pTγγ and Njets
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Differential pp→H+X cross sections 

in the full phase space were measured 

by combining H→ZZ and H→γγ. 

Binning for the variables were harmonised 

and the results were extrapolated 

from the fiducial to the full phase space 

prior to the combination. 

Example plot is shown for pTH.
Total inclusive cross section: 55.5+4.0

−3.8 pb

https://doi.org/10.48550/arXiv.2207.08615
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Constraints on the Yukawa couplings between Higgs boson and c/b quarks 
relative to the SM predictions (κc and κb) derived from the pTH  distributions 
in the H→ZZ and H→γγ final states

Figure 1 illustrates the impact of the Yukawamodification
κc on the normalized pT;h spectrum in inclusive Higgs
production. The results are divided by the SM prediction
and correspond to pp collisions at a center-of-mass energy
(

ffiffiffi
s

p
) of 8 TeV, central choice of scales, and MSTW2008NNLO

PDFs [55]. (The ratio of thepT;h spectra to the SMprediction
at

ffiffiffi
s

p
¼ 13 TeV is slightly harder than the

ffiffiffi
s

p
¼ 8 TeV

counterpart, which enhances the sensitivity to κb and κc at
ongoing and upcoming LHC runs as well as possible
future hadron colliders at higher energies.) Notice that for
pT;h ≳ 50 GeV, the asymptotic behavior [Eq. (1)] breaks
down and consequently the gQ → hQ, QQ̄ → hg channels
control the shape of the pT;h distributions.
We stress that for the pT;h distribution, nonperturbative

corrections are small and in the long run, pT;h will be
measured to lower values than pT;j. While the latter
currently gives comparable sensitivity, it is mandatory to
study pT;h to maximize the constraints on κQ in future LHC
runs. Therefore, we use pT;h in the rest of this Letter.
Current constraints.—At

ffiffiffi
s

p
¼ 8 TeV, the ATLAS and

CMS Collaborations have measured the pT;h and pT;j
spectra in the h → γγ [56,57], h → ZZ" → 4l [58,59]
and h → WW" → eμνeνμ [60,61] channels, using around
20 fb−1 of data in each case. To derive constraints on κb
and κc, we harness the normalized pT;h distribution in
inclusive Higgs production [62]. This spectrum is obtained
by ATLAS from a combination of h → γγ and h → ZZ" →
4l decays, and represents at present the most precise
measurement of the differential inclusive Higgs cross
section. In our χ2 analysis, we include the first seven bins
in the range pT;h ∈ ½0; 100$ GeV whose experimental
uncertainty is dominated by the statistical error. The data
are then compared with the theoretical predictions for the

inclusive pT;h spectrum described in the previous section.
We assume that all the errors are Gaussian in our fit.
The bin-to-bin correlations in the theoretical normalized
distributions are obtained by assuming that the bins of the
unnormalized distributions are uncorrelated and modeled
by means of linear error propagation. This accounts for the
dominant correlations in normalized spectra. For the data,
we used the correlation matrix of Ref. [62].
Figure 2 displays the Δχ2 ¼ 2.3 and Δχ2 ¼ 5.99 con-

tours [corresponding to a 68% and 95% confidence level
(C.L.) for a Gaussian distribution] in the κc − κb plane. We
profile over κb by means of the profile likelihood ratio [63]
and obtain the following 95% C.L. bounds on κc:

κc ∈ ½−16; 18$ ðLHC run IÞ: ð2Þ

Our limit is significantly stronger than the bounds from
exclusive h → J=ψγ decays [10], a recast of h → bb̄
searches, and the measurements of the total Higgs width
[2,64], which read jκcj≲ 429 [9], jκcj≲ 234, and jκcj ≲
130 [13], respectively. It is, however, not competitive with
the bound jκcj≲ 6.2 from a global analysis of Higgs data
[13], which introduces additional model dependence.
Turning our attention to the allowed modifications of the

bottom Yukawa coupling, one observes that our proposal
leads to κb ∈ ½−3; 15$. This limit is thus significantly weaker
than the constraints from the LHC run I measurements of
pp → W=Zhðh → bb̄Þ, pp → tt̄hðh → bb̄Þ, and h → bb̄
in vector boson fusion that already restrict the relative shifts
in yb to around '50% [1,2].
Future prospects.—As a result of the expected reduction

of the statistical uncertainties for the pT;h spectrum at the
LHC, the proposed method will be limited by systematic

FIG. 1. The normalized pT;h spectrum of inclusive Higgs
production at

ffiffiffi
s

p
¼ 8 TeV divided by the SM prediction for

different values of κc. Only κc is modified, while the remaining
Yukawa couplings are kept at their SM values.

FIG. 2. The Δχ2¼2.3 and Δχ2¼5.99 regions in the κc−κb
plane following from the combination of the ATLAS measure-
ments of the normalized pT;h distribution in the h→γγ and h→
ZZ"→4l channels. The SM point is indicated by the black cross.
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Precise measurement constraints yb and yc ratio(Yukawa).

◼ Sensitive to the Higgs pT spectrum

=> At low pT the b/c-quark contribution dominates.
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Observed (expected) confidence interval:
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The SM Effective Field Theory (SMEFT) 
[JHEP 10 (2010) 085, Phys. Rept. 793 (2019) 1] 

is a model-independent framework 
for characterising experimental deviations 
from the predictions of the SM. 

Limits on the coefficients (cHG, etc.) obtained 
from fiducial differential cross sections 
on pTH

 , Njets, mjj , Δφjj, and pTj1 for H→γγ.

J
H
E
P
0
8
(
2
0
2
2
)
0
2
7

(a) (b)

Figure 18. Observed and expected 2D limits on κb and κc when considering modifications of (a)
the shape and (b) the shape and normalisation (with ‘XS+BR’ denoting ‘cross-section and branching
ratio’) at 68% and 95% CL.

by the SM Lagrangian, LSM supplemented by additional dimension-6 operators, O(6)
i

specified by
LEFT = LSM +

∑

i

ci
Λ2O

(6)
i ,

where the ci specify the strengths of the new interactions and are known as the Wilson
coefficients, and Λ is the scale of new physics. Contributions from new physics to the
differential cross-sections are then probed as non-zero values of the Wilson coefficients of
the dimension-6 operators. Non-zero values of these Wilson coefficients can modify the
event rates and the kinematic properties of the Higgs boson, and associated jet spectra,
from those predicted by the SM.

Contributions from dimension-5 and dimension-7 operators are excluded by assuming
lepton and baryon number conservation. Operators with dimension-8 or higher are neglected
as their effects are suppressed by at least 1/Λ2 relative to dimension-6 operators. From
the available bases for parameterising the dimension-6 operators, the Warsaw basis of
the Standard Model EFT (SMEFT) Lagrangian [189, 190] is used to probe Higgs boson
interactions with gauge bosons.

Limits on the Wilson coefficients are obtained using a simultaneous fit to five measured
fiducial differential cross-sections, including their correlations, in the following variables:
pγγ
T , Njets, mjj , ∆φjj and pj1T .

In the SMEFT formulation, the following operators are considered:

LSMEFT
eff ⊃ cHGO′

g + cHWO′
HW + cHBO′

HB + cHWBO′
HWB

+c
HG̃

Õ′
g + c

HW̃
Õ′

HW + c
HB̃

Õ′
HB + c

HW̃B
Õ′

HWB ,

The coefficient cHG and its CP-odd counterpart c
HG̃

determine the strength of operators that
affect ggF production, while cHW , cHB , cHWB and their corresponding CP-odd counterparts,
c
HW̃

, c
HB̃

, c
HW̃B

, correspond to operators that impact VBF and V H production and the
Higgs boson decay to photons.
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The 95% confidence-level upper limit on the fiducial cross section for Higgs boson 
production with pTH > 450 GeV is 115 fb (18.4 fb expected from the SM).

Higgs boson with large 

Lorentz boost reconstructed 

from single large-radius jet, 

allowing to explore high-pT 

region (pTH > 1 TeV) 

At least two jets required 

(>450 GeV, >250 GeV) 

Main background 

from QCD multijet

https://doi.org/10.1103/PhysRevD.105.092003


/16Conclusion 16

The Higgs physics entered the era of precision measurements. 

To be as model independent as possible, a lot of fiducial measurements 

have been performed both inclusively and differentially, 

which can easily be compared to theoretical models. 

Up to now, the measured values are consistent with the SM. 

Part of the inclusive and most of the differential measurements 

are dominated by statistical uncertainties. Stay tuned for Run 3 results!
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Fiducial region definitions

https://doi.org/10.1007/JHEP08(2022)027


/16H→ZZ and H→γγ Combination 19arXiv:2207.08615

7 8 9 10 11 12 13

[TeV] s

0

20

40

60

80

100[p
b
]

 
H

→
p
p

σ

ATLAS  = 125.09 GeV)Hm, H→pp( σSM 

QCD scale uncertainty

)sα PDF+⊕(scale Total uncertainty 
γγ→H *ZZ→H

Combined data
Systematic uncertainty

-1 = 7 TeV,  4.5 fbs
-1 = 8 TeV,  20.3 fbs
-1 = 13 TeV, 139 fbs

Total inclusive 
cross section 
for pp→H

https://doi.org/10.48550/arXiv.2207.08615


/16Constraints on κc and κb 20arXiv:2207.08615

1− 0.5− 0 0.5 1

b
κ

6−

4−

2−

0

2

4

6

8

10

c
κ ATLAS

,γγ →H ,  ZZ*→H 

 = 0BSMB)                  cc(VH), bb(VH

-1 = 13 TeV, 139 fbs

68% CL

95% CL

Standard Model

Obs. Combination

1− 0.5− 0 0.5 1

b
κ

6−

4−

2−

0

2

4

6

8

10

c
κ ATLAS

,γγ →H ,  ZZ*→H 

 profiledBSMB)                  cc(VH), bb(VH

-1 = 13 TeV, 139 fbs

68% CL

95% CL

Standard Model

Obs. Combination

Contours for κc and κb obtained from a simultaneous fit to the Higgs pT 

fiducial cross sections in H→γγ and H→ZZ and to multivariate discriminants 
used to identify VH events with H→bb and H→cc.

https://doi.org/10.48550/arXiv.2207.08615


/16VH, H→bb, 0 Lepton 21
Appendix

1T 2T 1TO 2TO OffO
Particle-level category

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Fr
ac

tio
n 

of
 s

ig
na

l p
ro

ce
ss

)Hνν Z(→qq )Hνν Z(→gg )Hν W(l→qq  Z(ll)H→qq

 Simulation PreliminaryATLAS
0 lepton, 2 jets, 2 b-tag

 < 250 GeVmiss
T E≤150 GeV 

(a)

1T 2T 1TO 2TO OffO
Particle-level category

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Fr
ac

tio
n 

of
 s

ig
na

l p
ro

ce
ss

)Hνν Z(→qq )Hνν Z(→gg )Hν W(l→qq  Z(ll)H→qq

 Simulation PreliminaryATLAS
0 lepton, 3 jets, 2 b-tag

 < 250 GeVmiss
T E≤150 GeV 

(b)

1T 2T 1TO 2TO
Particle-level category

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Fr
ac

tio
n 

of
 s

ig
na

l p
ro

ce
ss

)Hνν Z(→qq )Hνν Z(→gg )Hν W(l→qq  Z(ll)H→qq

 Simulation PreliminaryATLAS
0 lepton, 2 jets, 2 b-tag

 250 GeV≥ miss
TE

(c)

1T 2T 1TO 2TO
Particle-level category

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Fr
ac

tio
n 

of
 s

ig
na

l p
ro

ce
ss

)Hνν Z(→qq )Hνν Z(→gg )Hν W(l→qq  Z(ll)H→qq

 Simulation PreliminaryATLAS
0 lepton, 3 jets, 2 b-tag

 250 GeV≥ miss
TE

(d)

Figure 4: Fractional contribution of the various production modes to the signal event yield in the various particle-
level categories, as estimated from Monte Carlo simulation shown for the two- and three-jet SRs with (a,b)
150 GeV  ⇢

miss
T < 250 GeV, and (c,d) ⇢miss

T � 250 GeV, respectively. The contribution of the 66 ! / (✓✓)� (11̄)
process is negligible.
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Signal acceptance times efficiency depending on the production processes
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