
Status of Higgs boson precision measurements

Johannes Erdmann
on behalf of the ATLAS and CMS Collaboration

QCD@LHC 2024
Freiburg

October 8, 2024



2
 I will report on 12 new analyses that came out after Moriond this year
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CMS Combination @ 13 TeV

4 + Njets, pTjet1, |yH|, Δηjj, mjj, τcj from the combination of 2-4 channels
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CMS Combination @ 13 TeV

Measurements mostly sensitive to gluon fusion and BRs 

Interpretations in κ framework …                   … and in dim-6 SMEFT

Figure 1: Feynman diagrams contributing to gg ! H production at LO. The possible insertions of
dimension-six operators are marked by a cross in a circle.

four operators
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O3 = |H|2Q̄LHdR + h.c. , O4 = Q̄LH�µ⌫T auRG
a

µ⌫
+ h.c. (3)

These operators, in the case of single Higgs production, may be expanded as:
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cghG
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Ga,µ⌫ , (4)

c2
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v
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c4
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gSmt

2v3
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µ⌫
(t̄L�

µ⌫T atR + h.c) . (7)

The operator O1 corresponds to a contact interaction between the Higgs boson and gluons
with the same structure as in the heavy-top limit of the SM. The operators O2 and O3 describe
modifications of the top and bottom Yukawa couplings. The operator O4 is the chromomagnetic
dipole-moment operator, which modifies the interactions between the gluons and the top quark†

(here �µ⌫ = i

2 [�
µ, �⌫ ]). In our convention, based on the SILH basis [104, 105], we express the

Wilson coe�cients as factors in the canonically normalized Lagrangian.

The coe�cients ct, cb and cg can be probed in Higgs boson processes. In particular, ct (and cb)
may be measured in the tt̄H (and bb̄H) production modes.‡ The coe�cient cb can also be accessed
through the decay H ! bb̄. The coe�cient ctg, instead, is constrained by top pair production [116].

We now consider the contribution of the e↵ective operators in Eqs. (4), (5) and (7) on the
production cross section, while omitting, for simplicity, the bottom contribution in Eq. (6). The
relevant Feynman diagrams are displayed in Fig. 1. The corresponding amplitude can be cast into
the form

M (g(p1) + g(p2) ! H) = i
↵S

3⇡v
✏1µ✏2⌫ [p

⌫

1p
µ

2 � (p1p2)g
µ⌫ ]F (⌧) , (8)

where ⌧ = 4m2
t
/m2

H
and ✏1 and ✏2 are the polarization vectors of the incoming gluons. The

contribution of the chromomagnetic operator to the function F (⌧) has been addressed in the
literature with contradicting results [117,118] (see also Ref. [119]). In Ref. [117] it is found that
the UV divergences in the bubble and triangle contributions cancel out. In the revised version of

†In this analysis we do not consider the contribution of the chromomagnetic dipole operator of the bottom quark.
‡See Refs. [106–109] and Refs. [110–115], respectively, and references therein.
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8. SMEFT interpretation 15

8.3 Constraints on CP-even and CP-odd pairs of Wilson coefficients

A particularly relevant group of operators is the X2H2, listed in Table 9. The first four operators
conserve CP while the last four violate it. cHG and c̃HG mainly affect the gluon-gluon fusion
production of the Higgs boson, while the others affect VBF and VH production along with the
Higgs boson decay.
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Table 9: List of X2H2 operators and corresponding Wilson coefficients. On the rightmost col-
umn, example diagrams of the processes affected by the operators are shown.

In the first set of studies, confidence intervals are obtained for the following pairs:

• cHG-c̃HG

• cHB-c̃HB

• cHW-c̃HW

• cHWB-c̃HWB

When a pair is studied, all the other WCs are set to their SM value. Two-dimensional scans
obtained using the pH

T spectra of all the decay channels are reported in Figure 6. The results
are consistent with the SM within one standard deviation. The same scans were performed
by the ATLAS collaboration in [12], using only the H ! gg decay channel. The contour plots
presented in this note are in agreement with the results obtained by ATLAS, and the constraints
are tighter due to the use of a larger number of decay channels.

The same set of scans is performed using the Dfjj spectra of the H ! gg and H ! ZZ(⇤)
! 4`

decay channels. The results are consistent with the SM within 1s and provide less stringent
constraints than the ones obtained using the pH

T spectra. The results are shown in Figure 15,
Appendix D.

8.4 Constraints on linear combinations of Wilson coefficients

The available data do not contain enough information to constrain all coefficients ci. Many de-
grees of freedom are left unconstrained by data, manifesting as flat directions of the likelihood
in the coefficients phase space. The principal component analysis is a useful tool to study the
sensitivity of the data to the Wilson coefficients. Performing eigenvector decomposition of the
Fisher information matrix provides linear combinations of the original coefficients ci with an

CMS-PAS-HIG-23-013  
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CMS H → 4ℓ @ 13.6 TeV

6

6 7 8 9 10 11 12 13 14
 (TeV) s

0

1

2

3

4

5

6 (f
b)

fid
σ

 syst)⊕Run 1 Data (stat 
 syst)⊕Run 2 Data (stat 
 syst)⊕Run 3 Data (stat 

Systematic uncertainty
 = 125.00 GeV)  

H
Standard model (minloHJ, m

 = 125.38 GeV)  
H

Standard model (NNLOPS, m

 (13.6 TeV) -1 (13 TeV), 35 fb-1 (8 TeV), 138 fb-1 (7 TeV), 19.7 fb-15.1 fb

PreliminaryCMS 

 4l) + X→ (H →pp 

Fiducial, total and first differential measurements with Run-3 data (pT, |y|) 

     with       predictedσfid = 2.94 +0.53
−0.49 (stat.) +0.29

−0.22 (syst.) fb σfid = 3.09 +0.27
−0.24 fb

CMS-PAS-HIG-24-013

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/index.html


CMS H → γγ @ 13.6 TeV
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train the normalising �ow with negative log-likelihood as loss. The transformations fi are typically
parameterised by neural networks, referred to as “auxiliary networks” in the following.

We used masked autoregressive �ows [16] based on spline transformations [17–20]. The autoregres-
sive property of the �ow leads to an e�cient computation of the Jacobian determinant. The auxiliary
networks are implemented as multilayer perceptrons with masked connections, for which we use
MADE blocks [21] (Masked Autoencoder for Distribution Estimation). Using splines in normalising
�ows has the advantage that they can approximate more complex distributions compared to a�ne
transformations while still being simple to invert. We use neural spline �ows [20], which are based
on monotonic rational quadratic splines. The monotonicity of the transformation is important for
morphing distributions, because they ensure that the quantiles of the distributions are preserved
during the transformation. When a transformation is monotonic, the order of data points is maintained.
This means that the same proportion of data points will fall below any given threshold in both the
original and transformed distributions. Consequently, the quantiles, which represent these thresholds,
remain unchanged.

Figure 1: Top: Illustration of the single-�ow morphing. The normalising �ow is trained to map both data
and simulation to the same base distribution. The �ow is conditioned on a boolean that encodes whether
the input is drawn from simulation or data. Bottom: Illustration of the preservation of quantiles during
the morphing from simulation to data space using the base distribution as an intermediary.

The normalising �ow is simultaneously trained on both datasets, i.e. simulation and data, mapping
them to a shared base distribution. This approach is illustrated in Figure 1 (top). We condition the

4
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CMS H → γγ @ 13.6 TeV

Fiducial and first differential measurements with Run-3 data (pT, |y|, Njets) 

     with       expectedσfid = 78 ± 11 (stat.) +6
−5 (syst.) fb σfid = 67.8 ± 3.8 fb

CMS-PAS-HIG-23-014

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/index.html
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Best single measurement of VBF production 
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Also  in VBF phase space, 

including CP-interpretation of 
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Table 10: The three CP-even and three CP-odd operators and their corresponding Wilson coefficients which directly
impact the interactions between the Higgs boson and vector bosons.
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=
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Wilson coefficient 2
�,̃

2
�⌫̃

2
�,̃⌫

O(⇤�2
). To assess this, when considering each of the operators in Table 10, measurements are made

considering the full form of Eq. (4), and also excluding the quadratic term.

Figure 11 shows the impact of several values of 2�, and 2
�,̃

on the distributions of �qsigned
9 9

, ?H
T , and

�qsigned
9 9

vs ?
H
T , demonstrating that these variables are sensitive to BSM effects. Due to the CP-odd nature

of the operator associated with 2
�,̃

, an asymmetric impact is seen in �qsigned
9 9

and additionally it is seen
that the relative magnitude of the effect is enhanced by the cut on ?

H
T in the two-dimensional distribution.

For 2�, , effects are seen in both the �qsigned
9 9

and ?
H
T distributions and, contrary to 2

�,̃
, the effects are

symmetric in �qsigned
9 9

due to the CP-even nature of the associated operator.

Firstly considered is the scenario where only one of the Wilson coefficients is non-zero and the rest are
neglected. The unfolded data are used along with the theoretical dependence of the cross-section on the
Wilson coefficients to extract the best-fit value of each of the six considered Wilson coefficients. The
same profile-likelihood formalism as presented in Section 9.3 is used with only one degree of freedom
introduced, corresponding to the floating Wilson coefficient, and all other Wilson coefficients are set to
zero. A scan of the negative log-likelihood described in Section 9.3 is performed for different values of
each Wilson coefficient, with the cross-section in each bin fixed to the value predicted by the SMEFT. By
considering the change in the negative log-likelihood from its minimum value, the 95% confidence interval
for each Wilson coefficient is found. This is done for only the linear term as well as for both the linear and
quadratic terms. For the Wilson coefficients associated with CP-even operators the �qsigned

9 9
distribution

is used, while for those associated with CP-odd operators the �qsigned
9 9

vs ?
H
T distribution is used. These

are the distributions that give the best expected precision. Figure 12 shows the expected and observed
confidence intervals for each of the six coefficients individually. Other than for the 2�,⌫ coefficient, the
intervals considering only the linear term are very similar to the one when both the linear and quadratic
terms are considered. Therefore, the approach of using an EFT only considering dimension-six operators is
valid for most of the operators considered in the analysis. The observed (expected) intervals for 2�, and
2
�,̃

are [�1.85, +0.57] ([�1.17, +1.23]) and [�0.31, +0.88] ([�0.60, +0.60]) in the linear scenario and
are the most stringent among the considered coefficients. The constraints on 2

�,̃
are the tightest to date.

The operators considered are closely related and new physics could result in contributions from multiple
operators [130] such that it is also interesting to explore the case where two of the operators are non-zero.
This proceeds in the same way by scanning the change in negative log-likelihood across a plane of two of
the Wilson coefficients while the others are set to zero. Only terms which enter at O(⇤�2

) are considered.
The first plane considered, in Figure 13(a), is 2�, vs 2�⌫ where the �qsigned

9 9
distribution is used to

perform the measurement. The effects of these two coefficients are very similar such that there is a ‘flat
direction’ where the effects of the two Wilson coefficients cancel each other out and there is no sensitivity
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Yukawa Couplings
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Updated measurement of PLB 816 (2021) 136204, EPJC 81 (2021) 178 and EPJC 82 (2022) 717

• Now H → bb and H → cc combined
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First searches for H+c production 

by CMS and ATLAS

• using H → γγ (low backgrounds)
(a) (b)

(c) (d)

Figure 1: Example Feynman diagrams for processes contributing to the inclusive � + 2 signal: (a) gluon–gluon fusion
Higgs boson production with gluon radiation, which splits into 22̄; (b) vector boson fusion Higgs boson production;
(c) the +� processes, where + can be a , or / boson decaying into one charm quark or a pair, respectively; and, (d)
the H2-sensitive � + 2 signal.

3 Event reconstruction and selection

The event reconstruction and selection closely follows the recent Higgs boson production cross-section
measurement analysis in the di-photon decay channel [42]. Photons are reconstructed from energy deposits
in the calorimeter formed using a topological cell clustering algorithm [43]. The event selection is
performed in two stages. The first stage constitutes a preselection, where the two highest-⇢T preselected
photon candidates are required to satisfy ⇢T > 25 GeV, |[ | < 2.37, excluding the transition region
1.37 < |[ | < 1.52 between the barrel and endcap electromagnetic calorimeters, and to satisfy ;>>B4

calorimeter-based identification criteria [44]. The accurate determination of the di-photon production
vertex is crucial for measuring the di-photon invariant mass <WW , selecting jets from the hard interaction,
and calculating track-based isolation. To facilitate this, the preselected photon angular information and
reconstructed vertex information are input to a neural network that is trained on simulated events to improve
the determination of the primary vertex [45]. This vertex is then used to calculate properties of physics
objects in the event. In the second selection stage, the two preselected photon candidates are required to
satisfy C86⌘C identification criteria [44]. In addition, candidates must meet calorimeter- and track-based
isolation criteria to minimise the misidentification of jets as photons. Calorimeter-based isolation refers to
the total energy of calorimeter clusters within a cone of size �' = 0.2 around the photon candidate. This
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Figure 1: Example Feynman diagrams for processes contributing to the inclusive � + 2 signal: (a) gluon–gluon fusion
Higgs boson production with gluon radiation, which splits into 22̄; (b) vector boson fusion Higgs boson production;
(c) the +� processes, where + can be a , or / boson decaying into one charm quark or a pair, respectively; and, (d)
the H2-sensitive � + 2 signal.

3 Event reconstruction and selection

The event reconstruction and selection closely follows the recent Higgs boson production cross-section
measurement analysis in the di-photon decay channel [42]. Photons are reconstructed from energy deposits
in the calorimeter formed using a topological cell clustering algorithm [43]. The event selection is
performed in two stages. The first stage constitutes a preselection, where the two highest-⇢T preselected
photon candidates are required to satisfy ⇢T > 25 GeV, |[ | < 2.37, excluding the transition region
1.37 < |[ | < 1.52 between the barrel and endcap electromagnetic calorimeters, and to satisfy ;>>B4

calorimeter-based identification criteria [44]. The accurate determination of the di-photon production
vertex is crucial for measuring the di-photon invariant mass <WW , selecting jets from the hard interaction,
and calculating track-based isolation. To facilitate this, the preselected photon angular information and
reconstructed vertex information are input to a neural network that is trained on simulated events to improve
the determination of the primary vertex [45]. This vertex is then used to calculate properties of physics
objects in the event. In the second selection stage, the two preselected photon candidates are required to
satisfy C86⌘C identification criteria [44]. In addition, candidates must meet calorimeter- and track-based
isolation criteria to minimise the misidentification of jets as photons. Calorimeter-based isolation refers to
the total energy of calorimeter clusters within a cone of size �' = 0.2 around the photon candidate. This
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inclusive H+c definition in a fiducial volume: σ ~ 2.9 pb

• Gaussian process regression with 

to interpolate from sidebands to mγγ ∈ [120, 130] GeV

• Upper limit on σH+c of 10.4 pb (8.6 pb expected)

• σH+c = 5.2 ± 3.0 pb

dominant signals

Figure 2: Example of a fit of a mass spectrum distribution to a closed-form function over a sliding-window interval, taken
from [12]. The fit is performed for a signal centered on the bin shown in red, and the corresponding fit window is indicated
in blue. The bottom panel shows the statistical significance of the deviations between the model prediction and the data in
each measurement bin [13].

• Prior information on the background shape, for example from MC simulation. In this case the kernel is a
measure of the associated simulation uncertainties

• A regularization condition enforcing a particular smoothness requirement on the background shape. In this
case the kernel can take an ad hoc form.

The latter case is used in particular in searches for narrow resonances, in which the typical scale of variation of
the background shape is much larger than for the signal. The description can then make use of a kernel with an
intermediate scale, small enough to accommodate the variations of the background but large enough to avoid also
absorbing a possible signal in the background model. This can be implemented using the Radial basis function

(RBF) or squared exponential kernel,

 (<,<0) = exp
✓
� (< � <0)2

2✓2

◆

where ✓ is the kernel scale. As noted above, this scale should ideally be larger than the signal (e.g. the mass
resolution, for a narrow resonance), but smaller than the typical scale of the variations of the background shape.
This generalizes to the Gibbs kernel,

 (<,<0) = 2✓(<)✓(<0)
✓(<)2 + ✓(<0)2 exp

✓
� (< � <0)2

✓(<)2 + ✓(<0)2

◆

where the observable scale ✓(<) is an arbitrary function of the observable. A linear form ✓(<) = ✓0 + V< is often
used: this can for instance account for a narrow resonance with a constant relative mass resolution, so that the
width of the signal peak increases linearly with <.
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Updated measurement of JHEP 06 (2022) 097 with expected sensitivity 2.7σ → 5.4σ (!)

• better b-tagging 

 

 

 

 

 

• looser preselection: 

1ℓ5j3b & 2ℓ3j3b with control regions 

defined by multiclass classifier

EPJC 83 (2023) 681 • event classification 

& pTH reconstruction with transformer

• tt+bb simulation setup in 4FS 

Powheg-Box-Res + OpenLoops 

with settings from 

_ _
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ATLAS ttH, H → bb Run-2 Re-Analysis
__
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Rare Processes
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1. Introduction 1

1 Introduction1

The observation of a Higgs boson (H) with a mass of 125 GeV by the ATLAS and CMS Col-2

laborations [1–3] is consistent with the expectations from the standard model (SM) of particle3

physics [4–10]. Constraints on H boson spin-parity properties and anomalous couplings to4

electroweak gauge bosons V = g, Z, W (HVV couplings) have been set by the CMS [11–21] and5

ATLAS [22–30] experiments. The quantum numbers are found to be consistent with J
PC = 0++,6

but small anomalous HVV couplings are allowed. Such couplings arise in an Effective Field7

Theory (EFT) framework [31].8

The HVV coupling measurements at the LHC have been performed using vector-boson fusion9

(VBF), ZH, or WH production, or H ! VV decays [11–30]. However, gH production has not10

been directly explored at the LHC. Searches for heavy resonances decaying into a photon and11

a hadronically decaying H boson have been performed at the LHC [32, 33]. Although the final12

state topology in these searches is similar to the processes of interest here, a direct interpretation13

in the EFT framework is not possible because the gH final state is modelled by the decay of a14

heavy spin-1 resonance.15

The SM cross section of the associated photon and H boson production, sgH, is expected to be16

less than 5 fb at
p

s = 14 TeV [34] and is beyond the current experimental reach. However, new17

anomalous interactions may enhance such production, as discussed in Refs. [35–37]. The main18

production mechanisms are shown in Fig. 1 and the corresponding transverse momentum (pT)19

spectra of the associated photons are shown in Fig. 2 [37–40].20

The primary production mechanism, targeted in this analysis, is generated by the effective21

HZg and Hgg vertices, as shown in Fig. 1 (left). These could be generated by heavy particles22

in the loops leading to both CP-even and CP-odd EFT operators, with Wilson coefficients cgg,23

czg, c̃gg, and c̃zg when expressed in the mass-eigenstate basis [31]. Each of these operators can24

be represented as a combination of three operators in the weak-eigenstate basis [31]. Overall,25

there are six operators to consider in the weak-eigenstate basis, with the Wilson coefficients26

C
jW , C

jB, C
jWB, C

jW̃ , C
jB̃, and C

jW̃B. We therefore work in the mass-eigenstate basis, which27

can be translated into the weak-eigenstate basis. The pT of the photon in this case peaks above28

50 GeV and extends up to several hundred GeV, as shown in Fig. 2 [37].29

The qqHg point interaction, shown in Fig. 3 (left), with the linear combination of Wilson co-30

efficients C
qB and C

qW , equivalent to one coefficient cqg in the mass eigenstate notation, can31

generate gH production in qq annihilation with a photon pT spectrum even harder than pro-32

duced by anomalous HVg couplings, as shown in Fig. 2 [38–40]. The point interaction appears33

q̄ q̄

qq

� �

�*/Z
H H

�q
c�� /cz�

( )�( )�

Figure 1: Feynman diagrams describing gH production at the LHC via a loop-generated
Hgg or HZg interaction (left), with the dot representing an effective point-like coupling, and
through H boson production in qq annihilation with photon radiation (right). The diagrams
highlight the couplings of interest.
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Figure 2: The spectrum of the photon transverse momentum in gH production, as generated
by the leading-order diagrams shown in Figs. 1 and 3. The four distributions correspond to
production resulting from couplings kq, czg (c̃zg), cgg (c̃gg), and cqg.
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Figure 3: Feynman diagrams describing the qq annihilation with production of gH through a
point-like EFT operator (left) and with photon production (right).

in the Feynman rules of SMEFT [41]. However, the same beyond-the-SM (BSM) operators also34

contribute to the ffg interaction, shown in Fig. 3 (right), and ffZ interaction in the Feynman35

rules [41]. These operators are expected to be much better constrained from the more abundant36

processes without presence of the H boson, such as Drell-Yan. Although a fully optimized anal-37

ysis of the Drell-Yan process to target various Wilson coefficients has not yet been performed at38

the LHC, current theoretical interpretations of published pp ! `n and pp ! `` results at the39

LHC indicate that the current constraints on the C
qB and C

qW Wilson coefficients from Drell-40

Yan are significantly tighter than those from processes involving an H boson [42]. For these41

reasons, we do not consider this production diagram in this analysis.42

The Yukawa couplings of quarks yq are incorporated into the effective Lagrangian that de-43

scribes their interaction with the H boson as44

L(Hqq) = �yq ȳqyqH , (1)

where ȳq and yq denote the Dirac spinors for a quark q which can be u, d, s, c, b, or t. In45

the SM, y
SM
q = mq/v, with v = 246 GeV being the vacuum expectation value of the Higgs46

field. The quark Yukawa couplings may also be expressed in two alternative forms. First, we47
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q̄

q

H Hq
g

g

�q�q

Figure 4: Feynman diagrams describing the H boson production at LHC through direct qq
annihilation (left) and gluon fusion production (right).

define kq = yqv/mq, which is useful because kSM
q = 1. Hence, kq may also be interpreted48

as the modifier for the coupling strength of the quark q to the H boson. Second, we define49

k̄q = yqv/mb [43], which is particularly useful for comparing the hierarchy of the Yukawa50

couplings of light quarks, with respect to k̄SM
b = 1. In these calculations, the quark masses are51

evaluated at the scale µ = 125 GeV, which are used to relate k̄q = kqmq/mb.52

The emission of the H boson and a photon from a quark in the qq annihilation, depicted in53

Fig. 1 (right), is the dominant gH production channel in the SM [34]. However, this production54

mechanism would result in a photon with very low pT, of less than 1 GeV on average, as de-55

termined from a dedicated simulation shown in Fig. 2 [38–40]. Differentiating this production56

mechanism from others, such as gluon fusion (ggH), becomes exceedingly challenging due to57

the presence of soft photons, whether genuine or spurious, throughout the rest of the pp col-58

lision event. Nevertheless, an increased Yukawa couplings of light quarks could substantially59

boost the production rate associated with this mechanism.60

This prompted an approach to constrain the Yukawa coupling of light quarks by imposing61

constraints on the gH production rate [44]. However, the presence of an associated photon62

in this context does not effectively aid such an analysis due to the soft pT spectrum. This63

photon merely represents a radiative correction to the direct qq annihilation illustrated in Fig. 464

(left). Therefore, we investigate the inclusive production of the H boson to explore the potential65

enhancement of the Hqq coupling. This enhanced coupling to quarks, Hqq coupling, would66

also change the gluon fusion rate depicted in Fig. 4 (right), necessitating its consideration in67

this analysis as well. The concept for this analysis was initially introduced in Refs. [45, 46] and68

has been revisited more recently in Ref. [47].69

A strategy has been proposed to limit the Yukawa couplings of bottom and charm quarks,70

utilizing measurements of transverse momentum distributions in H boson production [48].71

Experimental constraints from LHC experiments are detailed in Ref. [49–51]. Radiative decays72

of the H boson to mesons could also be used to constraint the quark couplings [52]. Constraints73

on the Hcc coupling have been directly derived from searches for H boson decays into charm74

quarks [53–55]. However, there are currently no stringent constraints on the couplings involv-75

ing the s, d, and u quarks.76

This note conducts two analyses. First, we follow the formalism and simulation tools from77

Ref. [37] and set upper limits on the gH production cross-section, along with simultaneous78

constraints on four anomalous HZg and Hgg couplings in the mass-eigenstate EFT basis. The79

analysis is based on the signature of an H boson boosted in the direction transverse to the80

beam and recoiling against a high-energy photon. Two final states in the decay of the H boson81

are considered, H ! bb (branching fraction B = 0.577) and 4` (B = 0.000128) at mH =82

125.38 GeV [31], where ` represents an electron or muon. The boosted topology of the H boson83

4. Event selection 9

Figure 6: The MPNet distributions for the number of observed events (black markers) compared
with the estimated backgrounds (filled histograms) in the bb channel. Fail (upper), medium
(middle) and tight (lower) regions of the g-tagged (left) and Untagged (right) categories are
shown. The two pT regions of the g-tagged category are combined in this figure. The signal
contribution is shown with an open histogram for a hypothetical cross section of sgH ⇥B(H !
bb) = 10 fb for either the cgg (solid) and czg (dashed) coupling hypothesis.

First search for Hγ (dominated by H → bb) 

σHγ < 15.7 fb @ 95 CL  (SM: few fb)

_
Light-quark Yukawas from σH x BR(4ℓ)

PRD 58 (1998) 057301

|̄u| < 1.06

|̄d| < 0.97

|̄s| < 0.89

|̄c| < 0.88

�H!4` # withq " , as
�H!4` ⇠ 1/�H(q)

CMS-PAS-HIG-23-011

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.58.057301
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-011/index.html
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5. Event selection and search strategy 5

Table 1: Input variables used for the event kinematics BDT.

Shorthand Description
hJ h of the leading merged jet

pT,J pT of the leading merged jet
pT,jj pT of the VBS-jet system
Pj0

magnitude of the three-momentum of the leading VBS jet
Pj1

magnitude of the three-momentum of the subleading VBS jet
M`` invariant mass of the SS dilepton system
pT,`0

pT of the leading lepton
pT,`1

pT of the subleading lepton
E

miss
T missing transverse energy
LT scalar sum of pT,`0, pT,`1, and E

miss
T

ST scalar sum of pT,J and LT

A binned likelihood fit is performed using two lepton flavor categories, `` and `t (` = e, µ).
The fit incorporates the BDT shape in the SR with three designated bins, [0, 0.1, 0.25, 1], along
with the background normalization in the CR.

The normalizations of the processes related to tt̄, including tt̄ ! 1`, tt̄ ! 2`, tt̄W, and tt̄Z, are
free parameters in the fit and are constrained based on the control regions. The resulting nor-
malizations are consistent with the expected ones.

A simultaneous fitting process for events in two lepton flavor categories is conducted [28] to
confirm that the scale derived from the rate parameter is consistent with 1. The result obtained
from the signal strength parameter is µ = 169+199

�137, where µ denotes the ratio of the observed
cross-section to the expected cross-section. These findings highlight the minimal significance of
the SM signal process and the significant uncertainty in the fitting outcomes. The post-fit dis-
tributions for the SR and yields for the CR are shown in Figure 3 and Table 2. The background
scale factors are found to be consistent with 1 with an uncertainty of approximately 30%.

(a) (b)

Figure 3: Post-fit shapes for the SR, including (a) `` final state (b) `t final state. The uncer-
tainty band in the ratio plots represents the post-fit uncertainty of the Monte Carlo, which
corresponds to the uncertainty band in the distribution plots.

CMS-PAS-HIG-24-001

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-001/index.html
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2

Figure 2: Differential cross section at 13 TeV center of mass for VBF HH production as a function
of the invariant mass of the HH system (mHH) for different diagrams and couplings.

visible at high energies. This is illustrated in Fig. 2, which shows the increase and shift towards
higher mHH of the differential VBF HH production cross section for enhanced and reduced k2V
values. Thus, measuring high-mHH nonresonant VBF HH production, with both Higgs bosons
highly Lorentz-boosted, is a powerful probe of the HHVV coupling.

This is evidenced by the current k2V constraint in CMS being dominated by the search for
boosted HH in the bbbb channel, with an observed (expected) 95% confidence level (CL) con-
straint of [0.6, 1.4] ([0.7, 1.4]), excluding k2V = 0 for the first time [13]. This is followed by
CMS searches in the resolved bbbb [14] and bbtt [15] channels, with constraints of [�0.1, 2.2]
([�0.4, 2.5]) and [�0.4, 2.6] ([�0.6, 2.8]), respectively. Similarly, the strongest k2V constraint from
the ATLAS experiment is from the boosted bbbb search [16], with an observed (expected) 95%
CL constraint of [0.55, 1.49] ([0.3, 1.7]).

The success of searches in the boosted bbbb channel motivates further exploration of high-
mHH HH production. This analysis presents the first search in the all-hadronic bbVV channel,
where one Higgs boson decays to bb while the other to WW or ZZ, where W ! qq and
Z ! qq. The branching fractions for the bb and all-hadronic VV decays are 0.58 and 0.11
respectively, for a total branching fraction B(HH ! bbVV ! bb4q) = 2 · 0.58 · 0.11 = 0.13,
which is the second largest behind bbbb. The analysis primarily aims to constrain k2V and also
sets an exclusion limit on the inclusive HH production cross-section. It is not expected to be
sensitive to kl because of the focus on the high-mHH regime.

Another benefit of the high-mHH regime is the significantly reduced quantum chromodynam-
ics (QCD) multijet background, which otherwise makes such all-hadronic searches extremely
challenging. Because of the two Higgs bosons’ high Lorentz-boosts, this regime also features
the unique experimental signature of the bb and VV ! 4q decays each being reconstructed
as single wide-radius jets. Such merged H ! bb jets have been identified to great effect in
CMS using deep neural networks (DNNs) [13, 17], but attaining similar signal versus back-
ground discrimination for H ! VV jets remains an open challenge. To this end, we introduce
a new attention-based DNN, referred to as the global particle transformer (GloParT) to not only
enable this search but open new possibilities for searches in boosted-VV channels as well.

HH → bbVV → bbqqqq (boosted)

VV-tagging with ParticleTransformer

-0.04 < κ2V < 2.05 @ 95% CL
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Figure 1: Leading-order Feynman diagrams showing the production of Higgs boson pairs via the ggF (a), (b), (f)–(h)
and VBF (c)–(e) processes. Each diagram is sensitive to specific coupling factors, denoted by ^8 in the ^ framework or
28 in the HEFT. Diagrams (a)–(e) occur in the SM predictions, while diagrams (f)–(h) manifest only when deviations
from the SM predictions are present in the coefficients 266⌘, 266⌘⌘, or 2CC⌘⌘.

capability to probe relatively high-energy Higgs bosons, both the resolved [25] and boosted topologies [26]
are now used to reconstruct the Higgs bosons. The �� ! 11̄g+g� decay mode has one of the larger
branching fractions (7.3%) among the investigated �� decay channels and benefits from having only
moderate background contamination. In the corresponding search [27], one of the g leptons is required
to decay hadronically, ensuring orthogonality with the 11̄✓✓ + ⇢miss

T search. Although the �� ! 11̄WW
decay mode has a small branching fraction (0.26%), it has high trigger efficiency and a clean experimental
signature. The 11̄g+g� [27] and 11̄WW [28] analyses have been improved through optimized classification
of selected events to enhance the sensitivity to the Higgs boson couplings. Furthermore, the 11̄g+g�

analysis now benefits from more accurate background modeling and larger samples of simulated events.
The multilepton analysis is designed to select �� events in 11̄//⇤, ++⇤++⇤ (+ = , or /), ++⇤g+g�,
g+g�g+g� , WW++⇤, and WWg+g� decay channels with leptons in the final states; the total branching fraction
is around 6.5%. The 11̄✓✓ + ⇢miss

T search targets final states arising from �� decay channels where one of
the Higgs bosons decays to a 1-quark pair and the other to either a boson pair (//⇤, ,,⇤) or a g-lepton
pair, which then decays to a pair of opposite-sign leptons (✓ = 4, `) and neutrinos, for a total branching
fraction of 2.9%. Depending on the analysis, the final discriminating variable can be the �� invariant mass,
the diphoton invariant mass, or the multivariate classifiers used to separate signal from background.
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Updated combination of PLB 843 (2023) 137745

• improved bbbb, bbττ, bbγγ + 2 new
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Updated combination of PLB 843 (2023) 137745

• exp. upper limits on μHH: 2.9 → 2.4
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Figure 1: Leading-order Feynman diagrams showing the production of Higgs boson pairs via the ggF (a), (b), (f)–(h)
and VBF (c)–(e) processes. Each diagram is sensitive to specific coupling factors, denoted by ^8 in the ^ framework or
28 in the HEFT. Diagrams (a)–(e) occur in the SM predictions, while diagrams (f)–(h) manifest only when deviations
from the SM predictions are present in the coefficients 266⌘, 266⌘⌘, or 2CC⌘⌘.

capability to probe relatively high-energy Higgs bosons, both the resolved [25] and boosted topologies [26]
are now used to reconstruct the Higgs bosons. The �� ! 11̄g+g� decay mode has one of the larger
branching fractions (7.3%) among the investigated �� decay channels and benefits from having only
moderate background contamination. In the corresponding search [27], one of the g leptons is required
to decay hadronically, ensuring orthogonality with the 11̄✓✓ + ⇢miss

T search. Although the �� ! 11̄WW
decay mode has a small branching fraction (0.26%), it has high trigger efficiency and a clean experimental
signature. The 11̄g+g� [27] and 11̄WW [28] analyses have been improved through optimized classification
of selected events to enhance the sensitivity to the Higgs boson couplings. Furthermore, the 11̄g+g�

analysis now benefits from more accurate background modeling and larger samples of simulated events.
The multilepton analysis is designed to select �� events in 11̄//⇤, ++⇤++⇤ (+ = , or /), ++⇤g+g�,
g+g�g+g� , WW++⇤, and WWg+g� decay channels with leptons in the final states; the total branching fraction
is around 6.5%. The 11̄✓✓ + ⇢miss

T search targets final states arising from �� decay channels where one of
the Higgs bosons decays to a 1-quark pair and the other to either a boson pair (//⇤, ,,⇤) or a g-lepton
pair, which then decays to a pair of opposite-sign leptons (✓ = 4, `) and neutrinos, for a total branching
fraction of 2.9%. Depending on the analysis, the final discriminating variable can be the �� invariant mass,
the diphoton invariant mass, or the multivariate classifiers used to separate signal from background.
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• Reported on 12 new analyses since Moriond

• Run-2 data is a treasure that keeps being explored with new ideas and methods

• Run-3 data analysis has started and is long not over

• see also talks by M. Golbirsch-Kolb (Thursday), N. Readioff, A. Raspiareza & J. J. Teoh (yesterday)
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Figure 1: Variation of the NLO K-factor with the trilinear coupling at
p
s = 14TeV.

10�6

10�5

10�4

10�3

d
�
/d

m
h
h
[p
b
/G

eV
]

ra
ti
o

LHC 14 TeV
PDF4LHC15
NLO, µ = mhh/2

10�1

100
101

300 400 500 600 700 800 900 1000

d
�
/d

m
h
h
[p
b
/G

eV
]

ra
ti
o

� = 1.0
� = 2.0
� = 2.4
� = 0.0

mhh [GeV]

10�1

100
101

300 400 500 600 700 800 900 1000

(a)

10�6

10�5

10�4

10�3

d
�
/d

m
h
h
[p
b
/G

eV
]

ra
ti
o

LHC 14 TeV
PDF4LHC15
NLO, µ = mhh/2

10�1
100
101
102

300 400 500 600 700 800 900 1000

d
�
/d

m
h
h
[p
b
/G

eV
]

ra
ti
o

� = 1.0
� = �1.0
� = 3.0
� = 5.0

mhh [GeV]

10�1
100
101
102

300 400 500 600 700 800 900 1000

(b)

Figure 2: Higgs boson pair invariant mass distributions for various values of � atp
s = 14TeV. The uncertainty bands are from scale variations as described in the text.

In Fig. 3 we show the transverse momentum distributions p
h
T of one (any) Higgs bo-

son for di↵erent � values. The dip for � ⇠ 2.4 is still present, however much less

pronounced than in the mhh distribution.

Fig. 4 demonstrates the e↵ect of variations of the top quark Yukawa coupling yt on

the mhh and p
h
T distributions, where � is fixed to the SM value. Using eq. (2.5), it

is apparent that yt variations can be obtained from appropriate � variations with the

same code. For example, �(yt = 1.2,� = 1) = (1.2)4 �(yt = 1,� = 1/1.2).

– 8 –
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Figure 1: Leading-order Feynman diagrams showing the production of Higgs boson pairs via the ggF (a), (b), (f)–(h)
and VBF (c)–(e) processes. Each diagram is sensitive to specific coupling factors, denoted by ^8 in the ^ framework or
28 in the HEFT. Diagrams (a)–(e) occur in the SM predictions, while diagrams (f)–(h) manifest only when deviations
from the SM predictions are present in the coefficients 266⌘, 266⌘⌘, or 2CC⌘⌘.

capability to probe relatively high-energy Higgs bosons, both the resolved [25] and boosted topologies [26]
are now used to reconstruct the Higgs bosons. The �� ! 11̄g+g� decay mode has one of the larger
branching fractions (7.3%) among the investigated �� decay channels and benefits from having only
moderate background contamination. In the corresponding search [27], one of the g leptons is required
to decay hadronically, ensuring orthogonality with the 11̄✓✓ + ⇢miss

T search. Although the �� ! 11̄WW
decay mode has a small branching fraction (0.26%), it has high trigger efficiency and a clean experimental
signature. The 11̄g+g� [27] and 11̄WW [28] analyses have been improved through optimized classification
of selected events to enhance the sensitivity to the Higgs boson couplings. Furthermore, the 11̄g+g�

analysis now benefits from more accurate background modeling and larger samples of simulated events.
The multilepton analysis is designed to select �� events in 11̄//⇤, ++⇤++⇤ (+ = , or /), ++⇤g+g�,
g+g�g+g� , WW++⇤, and WWg+g� decay channels with leptons in the final states; the total branching fraction
is around 6.5%. The 11̄✓✓ + ⇢miss

T search targets final states arising from �� decay channels where one of
the Higgs bosons decays to a 1-quark pair and the other to either a boson pair (//⇤, ,,⇤) or a g-lepton
pair, which then decays to a pair of opposite-sign leptons (✓ = 4, `) and neutrinos, for a total branching
fraction of 2.9%. Depending on the analysis, the final discriminating variable can be the �� invariant mass,
the diphoton invariant mass, or the multivariate classifiers used to separate signal from background.
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