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The Large Hadron Collider

 Run 2 pp dataset at 13 TeV exceeds 130 fb-1 
 Inst. Luminosity “levelled” at 2×1034 cm-2s-1 
 Operations and physics in high pile-up now routine
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The LHC detectors
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Status: July 2018

ATLAS Preliminary

Run 1,2
p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb�1

LHC pp
p
s = 13 TeV

Data 3.2 � 79.8 fb�1

Standard Model Production Cross Section Measurements
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Snapshot of measurements
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Higgs Mechanism: Scalar Couplings Structure

Bosonic sector:

• EWSB gives mass to W+,W�,Z bosons

• Higgs couplings proportional to m2
W/Z

gHVV =
2m2

V

v

H

V

V

gHV V

gHff̄

H
f

f̄

Fermionic sector:

• After introducting Higgs field, can add
Yukawa terms to Lagrangian

• Higgs couplings proportional to fermion mass

gHf f̄ = Yf =
mf

v

• v is Higgs field vacuum expectation value

• Loops (e.g. �, gluon) sensitive to BSM physics
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5

BEH mechanism and fermion masses

ghff̄ =
mf

�
ghV V =

2m2
V

�

 SU(2)L⊗U(1)Y local gauge symmetry;  
EW unification; massless carriers 
 Symmetry spontaneously broken; Higgs field acquires vev 

 3 Higgs d.o.f become longitudinal polarisations of W±/Z bosons 
 1 Higgs d.o.f becomes physical Higgs boson 

 Higgs interactions to vector boson: defined by symmetry breaking 
 Higgs interactions to fermions: ad-hoc hierarchical Yukawa couplings∝mf

 Yukawa couplings not imposed by fundamental principle 
 Probing fermion mass generation scale→independent task 
 Fermion mass generation scale from unitarity bounds:

[Phys. Rev. Lett. 59, 2405 (1987); Phys.Rev. D71 (2005) 093009]

⇤ ⇡ 23, 31, 52, 77, 84 TeV (b,c,s,d,u)

 Modified Higgs-fermion couplings in BSM scenarios 
 Concise summary in LHC Higgs Cross-section WG YR4  
[arxiv:1610.07922] 
 Effects ~1/Λ2 or ~ to mixing angles with extra scalars
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SM Higgs boson production and decay

87%  
mh = 125 GeV

7% 
mh = 125 GeV

4% 
mh = 125 GeV

2% 
mh = 125 GeV

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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mh~125 GeV gives access to 
several decay channels
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Higgs boson properties
 Discovery channels: h→ZZ/γγ/WW.  
 Significant progress in Higgs boson property measurements: 

 mass precision <0.2% and bosonic decays known to ~10% 
 main production mechanisms observed 
 interest shifting to more detailed studies 

CMS Run 2 H→ZZ*→4l: 125.26±0.21 GeV [arXiv:1706.09936]

ATLAS-CONF-2017-047

arXiv:1806.00242 Common coupling scaling: 
Fermions (κF) and Bosons (kV); 

no BSM contributions

JHEP 08 (2016) 045

Experimental information on Yukawa 
couplings essential to fully characterise 

the observed Higgs boson!
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Run 1+2 
5.9(5.9)σ

4.9(4.7)σ

ATLAS-CONF-2018-031
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Higgs-fermion interactions: The story so far

3rd generation fermions: 
 top-quark: tth observed 
 bottom-quark: h→bb observed 
 τ-lepton: h→ττ observed 

1st/2nd generation fermions, different picture: 
 e/µ: no evidence yet → established non-universality 

 h→µµ: feasible in LHC (possibly in Run III)... 
 c-quark: no direct evidence, loose bounds from h→bb 
 u/d/s-quarks: no inclusive searches available 
 Higgs couplings: margin for undetected/unobserved decays

[in a nutshell]

arXiv:1804.02610

Run 1+2 
5.2(4.2)σ

h→ττ h→bb

tth

arXiv:1808.08238

Run 2 
4.9(4.3)σ

Run 1+2 
5.4(5.5)σ

PLB 779 (2018) 283
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ATLAS High Level c-tagger - Bringing Everything Together 21
39

Combine approaches to exploit all features of c/b-jets and mitigate the shortcomings
of the individual methods:

X Benefit from the advantages of all basic techniques/algorithms

7 Complex sensitivity to convolution of all detector and physics modelling issues relies
strongly on“calibration” in data (see next slide)

Use the output of the three basic approaches as input to a boosted decision tree
(BDT) to build two discriminants, one trained to separate c-jets from b-jets (x-axis),
another to separate c-jets from light-jets (y -axis)
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“c-tag” jets by making a cut in the 2D discriminant space, working point optimised
for H ! cc̄ is shown in the rectangular selection (shaded region rejected)
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Higgs boson-charm quark coupling
 Search for inclusive h→cc decays, similar to h→bb 

 associated production with W/Z boson 
 SM BR(h→ccbar)/BR(h→bbbar) ~ 5.1% 

Need a c-tagging algorithm 
 Displacements for c-jets ×3.5 less than for b-jets 
 First used Run 1 for search for s-charm [Phys.Rev.Lett. 114 (2015) 161801] 

 Run 2 new “inclusive” c-tagging 
 Combining “low level” taggers into “high level” tagger using a BDT 
 Track Impact Parameter 
 Reconstruction of Secondary Vertices 
 JetFitter: Fit the decay chain of a b/c-jet 

 Optimal working point: 41% c-jet efficiency for 4× b-jet & 20× light flavour jet rejection 

ATLAS-CONF-2017-078
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Zh(→cc):Event Selection
Data Sample and Event Selection 26

39

Use a
p

s = 13TeV pp collision sample collected during 2015 and 2016
corresponding to an integrated luminosity of 36.1 fb�1

Z ! `+`� Selection

Trigger with lowest available pT
single electron or muon triggers

Exactly two same flavour
reconstructed leptons (e or µ)

Both leptons pT > 7 GeV and at
least one with pT > 27 GeV

Require opposite charges
(dimuons only)

81 < m`` < 101 GeV

pZ
T > 75 GeV

H ! cc̄ Selection

Consider anti-kT R = 0.4
calorimeter jets with |⌘| < 2.5 and
pT > 20 GeV

At least two jets with leading jet
pT > 45 GeV

Form H ! cc̄ candidate from the
two highest pT jets in an event

At least one c-tagged jet from
H ! cc̄ candidate

Dijet angular separation �Rjj

requirement which varies with pZ
T

Split events into 4 categories (with varying S/B) based on
H ! cc̄ candidates with 1 or 2 c-tags and pZ

T above/below 150 GeV
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39

Use a
p
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corresponding to an integrated luminosity of 36.1 fb�1
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calorimeter jets with |⌘| < 2.5 and
pT > 20 GeV

At least two jets with leading jet
pT > 45 GeV

Form H ! cc̄ candidate from the
two highest pT jets in an event

At least one c-tagged jet from
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Dijet angular separation �Rjj

requirement which varies with pZ
T

Split events into 4 categories (with varying S/B) based on
H ! cc̄ candidates with 1 or 2 c-tags and pZ

T above/below 150 GeV

First search for exclusive Zh→llcc decays, l=e, µ 
 Small experimental uncertainties  
 Main backgrounds: Z+jets, Z(W/Z), ttbar

 Split events into 4 categories  
 h→cc candidates with 1 or 2 c-tags  
 pTZ above/below 150 GeV  

Background modelling/uncertainties validated with Z(Z/W) production measurement 
 Observed (expected) ZV production with significance of 1.4σ (2.2σ)  
 Measure ZV signal strength of 0.6+0.5-0.4, consistent with SM expectation 
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Zh(→cc):Background Composition

2 c-tags

1 c-tag

75< pTZ < 150 GeV

PRL120 (2018) 211802 
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Zh(→cc):Fit Results

2 c-tags

1 c-tag

75< pTZ < 150 GeV

PRL120 (2018) 211802 



ATLAS CMS
Branching fraction limit (95% CL) Expected Observed Expected Observed

B (H ! J/ �) [ 10�4 ] 3.0+1.4
�0.8 3.5 5.2+2.4

�1.6 7.6

B (H !  (2S) �) [ 10�4 ] 15.6+7.7
�4.4 19.8 - -

B (Z ! J/ �) [ 10�6 ] 1.1+0.5
�0.3 2.3 1.6+0.7

�0.5 1.4

B (Z !  (2S) �) [ 10�6 ] 6.0+2.7
�1.7 4.5 - -

Branching fraction limit (95% CL) Expected Observed

B (H ! ⌥(1S) �) [ 10�4 ] 5.0+2.4
�1.4 4.9

B (H ! ⌥(2S) �) [ 10�4 ] 6.2+3.0
�1.7 5.9

B (H ! ⌥(3S) �) [ 10�4 ] 5.0+2.5
�1.4 5.7

B (Z ! ⌥(1S) �) [ 10�6 ] 2.8+1.2
�0.8 2.8

B (Z ! ⌥(2S) �) [ 10�6 ] 3.8+1.6
�1.1 1.7

B (Z ! ⌥(3S) �) [ 10�6 ] 3.0+1.3
�0.8 4.8

Limits on ZH(! cc̄) production
95% CLs upper limit on � (pp ! ZH)⇥ B (H ! cc̄) [pb]
Observed Expected Expected +1� Expected �1�

2.7 3.9 6.0 2.8

1 Conclusion

“I always thought something was fundamentally wrong with the universe” [? ]

1
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Zh(→cc):Results
No evidence for Zh(→cc) production with current dataset 

10 GeV. The parameter of interest, µ, common to all categories, is the signal strength, defined as the ratio
of the measured signal yield to the SM prediction.

Systematic uncertainties a�ecting the signal and background predictions include theoretical uncertainties
in the signal and background modeling and experimental uncertainties. Table 2 shows their relative impact
on the fitted value of µ. Uncertainties in the mcc̄ shape of the backgrounds are assessed by comparisons
between nominal and alternative event generators as indicated in Table 1.

Systematic uncertainties are incorporated within the statistical model through nuisance parameters that
modify the shape and/or normalization of the distributions. Statistical uncertainties in the simulation
samples are accounted for. The Z+jets background is normalized from the data through the inclusion of
an unconstrained normalization parameter for each category. The fitted normalization parameters range
between 1.13 and 1.30. All other background normalization factors are correlated between categories,
with acceptance uncertainties of order 10% to account for relative variations between categories.

The dominant contributions to the uncertainty in µ are the e�ciency of the tagging algorithms, the
jet energy scale and resolution, and the background modeling. The largest uncertainty is due to the
normalization of the dominant Z+jets background. The typical uncertainty in the tagging e�ciency is
25% for c-jets, 5% for b-jets, and 20% for l-jets.

Table 2: Breakdown of the relative contributions to the total uncertainty in µ. The statistical uncertainty includes the
contribution from the floating Z+jets normalization parameters. The sum in quadrature of the individual components
di�ers from the total uncertainty due to correlations between the components.

Source �/�tot
Statistical 49%
Floating Z + jets normalization 31%

Systematic 87%
Flavor tagging 73%
Background modeling 47%
Lepton, jet and luminosity 28%
Signal modeling 28%
MC statistical 6%

Table 3 shows the fitted signal and background yields. The mcc̄ distributions in the 2 c-tag categories are
shown in Figure 2 with the background shapes and normalizations according to the result of the fit. Good
agreement is observed between the post-fit shapes of the distributions and the data.

The analysis procedure is validated by measuring the yield of ZV production, where V denotes a W or
Z boson, with the same event selection. The fraction of the Z Z yield from Z ! cc̄ decays is ⇠ 55%
(20%) in the 2 c-tag (1 c-tag) category, while the fraction of the ZW yield from W ! cs, cd is ⇠ 65%
for both the 2 and 1 c-tag categories. Contributions of Higgs boson decays to cc̄ and bb̄ are treated as
background and constrained to the SM predictions within its theoretical uncertainties. The diboson signal
strength is measured to be µZV = 0.6+0.5

�0.4 with an observed (expected) significance of 1.4 (2.2) standard
deviations.

The best-fit value for the ZH(cc̄) signal strength is µZH = �69 ± 101. By assuming a signal with the
kinematics of the SM Higgs boson, model-dependent corrections are made to extrapolate to the inclusive

5

The sum in quadrature of the individual components differs from the total 
uncertainty due to correlations between the components. 

SM: 2.55×10-2 pb 
110×SM (150+80-40)

A tagging working point constrains linear combination of h→cc/h→bb 
 Analysis in conjunction with h→bb; account for cross-contamination 

For future key is the controlling of systematic uncertainties 
 Phenomenological analysis indicates |κc|≲2.5-5.5 at 95%CL 
 2×3000 fb-1 depending on the c-tagging scenario [Phys.Rev. D93 (2016) 013001] 

 ATLAS HL-HLC projection for Z(ll)H(cc) alone µ<6.3 [ATL-PHYS-PUB-2018-016)] 

PRL120 (2018) 211802 



K. Nikolopoulos / BNL, 13 September 2018 / Study of the Higgs boson interactions with fermions 15

Exclusive Decays h→Qγ

FIG. 1: The Feynman diagrams for the direct amplitude for H → V + γ at order α0
s. The shaded

blob represents the quarkonium wave function. The momenta that are adjacent to the heavy-quark

lines are defined in the text.

FIG. 2: The Feynman diagram for the indirect amplitude for H → V + γ. The hatched circle

represents top-quark or W -boson loops, and the shaded blob represents the quarkonium wave

function.

• In the direct process, the Higgs boson decays into a heavy quark-antiquark (QQ̄) pair,

one of which radiates a photon before forming a quarkonium with the other element

of the pair.

• In the indirect process, the Higgs boson decays through a top-quark loop or a vector-

boson loop to a γ and a γ∗ (virtual photon). The γ∗ then decays into a vector quarko-

nium.

The Feynman diagrams for the direct and indirect processes are shown in Figs. 1 and 2,

respectively. It is the quantum interference between these two processes that provides phase

3

“Direct” contribution “Indirect” contribution

We take mH = 125.9 ± 0.4 GeV, and we obtain Γ(H → γγ) = 9.565 × 10−6 GeV from

the values of the Higgs-boson total width and branching fraction to γγ in Refs. [11, 12].

We estimate the uncertainties in the indirect amplitude along the lines that were suggested

in footnote 2 of Ref. [8]. In Γ(H → γγ), we take the uncertainty from uncalculated higher-

order corrections to be 1%, and the uncertainties that arise from the uncertainties in the

top-quark mass mt and the W -boson mass mW to be 0.022% and 0.024%, respectively. We

take the uncertainties in the leptonic decay widths to be 2.5% for the J/ψ and 1.3% for

the Υ. We estimate the uncertainties in the indirect amplitude from uncalculated mass

corrections to be m2
V /m

2
H . We have not included the effects of the uncertainty in mH , as it

is expected that that uncertainty will be significantly reduced in Run II of the LHC.

The uncertainties in the direct amplitude arise primarily from the uncertainties in φ0,

⟨v2⟩, and uncalculated corrections of order α2
s, order αsv2, and order v4. We estimate the

order-α2
s correction to be 2%, the order-αsv2 correction to be 5% for the J/ψ and 1.5% for

the Υ, and the order-v4 correction to be 9% for the J/ψ and 1% for the Υ. The uncertainties

in the direct amplitude that arise from the uncertainties in mc and mb are 0.6% in the case

of the J/ψ and 0.1% in the case of the Υ, and so they are negligible in comparison with the

other uncertainties in the direct amplitude.

Our results for the widths are7

Γ(H → J/ψ + γ) =
∣

∣(11.9± 0.2)− (1.04± 0.14)κc
∣

∣

2 × 10−10 GeV, (53a)

Γ[H → Υ(1S) + γ] =
∣

∣(3.33± 0.03)− (3.49± 0.15)κb
∣

∣

2 × 10−10 GeV, (53b)

Γ[H → Υ(2S) + γ] =
∣

∣(2.18± 0.03)− (2.48± 0.11)κb
∣

∣

2 × 10−10 GeV, (53c)

Γ[H → Υ(3S) + γ] =
∣

∣(1.83± 0.02)− (2.15± 0.10)κb
∣

∣

2 × 10−10 GeV. (53d)

The SM values for the widths (κQ = 1) are

ΓSM(H → J/ψ + γ) = 1.17+0.05
−0.05 × 10−8 GeV, (54a)

ΓSM[H → Υ(1S) + γ] = 2.56+7.30
−2.56 × 10−12 GeV, (54b)

ΓSM[H → Υ(2S) + γ] = 8.46+7.79
−5.35 × 10−12 GeV, (54c)

ΓSM[H → Υ(3S) + γ] = 10.25+7.33
−5.45 × 10−12 GeV. (54d)

7 We do not include results for the ψ(2S) because a value for ⟨v2⟩[ψ(2S)] does not exist in the literature

and because it is likely that v2 for the ψ(2S) is so large that the theoretical uncertainties in the width

would be very large.
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 h→Qγ decays: clean probe for Higgs-quark couplings for 1st/2nd generation quarks  
 Q is a vector meson or quarkonium state 

 Two contributions: direct and indirect amplitude 
 Direct amplitude: sensitive to Higgs boson-quark couplings 
 Indirect amplitude: insensitive to Higgs boson-quark couplings; larger than direct 
 Destructive interference

Phys.Rev. D90 (2014) 11, 113010
Similar decays of W± and Z bosons: also rich physics programme 

Novel precision studies of quantum chromo-dynamics 
W±/Z boson interactions with light quarks not well covered at earlier facilities 
Discovery potential for new physics processes



622 IV.6.2. Exclusive mesonic and flavour-violating Higgs boson decays

Table 162: Theoretical predictions for the h ! M� branching ratios in the SM, obtained using different theoret-
ical approaches.

Mode Branching Fraction [10�6]

Method NRQCD [1487] LCDA LO [1486] LCDA NLO [1489]

Br(h ! ⇢�) – 19.0 ± 1.5 16.8 ± 0.8

Br(h ! !�) – 1.60 ± 0.17 1.48 ± 0.08

Br(h ! ��) – 3.00 ± 0.13 2.31 ± 0.11

Br(h ! J/ �) – 2.79 +0.16
�0.15 2.95 ± 0.17

Br(h ! ⌥(1S) �) (0.61 +1.74
�0.61) · 10�3 – (4.61 + 1.76

� 1.23) · 10�3

Br(h ! ⌥(2S) �) (2.02 +1.86
�1.28) · 10�3 – (2.34 + 0.76

� 1.00) · 10�3

Br(h ! ⌥(3S) �) (2.44 +1.75
�1.30) · 10�3 – (2.13 + 0.76

� 1.13) · 10�3

one-loop expression by less than 1% for the measured value of the Higgs boson mass [1491]. However,
physics beyond the SM could affect these couplings in a non-trivial way, either through modifications of
the htt̄ and hW+W� couplings or by means of loops containing new heavy particles. The measurement
of the light-quark couplings to the Higgs should therefore be considered together with the extraction of
the effective h�� coupling. As pointed out in [1489], by taking the ratio of the h ! M� and h ! ��
branching fractions one can remove this sensitivity to unknown new contributions to the h�� coupling.

We now consider the theoretical prediction for the direct amplitude. This quantity cannot be
directly related to data, unlike the indirect amplitude. Two theoretical approaches have been used to cal-
culate this contribution. The hierarchy mh � mM implies that the vector meson is emitted at very high
energy EM � mM in the Higgs boson rest frame. The partons making up the vector meson can thus be
described by energetic particles moving collinear to the direction of M . This kinematic hierarchy allows
the QCD factorization approach [1492,1493] to be utilized. Up to corrections of order (⇤QCD/mh)2 for
light mesons, and of order (mM/mh)2 for heavy vector mesons, this method can be used to express the
direct contribution to the h ! M� decay amplitude as a perturbatively calculable hard-scattering coef-
ficient convoluted with the leading-twist light-cone distribution amplitude (LCDA) of the vector meson.
This approach was pursued in [1489], where the full next-to-leading order (NLO) QCD corrections were
calculated and large logarithms of the form [↵s ln(mh/mM )]n were resummed at NLO, and in [1486],
where an initial LO analysis was performed. The dominant theoretical uncertainties remaining after
this calculation are parametric uncertainties associated with the non-perturbative LCDAs of the vector
mesons. Thanks to the high value µ ⇠ mh of the factorization scale, however, the LCDAs are close to
the asymptotic form �M (x, µ) = 6x(1 � x) attained for µ ! 1, and hence the sensitivity to not yet
well-known hadronic parameters turns out to be mild. For the heavy vector mesons M = J/ , ⌥(nS),
the quark and antiquark which form the meson are slow-moving in the M rest frame. This allows the
non-relativistic QCD framework (NRQCD) [711] to be employed to facilitate the calculation of the di-
rect amplitude. This approach was pursued in [1487], where the NLO corrections in the velocity v of
the quarks in the M rest frame, the next-to-leading order corrections in ↵s, and the leading-logarithmic
resummation of collinear logarithms were incorporated into the theoretical predictions. The dominant
theoretical uncertainties affecting the results for h ! J/ � and h ! ⌥(nS) � after the inclusion of
these corrections are the uncalculated O(v4) and O(↵sv

2) terms in the NRQCD expansion.
Table 162 collects theoretical predictions for the various h ! M� branching fractions in the SM.

The inclusion of NLO QCD corrections and resummation help to reduce the theoretical uncertainties.
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Exclusive Decays h→Qγ

JHEP 1504 (2015) 101

Decay mode Branching ratio asymptotic LO

Z0 → π0γ (9.80 +0.09
− 0.14 µ ± 0.03f ± 0.61a2 ± 0.82a4) · 10−12 7.71 14.67

Z0 → ρ0γ (4.19 +0.04
− 0.06 µ ± 0.16f ± 0.24a2 ± 0.37a4) · 10−9 3.63 5.68

Z0 → ωγ (2.89 +0.03
− 0.05 µ ± 0.15f ± 0.29a2 ± 0.25a4) · 10−8 2.54 3.84

Z0 → φγ (8.63 +0.08
− 0.13 µ ± 0.41f ± 0.55a2 ± 0.74a4) · 10−9 7.12 12.31

Z0 → J/ψ γ (8.02 +0.14
− 0.15 µ ± 0.20f

+0.39
− 0.36 σ) · 10−8 10.48 6.55

Z0 → Υ(1S) γ (5.39 +0.10
− 0.10 µ ± 0.08f

+0.11
− 0.08 σ) · 10−8 7.55 4.11

Z0 → Υ(4S) γ (1.22 +0.02
− 0.02 µ ± 0.13f

+0.02
− 0.02 σ) · 10−8 1.71 0.93

Z0 → Υ(nS) γ (9.96 +0.18
− 0.19 µ ± 0.09f

+0.20
− 0.15 σ) · 10−8 13.96 7.59

Table 4: Predicted branching fractions for various Z → Mγ decays, including error
estimates due to scale dependence (subscript “µ”) and the uncertainties in the meson
decay constants (“f”), the Gegenbauer moments of light mesons (“an”), and the width
parameters of heavy mesons (“σ”). See text for further explanations.

our case, on the other hand, p2 = m2
Z is equal to the mass of the decaying heavy gauge boson,

in which case the above expression does not exhibit a 1/k2 pole, but is instead proportional
to 1/m2

Z . Hence we conclude that A = 0 in (68). Note that in the limit k2 → 0 one obtains
from (69)

1

m2
Z

(

1

ϵ
+ ln

m2
Z

µ2
− iπ + const.

)

, (70)

which is precisely of the form of our (bare) hard-scattering coefficients.

3.4 Phenomenological results

We are now ready to present detailed numerical predictions for the various radiative decay
modes. We start with the decays of the Z boson, using relation (35). Besides the input
parameters already mentioned, we need the Z-boson mass mZ = (91.1876± 0.0021)GeV and
total width ΓZ = (2.4955±0.0009)GeV [45]. When squaring the decay amplitudes, we expand
the resulting expressions consistently to first order in αs. The imaginary parts of the form
factors in (42) do not enter at this order. Our results are presented in Table 4. Significant
uncertainties in our predictions arise from the hadronic input parameters, in particular the
meson decay constants (see Appendix B) and the various Gegenbauer moments. Their impact
is explicitly shown in the table. Our error budget also includes a perturbative uncertainty,
which we estimate by varying the factorization scale by a factor of 2 about the default value
µ = mZ . All other uncertainties, such as those in the values of Standard Model parameters,
are negligible. Note also that power corrections from higher-twist LCDAs are bound to be
negligibly small, since they scale like (ΛQCD/mZ)2 for light mesons and at most like (mM/mZ)2

for heavy ones. The predicted branching fractions range from about 10−11 for Z0 → π0γ to
about 10−7 for Z0 → J/ψ γ. In the last row, the symbol Υ(nS) means that we sum over
the first three Υ states (n = 1, 2, 3). Strong, mode-specific differences arise foremost from the

26

JHEP 1508 (2015) 012

 Substantial interest from theory community on branching ratio estimates and feasibility

PRL 114 (2015) 101802PRD90 (2014) 113010

Not exhaustive; 
accurate at the  

time of YR4
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h/Z→J/ψγ and h/Z→Y(nS)γ (n=1,2,3)

Phys.Rev.Lett. 114 (2015) 12, 121801

Theory

First search for exclusive h/Z→Qγ decays in Run 1 
Q = J/ψ or Y(nS), n=1,2,3 decaying to µ+µ- 
ATLAS 19.2 - 20.3 fb-1 
CMS 19.7 fb-1 

95% CL upper limits on decay Branching Ratios: 
 𝓞(10-3) for Higgs boson (SM production) 
 𝓞(10-6) for Z boson 

 Indicate non-universal Higgs boson coupling to quarks  
[Phys.Rev. D92 (2015) 033016, JHEP 1508 (2015) 012]

CMS obtained the same 95% CL upper 
limit: BR[H→(J/ψ)γ] < 1.5x10-3  
[Phys.Lett. B753 (2016) 341]

Phys.Rev.Lett. 114 (2015) 12, 121801
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h/Z→ψ(mS)γ (m=1,2) and h/Z→Y(nS)γ (n=1,2,3)

FIG. 1: The Feynman diagrams for the direct amplitude for H → V + γ at order α0
s. The shaded

blob represents the quarkonium wave function. The momenta that are adjacent to the heavy-quark

lines are defined in the text.

FIG. 2: The Feynman diagram for the indirect amplitude for H → V + γ. The hatched circle

represents top-quark or W -boson loops, and the shaded blob represents the quarkonium wave

function.

• In the direct process, the Higgs boson decays into a heavy quark-antiquark (QQ̄) pair,

one of which radiates a photon before forming a quarkonium with the other element

of the pair.

• In the indirect process, the Higgs boson decays through a top-quark loop or a vector-

boson loop to a γ and a γ∗ (virtual photon). The γ∗ then decays into a vector quarko-

nium.

The Feynman diagrams for the direct and indirect processes are shown in Figs. 1 and 2,

respectively. It is the quantum interference between these two processes that provides phase

3

c _
J/𝞇

c

 New results on exclusive h/Z→Qγ decays with Run 2 data! 
 Q = ψ(mS) [m=1,2] or Y(nS) [n=1,2,3] decaying to µ+µ- 

 Event Selection (ATLAS example) 
dedicated photon + muon trigger 
|ηµ|<2.5, pTµ>18,3 GeV 
|ηγ|<2.47, pTγ>35 GeV 

excluding 1.37<|ηγ|<1.52 
pTµµ >34-54.4 GeV [function of mµµγ] 
µµ and γ isolation 
loose mµµ  requirements 
|Lxy|/σLxy<3 

 Total efficiency  
 h/Z→J/ψ(→µµ)γ~19% (11%) 
 h/Z→Υ(→µµ)γ~ 23% (16%)

Phys.Rev.Lett. 114 (2015) 121801
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h/Z→ψ(mS)γ (m=1,2) and h/Z→Y(nS)γ (n=1,2,3)

 Mostly no categorisation 
 ATLAS Y(nS): 2 µ categories 
 CMS ZJ/ψ: 3 γ categories 

 Mass resolution ~1.6-1.8%

CMS-PAS-SMP-17-012

Y(1S)

Y(2S)
Y(3S)

Y(1S)

Y(2S)

Y(3S)

arXiv:1807.00802
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h/Z→Qγ: Background
 Inclusive quarkonium with jet “seen” as γ 

 combinatoric background: small contribution 
 contribution from Q+γ production 

 Non-parametric data-driven background model 
 Begin with loose sample of candidates 
 Model kinematic and isolation distributions 
 Generate “pseudo”-background events 
 Apply selection to “pseudo”-candidates 

CMS: polynomials for background model  
Peaking backgrounds  

 Z→µµγFSR from side-band fit 
 H→µµγFSR (small contribution wrt other backgrounds)

arXiv:1807.00802
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 Signal Yield Uncertainty: Several sources of systematic uncertainty on the h and Z 
signal yields are considered, all modelled by nuisance parameters in likelihood:

21

h/Z→Qγ: Systematics

 Background Shape Uncertainty: Estimated from modifications to modeling 
procedure (e.g. shifting/warping input distributions), shape uncertainty included in 
likelihood as a shape morphing nuisance parameter

Source Signal Yield Uncertainty Estimated From
H Signal Modelling 7.2% QCD Scale Variations

and PDF uncertaintiesZ Signal Modelling 5.7%
Integrated
Luminosity 2.1% Calibration observables and

vdM scan uncertainties
Trigger Efficiency 2.0% Data Driven Techniques

with Z ! ``, Z ! ``g , and
J/y ! µµ events

Photon ID Efficiency 1.4%
Muon ID Efficiency 2.8%

2
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h/Z→Qγ: Results

 ATLAS Two-observable fit   
 mµµγ, mµµ  

 CMS Single-observable fit   
mµµγ 

No significant excess 
above background observed

arXiv:1807.00802
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h/Z→Qγ:  Results

arXiv:1807.00802

 Two-observable fit   
 mµµγ, pTµµγ 

 No significant excess 
above background observed
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h/Z→Qγ: Results

 Substantial improvement with respect to Run 1 results 
 Expected limit improved by factor 3-4 for Higgs and by 60-80% for Z 

 Current limits imply: -165<κc<200 
 Predictions on the direct amplitude have been revised downwards as a function of time

ATLAS CMS
Branching fraction limit (95% CL) Expected Observed Expected Observed

B (H ! J/ �) [ 10�4 ] 3.0+1.4
�0.8 3.5 5.2+2.4

�1.6 7.6

B (H !  (2S) �) [ 10�4 ] 15.6+7.7
�4.4 19.8 - -

B (Z ! J/ �) [ 10�6 ] 1.1+0.5
�0.3 2.3 1.6+0.7

�0.5 1.4

B (Z !  (2S) �) [ 10�6 ] 6.0+2.7
�1.7 4.5 - -

Branching fraction limit (95% CL) Observed Expected

B (H ! ⌥(1S) �) [ 10�4 ] 4.9 5.0+2.4
�1.4

B (H ! ⌥(2S) �) [ 10�4 ] 5.9 6.2+3.0
�1.7

B (H ! ⌥(3S) �) [ 10�4 ] 5.7 5.0+2.5
�1.4

B (Z ! ⌥(1S) �) [ 10�6 ] 2.8 2.8+1.2
�0.8

B (Z ! ⌥(2S) �) [ 10�6 ] 1.7 3.8+1.6
�1.1

B (Z ! ⌥(3S) �) [ 10�6 ] 4.8 3.0+1.3
�0.8

Limits on ZH(! cc̄) production
95% CLs upper limit on � (pp ! ZH)⇥ B (H ! cc̄) [pb]
Observed Expected Expected +1� Expected �1�

2.7 3.9 6.0 2.8

1 Conclusion

“I always thought something was fundamentally wrong with the universe” [? ]

1

ATLAS CMS
Branching fraction limit (95% CL) Observed Expected Observed Expected

B (H ! J/ �) [ 10�4 ] 3.5 3.0+1.4
�0.8 7.6 5.2+2.4

�1.6

B (H !  (2S) �) [ 10�4 ] 19.8 15.6+7.7
�4.4 - -

B (Z ! J/ �) [ 10�6 ] 2.3 1.1+0.5
�0.3 1.4 1.6+0.7

�0.5

B (Z !  (2S) �) [ 10�6 ] 4.5 6.0+2.7
�1.7 - -

Branching fraction limit (95% CL) Observed Expected

B (H ! ⌥(1S) �) [ 10�4 ] 4.9 5.0+2.4
�1.4

B (H ! ⌥(2S) �) [ 10�4 ] 5.9 6.2+3.0
�1.7

B (H ! ⌥(3S) �) [ 10�4 ] 5.7 5.0+2.5
�1.4

B (Z ! ⌥(1S) �) [ 10�6 ] 2.8 2.8+1.2
�0.8

B (Z ! ⌥(2S) �) [ 10�6 ] 1.7 3.8+1.6
�1.1

B (Z ! ⌥(3S) �) [ 10�6 ] 4.8 3.0+1.3
�0.8

Limits on ZH(! cc̄) production
95% CLs upper limit on � (pp ! ZH)⇥ B (H ! cc̄) [pb]
Observed Expected Expected +1� Expected �1�

2.7 3.9 6.0 2.8

1 Conclusion

“I always thought something was fundamentally wrong with the universe” [? ]

1

c.f Phys.Rev. D96 (2017) 116014  to PRD90 (2014) 113010
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h/Z→J/ψγ and h/Z→Y(nS)γ: Results
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Search for h/Z→φγ and ργ

 First search, with 2.7 fb-1 at 13 TeV collected in 2015 
 h→φγ sensitive to strange quark Yukawa coupling 

 challenging to access with inclusive h→ss decays! 
 Looking for new physics through anomalous couplings 

 possible in various BSM scenarios, modifies BR(h→φγ) 
 Z→φγ not directly constrained by existing measurements

Phys. Rev. Lett. 117, 111802
 New results with up to 35.6/fb 

 updated h/Z→φγ  
 added h/Z→ργ probing up- and -down quark couplings to Higgs boson

BR(h ! � �) = (2.31± 0.03f� ± 0.11h!��) · 10�6

arXiv:1712.02758

FIG. 1: The Feynman diagrams for the direct amplitude for H → V + γ at order α0
s. The shaded

blob represents the quarkonium wave function. The momenta that are adjacent to the heavy-quark

lines are defined in the text.

FIG. 2: The Feynman diagram for the indirect amplitude for H → V + γ. The hatched circle

represents top-quark or W -boson loops, and the shaded blob represents the quarkonium wave

function.

• In the direct process, the Higgs boson decays into a heavy quark-antiquark (QQ̄) pair,

one of which radiates a photon before forming a quarkonium with the other element

of the pair.

• In the indirect process, the Higgs boson decays through a top-quark loop or a vector-

boson loop to a γ and a γ∗ (virtual photon). The γ∗ then decays into a vector quarko-

nium.

The Feynman diagrams for the direct and indirect processes are shown in Figs. 1 and 2,

respectively. It is the quantum interference between these two processes that provides phase

3

s s
_

𝞿

Search for Higgs and Z Boson Decays to ϕγ with the ATLAS Detector

M. Aaboud et al.*

(ATLAS Collaboration)
(Received 14 July 2016; published 9 September 2016)

A search for the decays of the Higgs and Z bosons to a ϕ meson and a photon is performed with a pp
collision data sample corresponding to an integrated luminosity of 2.7 fb−1 collected at

ffiffiffi
s

p
¼ 13 TeV with

the ATLAS detector at the LHC. No significant excess of events is observed above the background, and
95% confidence level upper limits on the branching fractions of the Higgs and Z boson decays to ϕγ of
1.4 × 10−3 and 8.3 × 10−6, respectively, are obtained.

DOI: 10.1103/PhysRevLett.117.111802

Rare decays of the 125 GeV Higgs boson [1,2] H to a
light meson and a photon γ have been suggested to present
one viable probe of the Yukawa coupling of the Higgs
boson to light (u, d, s) quarks [3–5]. While the Standard
Model (SM) predicts these couplings to be small, sub-
stantial modifications are predicted in several scenarios
beyond the SM, which include the minimal flavor violation
framework [6], the Froggatt-Nielsen mechanism [7], the
Higgs-dependent Yukawa couplings model [8], the
Randall-Sundrum family of models [9], and the possibility
of the Higgs boson being a composite pseudo-Goldstone
boson [10]. The light-quark Yukawa couplings are almost
entirely unconstrained by existing data and the large
multijet background at the Large Hadron Collider (LHC)
severely inhibits the study of such couplings with inclusive
H → qq̄ decays. The decay of the Higgs boson to a ϕ
meson and a photon would give access to the strange-quark
Yukawa coupling and to potential deviations from the SM
prediction. The expected SM branching fraction is
BðH → ϕγÞ ¼ ð2.3$ 0.1Þ × 10−6 [4], and no direct exper-
imental information about this decay mode currently exists.
The analogous rare decays of the Higgs boson to a heavy
quarkonium state and a photon offer sensitivity to the
charm- and bottom-quark Yukawa couplings [11–13]. The
Higgs boson decays to J=ψγ and ϒγ have already been
searched for by the ATLAS Collaboration [14]. The former
decay mode has also been searched for by the CMS
Collaboration [15].
The corresponding decay of the Z boson has also been

considered from a theoretical perspective [16,17], as it
offers a precision test of the SM and the predictions of the
factorization approach in quantum chromodynamics [17].
Owing to the large Z boson production cross section at the
LHC, rare Z boson decays can be probed at branching

fractions much smaller than for Higgs boson decays to the
same final state. The most precise prediction for the SM
branching fraction is BðZ → ϕγÞ ¼ ð1.17$ 0.08Þ × 10−8

[16]. The decay Z → ϕγ has not yet been observed and is
not well constrained by existing measurements of Z boson
decays.
This Letter describes a search for Higgs and Z boson

decays to the exclusive final state ϕγ. The decay
ϕ → KþK− is used to reconstruct the ϕ meson. The search
is performed with a sample of pp collision data corre-
sponding to an integrated luminosity of 2.7 fb−1 recorded
at a center-of-mass energy

ffiffiffi
s

p
¼ 13 TeV with the ATLAS

detector, described in detail in Ref. [18].
Higgs boson production is modeled using the POWHEG-

BOX v2 Monte Carlo (MC) event generator [19–23] for the
gluon fusion (ggH) and vector-boson fusion (VBF) proc-
esses calculated up to next-to-leading order in αS with CT10
parton distribution functions [24]. Additional contributions
from the associated production of a Higgs boson and aW or
Z boson (denoted WH and ZH, respectively) are modeled
by the PYTHIA 8.186 MC event generator [25,26] with
NNPDF 2.3 parton distribution functions [27]. The pro-
duction rates and dynamics for a SM Higgs boson with
mH ¼ 125 GeV, obtained from Ref. [28], are assumed
throughout this analysis. The ggH signal model is appro-
priately scaled to account for the production of a Higgs
boson in association with a tt̄ or bb̄ pair. The POWHEG-BOX
v2 MC event generator, with the CTEQ6L1 parton distri-
bution functions [29], is used to model Z boson production.
The total cross section is obtained from the measurement in
Ref. [30], with an uncertainty of 5.5%.
The Higgs and Z boson decays are simulated as a

cascade of two-body decays. Effects of the helicity of
the ϕmesons on the K$ kinematics are found to modify the
acceptance by at most $1% and this is corrected for in the
Higgs boson case and treated as a systematic uncertainty in
the Z boson case, due to the unknown Z boson polarization.

PYTHIA 8.186 [25,26] with the AZNLO set of hadro-
nization and underlying-event parameters [31] is used to
simulate showering and hadronization. The simulated

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Analysis Strategy
Exclusive decays → distinct experimental signature 

 Pair of collimated high-pT isolated tracks  
recoils against high-pT isolated photon 

 Meson decays: 
 φ→Κ+Κ-, BR=49% 
 ρ→π+π-, BR~100% 

Small opening angles between decay products 
 Particularly for φ→Κ+Κ-  
 Tracking in dense environments

Phys. Rev. Lett. 117, 111802

Z→µµ candidate with 25 reconstructed vertices from the 2012 run. Only good quality tracks with pT>0.4GeV are shown

photon

meson decay 
products

Higgs

Small angular separation of decay 
products
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Analysis Strategy

Phys. Rev. Lett. 117, 111802

Exclusive decays → distinct experimental signature 
 Pair of collimated high-pT isolated tracks  
recoils against high-pT isolated photon 

 Meson decays: 
 φ→Κ+Κ-, BR=49% 
 ρ→π+π-, BR~100% 

Small opening angles between decay products 
 Particularly for φ→Κ+Κ-  
 Tracking in dense environments
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Trigger Strategy

 ATLAS features a two-level trigger system 
Level-1: Hardware-based 

 40 MHz → 100 kHz 
High Level Trigger: Software-based  

 100kHz → 1 kHz  
 This is the total data rate ATLAS can record 

 Dedicated analysis-specific trigger only 
allowed a small fraction 

 typically well below 10 Hz 
 Highly selective trigger design required

Trigger rates (July 2016) LHC fill with peak 
luminosity 1.02*1034cm-2s-1 and <μ>= 24.2
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Trigger Strategy

Eur. Phys. J. C 77 (2017) 317

photon

meson 
decay 
products

Higgs

Small angular separation 
of decay productsEnabled by dedicated trigger items 

Modified τ-lepton algorithms 
Activated: 9/2015 (φγ) and 5/2016 (ργ) 
Efficiency ~80% w.r.t offline selection 

Level-1: Isolated EM object 
Lowest pT unprescaled EM object 

HLT: Collimated/isolated high-pT track pair recoiling 
against high-pT photon 

Isolated di-track (leading pT>15 GeV) consistent with mMeson 
Photon (pTγ>35 GeV)

Eur. Phys. J. C 77 (2017) 317



H/Z æ „“: Selection
Photon Selection:

“Tight” “ ID and p“
T > 35 GeV

|÷“ | < 2.47, excluding 1.37 < |÷“ | < 1.52
*“FixedCutTight” photon isolation
�„(K+K≠, “) > fi/2

„ æ K+K≠ Selection

Tracking CP “Loose” working point
Leading/sub-leading track pT > 20, 15 GeV
|mKK ≠ m„| < 8 MeV

*Track isolation (ptcone20) relative to pKK
T < 0.10

*Di-track system transverse momentum
requirement:

pM
T >
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* removed/loosened in background Generation region (GR).
Validation regions defined where each requirement applied independently: pT validation region

(VR1); “ Isolation Validation Region (VR2); Di-Track Isolation Validation Region (VR3)

R. Owen (University of Birmingham) H/Z æ „/fl “ 16th July 2017 4 / 22
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Event Selection
 Tracks  

 No particle identification available at pT range of interest, all tracks considered K/π 
 Two opposite charged tracks 

 Leading pT>20GeV, sub-leading pT>15 GeV 
 di-track consistent to mφ±8 MeV or mρ±140 MeV 
 track-based isolation 
 di-track system must satisfy: 

Photons 
“Tight” identification criteria 
 pTγ>35 GeV 
 |ηγ|<2.47 and not in 1.37<|ηγ|<1.52 
 Isolated (calorimeter- and track-based) 
 Δφ(M,γ)>π/2 

 Total signal acceptance/efficiency  
 h(Z)→φγ→K+K-γ ~ 17% (8%) 
 h(Z)→ργ→π+π-γ ~ 10% (0.4%)

JHEP 1807 (2018) 127

Full event selection w/o mKK requirement

JHEP 1807 (2018) 127
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Efficiency and Resolution

Phys. Rev. Lett. 117, 111802

 No categorisation 
 Mass resolution ~1.8% 
 Signal Model 

Higgs: double Gauss 
Z: double Voigt with eff. corr. 

Signal Systematic Uncertainty

JHEP 1807 (2018) 127 JHEP 1807 (2018) 127

JHEP 1807 (2018) 127
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Background Modelling
 Dominated by QCD production γ+jet and multi-jet events 
 Exclusive “peaking” backgrounds (e.g. h/Z→µµγFSR) estimated to be negligible 
 Non-parametric data-driven background model; common for ATLAS Qγ searches 

 Begin with loose sample of candidates 
 Model kinematic and isolation distributions 
 Generate “pseudo”-background events 
 Apply selection to “pseudo”-candidates 

 Background Normalisation: Directly from the data in the Signal Region 
 Background Shape Uncertainty: Estimated from modifications to modelling 
procedure (e.g. shifting/warping input distributions), shape uncertainty included in 
likelihood as a shape morphing nuisance parameter

arXiv:1712.02758
pTMeson γ-isolation Meson-isolation
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Background validation in side-bands

arXiv:1712.02758 arXiv:1712.02758
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Results

Final discriminant is mΚΚγ and mππγ  
No significant signal observed  
 95% confidence level upper limit 

 CLs with profile likelihood test statistic 
 Limit on production cross-section 
times branching ratio 

 h→φγ < 25.3 fb 
 h→ργ < 45.5 fb

JHEP 1807 (2018) 127

h/Z→φγ h/Z→ργ

x3 improvement in expected limits with  
respect to 2.7/fb result [PRL 117, 111802] 



LHC upgrade timescale

• HL-LHC upgrade proposed
� Goal to collect 3000 fb�1 by 2035

• Corresponding proposals for upgrades of the LHC experiments

� Central feature of ATLAS upgrade programme a new, all silicon tracking system
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Run II Run III HL-LHCtodayRun I

 [TeV]s
7 8 9 10 20 30 40 50 60 70 80 210

 [p
b]

σ

-210

-110

1

10

210

310

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
4

 H (NNLO+NNLL QCD + NLO EW)
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q q→pp 
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→pp 
 ZH (NNLO QCD)

→pp 

H (NLO QCD)

t t→pp 
 HH (NLO QCD)

→pp 

H (NNLO QCD - 5FS)

b b→pp 

 = 125 GeVHM
MSTW2008

 HL-LHC is a Higgs boson factory 
 𝓞(200M) Higgs bosons produced 

HL-LHC projections for h/Z→J/ψγ  
Simple and, relatively, clean final state 
Small branching ratio, few events expected 
At SM sensitivity h→µµγFSR contribution 
~3×h→J/ψγ and (Z→µµγFSR for Z) 
 Sensitive to “anomalous” h→γγ; use ratio 

 Future colliders: leap in Higgs production rate 
 FCC-hh 100 TeV 20/ab: 𝓞(15G) Higgs bosons
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HL-LHC and beyond
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The results presented in Tables 2 and 4 demonstrate that the introduction of a simple multivariate analysis
provides a 20% improvement in the expected limits.

Expected branching ratio limit at 95% CL
B (H ! J/ �) [ 10�6 ] B (Z ! J/ �) [ 10�7 ]

Cut Based Multivariate Analysis Cut Based
300 fb�1 185+81

�52 153+69
�43 7.0+2.7

�2.0
3000 fb�1 55+24

�15 44+19
�12 4.4+1.9

�1.1

Standard Model expectation
B (H ! J/ �) [ 10�6 ] B (Z ! J/ �) [ 10�7 ]

2.9 ± 0.2 0.80 ± 0.05

Table 2: The expected branching ratio limit at 95% CL for 300 fb�1 and 3000 fb�1 scenarios. The Standard Model
expectations are also reported for comparison.

Expected branching ratio limit at 95% CL
Bkgd. Syst. Unc. Scenario 2%

B (H ! J/ �) [ 10�6 ] Median 1� 2�
Cut Based Analysis 52 +21

�14
+51
�24

Multivariate Analysis 43 +18
�12

+43
�20

B (Z ! J/ �) [ 10�7 ] Median 1� 2�
Cut Based Analysis 4.3 +1.7

�1.2
+3.7
�2.0

Table 3: Comparison of the expected branching ratio limit at 95% CL for 3000 fb�1, assuming the alternative back-
ground systematic uncertainty scenario.

Expected � ⇥ B limit at 95% CL
� (pp ! H) ⇥ B (H ! J/ � ) [fb]
Cut Based Multivariate Analysis

300 fb�1 10.4+2.9
�4.5 8.6+2.4

�3.7
3000 fb�1 3.1+0.9

�1.3 2.5+0.7
�1.0

Table 4: The expected limits at 95% CL on the Higgs cross section times branching fraction for 300 fb�1 and
3000 fb�1 scenarios.
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HL-LHC and beyond 2

II. SETUP

Within the SM the couplings of the physical Higgs bo-
son to the fermions are completely determined in terms
of fermion masses. However, in the presence of NP, a
misalignment between quark-mass and Yukawa matri-
ces is possible. This can be parametrized in a model-
independent way by adding the D = 6 operators

LY
6 = � 1

v2
�
(�†�) q̄LCu�

cuR + (�†�) q̄LCd� dR
�

(1)

to the SM Lagrangian. Here, � denotes the Higgs
doublet, parametrized in unitary gauge as � =
1/

p
2 (0, h+ v)T , where v corresponds to the vacuum ex-

pectation value h�i = 1/
p
2 (0, v)T , h is the physical

Higgs field, and qL, uR, dR are the chiral SM-quark dou-
blet and singlets (all quark fields being 3-vectors in flavor
space). Inserting this decomposition of the Higgs doublet
into (1) as well as into the SM-like (D = 4) Yukawa terms

with couplings Ŷ
u,d

SM, we obtain the fermion masses and
Higgs couplings in the flavor basis

L � �ūL

✓
M̂

u
+

hp
2
Ŷ

u
◆
uR � d̄L

✓
M̂

d
+

hp
2
Ŷ

d
◆
dR ,

(2)

where the Yukawa matrix Ŷ
u,d

= Ŷ
u,d

SM + 3
2 Cu,d and the

mass matrix M̂
u,d

= vp
2
(Ŷ

u,d

SM + 1
2Cu,d) = vp

2
(Ŷ

u,d �
Cu,d) are independent parameters. After performing a
rotation to the mass basis

M̂
u
= Uu

L Mu
diagU

u †
R , Mu

diag= diag(mu,mc,mt) ,

M̂
d
= Ud

L Md
diagU

d †
R , Md

diag= diag(md,ms,mb) ,
(3)

with Ud
L = Uu

L V CKM, we finally arrive at the cou-
plings of the physical quarks to the Higgs boson Y u =

Uu †
L Ŷ

u
Uu

R, Y
d = Ud †

L Ŷ
d
Ud

R, such that

L � �ūL

✓
Mu

diag +
hp
2
Y u

◆
uR + (u ! d). (4)

Here, we concentrate on possible experimental con-
straints on the diagonal entry Yc ⌘ (Y u)22. For conve-
nience, we parametrize the deviations from the SM pre-
diction (Cu = Cd = 0) in terms of q ⌘ Yqv/(

p
2mq) 6=

1, which we assume to be real for simplicity.2

III. THE QCD-YUKAWA pp ! hc PROCESS

We consider the production of a Higgs boson in asso-
ciation with a charm-quark jet. At the LHC, the main

2 In the following we assume the top and bottom Yukawa cou-
plings to be constrained close to their SM values after the high-
luminosity LHC run.

FIG. 1. Diagrams contributing to pp ! hc at leading order.
Black dots correspond to vertices where the Yukawa coupling
Yc enters, while the crossed vertex corresponds to the SM-like
top triangle, integrated out.

partonic process inducing this final state is gc ! hc and
the corresponding Feynman diagrams are presented in
Figure 1. The charm Yukawa coupling, depicted as a
black dot, enters in the first two graphs, that yield a
contribution to the amplitude of O(gsYc). The t�channel
diagram turns out to be largely dominant. The third dia-
gram is formally of higher order in ↵s but is enhanced by
the top-quark Yukawa coupling. Here the crossed vertex
corresponds to the e↵ective ggh interaction obtained by
integrating out the top quark. This diagram yields the
contribution to the amplitude that survives in the limit
c ! 0 (see Table I).
The challenge of the proposed process is to tag the

charm-quark jet, as in h ! cc̄. However, as anticipated,
it o↵ers some interesting virtues compared to h ! cc̄.
In particular, it allows us to fully reconstruct the Higgs
boson in a clean decay channel such as h ! �� or h !
WW , and it requires only a single charm tag. The main
drawback is that the process does not vanish in the limit
Yc ! 0 (contrary to h ! cc̄) requiring a good theoretical
control on the cross section as a function of Yc. While
a full analysis, including the optimization of the event
selection, is beyond the scope of this article, here we just
want to examine the potential of the channel by deriving
the expected number of signal and background events,
based on reasonable e�ciency assumptions.
We have calculated the cross section of pp ! hc at

leading order in QCD (including the e↵ective ggh as dis-
cussed above) at the LHC with 14TeV center-of-mass
energy for various values of c, employing MadGraph5
[10], with a tailored model file and CTEQ6L1 parton
distribution functions. Using mc(mZ) = 0.63GeV and
mh = 125GeV, for c = 1 (i.e., the SM) we obtain a cross
section of �(pp ! hc) = 166.1 fb, employing the default
cuts of pT (j)> 20GeV, ⌘(j)< 5, �R(j1, j2)> 0.4 for all
processes considered here. In the following, we focus on
the h ! �� decay channel, with a branching fraction of
B(h ! ��) = 0.0023. This leads to S0 = 2292 events at
the HL-LHC with 3000 fb�1, taking into account also the
pp ! hc̄ process. Assuming a charm-tagging e�ciency
of ✏c = 0.4 (see e.g. Ref. [9]), we finally end up with
S = ✏cS0 = 917 signal events. The di↵erent number of
events obtained by varying c are reported in Table I.

The main backgrounds to the process studied here
are pp ! hg, with the gluon mis-identified as a charm

 For HL-LHC pp→hc could be used  
 with high purity Higgs boson decays 
 SM cross section σ(pp→hc)~166 fb 

 Main backgrounds are  
pp→hg (σ~12pb), pp→hcc (~55fb),  
pp→hb (σ~200fb) 

 Phenomenological study suggests: 
2×3000 fb-1 |κc|≲2 at 95%CL 

Phys.Rev.Lett. 115 (2015) 211801

pp→ch(→γγ) 3000 fb-1

[pTj>20 GeV, |ηj|<5, DR(j1,j2)>0.4, εc=0.4, εg→c=1%, εb→c=30%]

 Derive constraints on Higgs boson-quark couplings  
through the Higgs boson kinematic distributions 

 For example pTh or yh 
 Phenomenological study suggests that couplings to up-
and down-quarks could be constrained to <0.4 of the b-
quark Yukawa at HL-LHC.
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κu=4
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Figure 1: The 1/�h · d�h/dyh (left) and 1/�h · d�h/dpT (right) normalized distributions at
p
s =

13 TeV collision energy for several values of up quark Yukawa couplings, ̄u = 0 (SM, blue), ̄u = 1

(orange), ̄u = 4 (green).

is under much better control than the absolute value of the cross section [52]. This is

illustrated in the top panels of Fig. 2, where we compare LO, NLO and NNLO theoretical

predictions for the normalized and unnormalized yh distributions at
p
s = 13 TeV collision

energy [53]. Similar cancellation of theoretical uncertainties is observed for normalized pT

distribution, illustrated in the bottom panels of Fig. 2, although the reduction of theoretical

uncertainties is not as dramatic as in the rapidity distribution. Normalized distribution also

help reduces many of the experimental uncertainties. For un-normalized distribution, the

total systematic uncertainties due to, e.g., luminosity and background estimates range from

4% to 12% [37]. However, most of the systematic uncertainties cancel in the normalized shape

distribution. The dominant experimental uncertainties for the shape of the distribution are

statistical ones, ranging from 23% to 75% [37], and can be improved with more data.

In this work we perform an initial study using the rapidity and pT distributions to con-

strain the light-quark Yukawa couplings. In the study we use Monte Carlo samples of events

on which we impose the experimental cuts in Section III. We generate the parton level,

pp ! h + n jets, including the SM gluon fusion (the background) and qq̄ and qg, q̄g fusion

(the signal) using MadGraph 5 [56] with LO CT14 parton distribution function (PDF) [57]

and Pythia 6.4 [58] for the showering, where q = u, d, s, c and n = 0, 1, 2. Events of di↵erent

multiplicities are matched using the MLM scheme [59]. Further re-weighting of the generated

tree-level event samples is necessary because of the large k-factor due to QCD corrections to

the Higgs production [60]. We re-weight the LO cross section of di↵erent jet multiplicities
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a misalignment between quark-mass and Yukawa matrices
is possible. This can be parametrized in a model-indepen-
dent way by adding the D ¼ 6 operators

LY
6 ¼ −

1

v2
½ðΦ†ΦÞq̄LCuΦcuR þ ðΦ†ΦÞq̄LCdΦdR& ð1Þ

to the SM Lagrangian. Here, Φ denotes the Higgs doublet,
parametrized in unitary gauge as Φ ¼ 1=

ffiffiffi
2

p
ð0; hþ vÞT ,

where v corresponds to the vacuum expectation value
hΦi ¼ 1=

ffiffiffi
2

p
ð0; vÞT , h is the physical Higgs field, and

qL, uR, dR are the chiral SM-quark doublet and singlets (all
quark fields being three-vectors in flavor space). Inserting
this decomposition of the Higgs doublet into Eq. (1) as well
as into the SM-like (D ¼ 4) Yukawa terms with couplings
Ŷu;d
SM, we obtain the fermion masses and Higgs couplings in

the flavor basis

L ⊃ −ūL
"
M̂u þ hffiffiffi

2
p Ŷu

#
uR − d̄L

"
M̂d þ hffiffiffi

2
p Ŷd

#
dR; ð2Þ

where the Yukawa matrix Ŷu;d ¼ Ŷu;d
SM þ 3

2Cu;d and the
mass matrix M̂u;d¼ðv=

ffiffiffi
2

p
ÞðŶu;d

SMþ1
2Cu;dÞ¼ðv=

ffiffiffi
2

p
ÞðŶu;d−

Cu;dÞ are independent parameters. After performing a
rotation to the mass basis

M̂u ¼ Uu
LM

u
diagU

u†
R ; Mu

diag ¼ diagðmu;mc;mtÞ;

M̂d ¼ Ud
LM

d
diagU

d†
R ; Md

diag ¼ diagðmd;ms;mbÞ; ð3Þ

with Ud
L ¼ Uu

LVCKM, we finally arrive at the couplings of
the physical quarks to the Higgs boson Yu ¼ Uu†

L ŶuUu
R,

Yd ¼ Ud†
L ŶdUd

R, such that

L ⊃ −ūL
"
Mu

diag þ
hffiffiffi
2

p Yu

#
uR þ ðu → dÞ: ð4Þ

Here, we concentrate on possible experimental constraints
on the diagonal entry Yc ≡ ðYuÞ22. For convenience, we
parametrize the deviations from the SM prediction
(Cu ¼ Cd ¼ 0) in terms of κq ≡ Yqv=ð

ffiffiffi
2

p
mqÞ ≠ 1, which

we assume, for simplicity, to be real. (In the following we
assume the top and bottom Yukawa couplings to be con-
strained close to their SM values after the high-luminosity
LHC run.)
The QCD-Yukawa pp → hc process.—We consider the

production of a Higgs boson in association with a charm-
quark jet. At the LHC, the main partonic process inducing
this final state is gc → hc and the corresponding Feynman
diagrams are presented in Fig. 1. The charm Yukawa
coupling, depicted as a black dot, enters in the first two
graphs, which yield a contribution to the amplitude of
OðgsYcÞ. The t-channel diagram turns out to be largely
dominant. The third diagram is formally of higher order in

αs but is enhanced by the top-quark Yukawa coupling.
Here, the crossed vertex corresponds to the effective ggh
interaction obtained by integrating out the top quark. This
diagram yields the contribution to the amplitude that
survives in the limit κc → 0 (see Table I).
The challenge of the proposed process is to tag the

charm-quark jet, as in h → cc̄. However, as anticipated, it
offers some interesting virtues compared to h → cc̄. In
particular, it allows us to fully reconstruct the Higgs boson
in a clean decay channel such as h → γγ or h → WW, and it
requires only a single charm tag. The main drawback is that
the process does not vanish in the limit Yc → 0 (contrary to
h → cc̄), requiring a good theoretical control on the cross
section as a function of Yc. While a full analysis, including
the optimization of the event selection, is beyond the scope
of this Letter, here we just want to examine the potential
of the channel by deriving the expected number of signal
and background events, based on reasonable efficiency
assumptions.
We have calculated the cross section of pp → hc at

leading order in QCD (including the effective ggh, as
discussed above) at the LHC with 14 TeV center-of-mass
energy for various values of κc, employing MADGRAPH 5
[10], with a tailored model file and CTEQ6L1 parton
distribution functions. Using mcðmZÞ ¼ 0.63 GeV and
mh ¼ 125 GeV, for κc ¼ 1 (i.e., the SM) we obtain a
cross section of σðpp → hcÞ ¼ 166.1 fb, employing the
default cuts of pTðjÞ > 20 GeV, ηðjÞ < 5, ΔRðj1; j2Þ >
0.4 for all processes considered here. In the following, we
focus on the h → γγ decay channel, with a branching
fraction of Bðh → γγÞ ¼ 0.0023. This leads to S0 ¼ 2292
events at the HL-LHC with 3000 fb−1, taking into account
also the pp → hc̄ process. Assuming a charm-tagging
efficiency of ϵc ¼ 0.4 (see, e.g., Ref. [9]), we finally end

FIG. 1. Diagrams contributing to pp → hc at leading order.
Black dots correspond to vertices where the Yukawa coupling Yc
enters, while the crossed vertex corresponds to the SM-like top
triangle, integrated out.

TABLE I. Number of signal events SðκcÞ in dependence on the
charm-quark Yukawa coupling. See the text for details.

κc 0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

S 874 877 885 899 917 941 973 1008 1052

κc 2.25 2.5 2.75 3 3.25 3.5 3.75 4 4.25 4.5

S 1097 1148 1206 1276 1350 1424 1504 1590 1683 1786

PRL 115, 211801 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

20 NOVEMBER 2015

211801-2

JHEP 1612 (2016) 045



BR freely floating
Constraints only from shape

normalisation profiled

BR scaling with couplings
Assumes full knowledge of 

Higgs decays, no BRBSM, full 
understanding of resolved loop
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The future is now: kinematic distributions
 Inputs: h→γγ, h→ZZ→4l 

 13 TeV and 35.9 fb-1 

  boosted h→bb sensitive pTH>350 GeV not used 
MADGRAPH5 aMC@NLO  

 ggF reweighted to NNLOPS  
 Pt spectrum including light quark effects 

 Calculations from PRL 118 (2017) 121801

CMS-PAS-HIG-17-028

 Limits on κc at 68% CL: 
 Observed: (-18.0,22.9) 
 Expected: (- 15.7,19.3)



LHC upgrade timescale

• HL-LHC upgrade proposed
� Goal to collect 3000 fb�1 by 2035

• Corresponding proposals for upgrades of the LHC experiments

� Central feature of ATLAS upgrade programme a new, all silicon tracking system
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Run II Run III HL-LHCtodayRun I

Higgs boson-fermion interactions is the 
least directly explored part of the SM  
→ particularly first/second generation 

New Physics could  be hiding here! 
  

Several new and complementary 
approaches appearing:  

exclusive decays, inclusive (e.g. charm 
tagging), Higgs boson kinematic 

properties (somewhat less direct), etc. 

New field of study in Higgs sector;  
novel ideas available to elucidate this 

corner of the SM!
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Summary


