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Rare is Relative
๏Rare Higgs decays 

• Decays of Higgs into light, invisible particles or Exclusive Higgs

๏Rare Higgs production modes

• DiHiggs, ttH, bbH, γH all orders of magnitude below ggH

๏Yield important unique information about Yukawa, PDFs, Higgs-vector interactions

• These production and decay modes all offer unique sensitivity to BSM effects 

• It is be of critical importance to continue these studies to the future colliders
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ttH: 0.5 pb
bbH: 0.5 pb

ggF: 43.6 pb
VBF: 3.7 pb
VH: 2.2 pb

HH: 0.03 pb

*Zγ is rare but I am not 
covering it in this talk. It is 
expected that we see it in 

Run3!
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Overview

๏Second Generation

• cc and μμ

๏Recent rare Higgs results

• top + Higgs

• Invisible Higgs branching ratio

• Exclusive hadronic Higgs decays

• Di-Higgs Searches

๏Prospects with the HL-LHC

• Ultra-rare production, bbH, γΗ
• Exploiting our detectors
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so far theory only

not so recent results but important

5 new CMS + ATLAS

2 new CMS+ATLAS

2 new CMS + ATLAS

2 new CMS + ATLAS

new in last 6 months
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Figure 2: Observed and predicted mcc̄ distributions in the 2 c-tag analysis categories. The expected signal is scaled
by a factor of 100. Backgrounds are corrected to the results of the fit to the data. The predicted background from
the simulation is shown as red dashed histograms. The ratios of the data to the fitted background are shown in the
lower panels. The error bands indicate the sum in quadrature of the statistical and systematic uncertainties in the
background prediction.

A search for the decay of the Higgs boson to charm quarks has been performed using 36.1 fb�1 of data
collected with the ATLAS detector in pp collisions at

p
s = 13 TeV at the LHC. No significant excess

of ZH(cc̄) production is observed over the SM background expectation. The observed upper limit on
�(pp ! ZH)⇥B(H ! cc̄) is 2.7 pb at the 95% CL. The corresponding expected upper limit is 3.9+2.1

�1.1 pb.
This is the most stringent limit to date in direct searches for the inclusive decay of the Higgs boson to
charm quarks.
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Second Generation

๏Second generation measurements are critical to confirming the 
nature of fermionic Higgs interactions

• Third-generation lepton and quark interactions measured but only 
confirm Yukawa-like interactions in their generation

• Higgs to μμ clean enough to observe in the upcoming datasets

• Higgs to charm has difficult backgrounds, including Higgs to bottom

 4

ATLAS-CONF-2018-026
σ/σSM < 2.1 (ATLAS, 79.8 fb)

σ/σSM < 2.64 (CMS) HIG-17-019

arxiv:1802.04329
H(μμ)

VH(cc)

3.9+2.1
�1.1 pb

2.7 pb

VH(cc) expected

VH(cc) observed

VH(cc) SM Prediction

26 fb
�H(125)

SM
= 9.5 fb
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ttH(bb)

๏Very recent (May!) CMS result updating to 77.4 fb-1

๏Direct information on top and bottom Yukawa couplings

• Difficult tt-bar background controlled by fitting BDT,  ANN, MEM, 
discriminant distributions with templates

 5

HIG-18-030



Lindsey Gray, FNAL

ttH(ττ)
๏top-Higgs program expanding to observations in each channel

• ttH allows measurements of branching fractions with no loops major contributing 
diagrams

๏Previously all decay modes had been used in combination to detect the ttH 
production signature

• Measuring each provides new signatures to test Standard Model and search for new 
physics

 6 CMS-PAS-HIG-18-019 Lindsey Gray, FNAL

µtt̄H(⌧⌧̄) = 0.96+0.34
�0.31
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ttH(γγ)

๏Recent measurement of Higgs decays to diphoton in ttH yield new clean dataset

• Mass peak can precisely define Higgs candidates

• New combination of data from 2016, 2017 (, and 2018  for ATLAS)

• This rare production and decay mode becomes sensitive to angular distributions in the 
top-Higgs system where new physics may lie

 7 CMS-PAS-HIG-18-018 ATLAS-CONF-2019-004

�tt̄H ⇥B�� = 1.59+0.43
�0.39 fb

µtt̄H(��) = 1.3+0.7
�0.5
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8. Conclusion 11
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Figure 4: Observed and expected 95% C.L. upper limit on the tH cross section times combined
H ! WW⇤ + tt + ZZ⇤ + bb + gg branching fraction for different values of the coupling ratio
kt. The expected limit is calculated on a background-only dataset, i.e. without tH contribution,
but including a kt-dependent contribution from ttH. The ttH normalization is kept fixed in the
fit, while the tH signal strength is allowed to float.

tH
๏Rare production mode uniquely sensitive to the relative 

sign of Higgs-Vector and Higgs-top couplings

• Given SM-like Higgs-vector coupling the data exclude a 
negative values of the top Yukawa below -0.9

 8 HIG-18-009

1. Introduction 1

1 Introduction
The scalar resonance discovered by the CMS and ATLAS Collaborations at the LHC [1–3] in
2012 has been found to be consistent with the predictions of the standard model (SM) for a
Higgs boson of mass 125.09 GeV [4]. In particular, its couplings to fermions have been found
to be proportional to their masses and it is observed to have zero spin and positive parity [5].
Recently, the associated production of top quark pairs with a Higgs boson (ttH) has been ob-
served [6, 7], thereby directly probing the Yukawa interaction between Higgs bosons and top
quarks. In addition to measuring the absolute strengths of Higgs couplings it is important to
assess the possible existence of relative phases among the couplings and their general Lorentz
structure. A broad sweep of possible Higgs production mechanisms and decay modes must be
considered to reveal possible deviations from the SM expectations.

Most probes of the top quark-Higgs boson interaction are either sensitive only to the magni-
tude of the top-Higgs Yukawa coupling yt, such as measurements of ttH [6, 7] production, or
must rely on indirect effects from loop interactions, such as studies using Higgs decays to pho-
ton pairs [8] or the associated production of Higgs and Z bosons via gluon-gluon fusion [9].
The resulting constraints on the coupling rely on the assumption of only SM particles in the
loops [10]. Further, such measurements currently disfavor a negative value of the coupling,
without excluding it [11, 12].

In contrast, the production of Higgs bosons in association with single top quarks in pp col-
lisions proceeds via two dominant leading-order diagrams [13–16] and due to the interfer-
ence effects, is uniquely sensitive to both the magnitude as well as the sign of the coupling.
Representative diagrams for the t-channel production process (tHq) are shown in Fig. 1. In
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Figure 1: Leading-order Feynman diagrams for the associated production of single top quark
and Higgs boson in the t-channel where the Higgs boson couple either to the top quark or the
W boson.

the SM, the interference is destructive and leads to very small production cross sections of
70.96 fb, 2.86 fb, and 15.61 fb for the t, s, and tW processes, respectively at center-of-mass en-
ergy

p
s = 13 TeV [17]. Hence the data collected at LHC so far is not yet sensitive to the SM

process. However, in the presence of new physics, a non-SM like relative sign between the t-H
and W-H couplings can lead to constructive interference and the cross sections are enhanced by
about one order of magnitude, thereby exceeding those for ttH production and rendering tHq
production accessible with current LHC datasets. In this paper, the tHq and tHW processes
have been collectively referred to as tH production, while neglecting s-channel production,
since it has vanishingly small cross section.

The event topology of tHq production is that of two heavy objects—the top quark, and the
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ttH in the Global Context

 9 ATLAS-CONF-2019-005

Updated CMS results:
µ
tt̄H(bb̄)

= 1.15+0.32
�0.29

µtt̄H(⌧⌧̄) = 0.96+0.34
�0.31

µtt̄H(��) = 1.3+0.7
�0.5

Original CMS 
Combination

77.4 fb-1

41.5 fb-1

41.5 fb-1
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H(invisible) from ttH

๏Difficult channel due to jets and real missing energy in top final states

• Higgs results are derived by reinterpreting stop searches (same topologies)

• 2x less powerful than most recent combination of other production 
modes, but brings a rare channel into the combination

 10
CMS-PAS-HIG-18-008
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20

The systematic uncertainties with the highest impact in the B(H ! inv) measurement are the
theoretical uncertainties affecting the Z(nn)/W(`n) and ZZ/WW ratios in the VBF and Z(``)H
channels, respectively, as well as the uncertainties in the lepton and photon reconstruction and
identification efficiencies, jet energy scale, and veto efficiency of th candidates.
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Figure 9: On the left, observed and expected 95% CL upper limits on (s/sSM)B(H ! inv) for
partial combinations based either on 7+8 or 13 TeV data as well as their combination, assuming
SM production cross sections for the Higgs boson with mass of 125.09 GeV. On the right, the
corresponding profile likelihood ratios as a function of B(H ! inv) are presented. The solid
curves represent the observations in data, while the dashed lines represent the expected result
obtained from the background-only hypothesis.

The relative sensitivity of each search considered in the combination depends on the assumed
SM production rates. The cross sections for the ggH, VBF and VH production modes are
parametrized in terms of coupling strength modifiers kV and kF, which directly scale the cou-
pling of the Higgs boson to vector bosons and fermions, respectively [69]. The contribution
from the gg ! ZH production is scaled to account for the interference between the tH and
ZH diagrams, as described in Ref. [34]. In this context, SM production rates are obtained for
kV = kF = 1. Figure 10 (left) shows the observed 95% CL upper limits on (s/sSM)B(H ! inv)
evaluated as a function of kV and kF. The LHC best estimates for kV and kF from Ref. [4] are
superimposed, along with the 68% and 95% CL limit contours. Within the 95% CL region, the
observed (expected) upper limit on B(H ! inv) varies between 0.14 (0.11) and 0.24 (0.19).

The upper limit on B(H ! inv), obtained from the combination of
p

s = 7, 8, and 13 TeV
searches, is interpreted in the context of Higgs-portal models of DM interactions, in which a
stable DM particle couples to the SM Higgs boson. Direct-detection experiments are sensitive
to the interaction between a DM particle and an atomic nucleus, which may be mediated by
the exchange of a Higgs boson, producing nuclear recoil signatures that can be interpreted in
terms of the DM-nucleon scattering cross section. The sensitivity of these experiments depends
mainly on the DM particle mass (mc). If mc is smaller than half of the Higgs boson mass, the
Higgs boson invisible width (Ginv) can be translated, within an effective field theory approach,
into a spin-independent DM-nucleon elastic scattering cross section, as outlined in Ref. [9].
This translation is performed assuming that the DM candidate is either a scalar or a Majorana
fermion, and both the central value and the uncertainty of the dimensionless nuclear form-
factor fN are taken from the recommendations of Ref. [78]. The conversion from B(H ! inv) to
Ginv uses the relation B(H ! inv) = Ginv/(GSM + Ginv), where GSM is set to 4.07 MeV [69]. Since

H(invisible)

๏New ATLAS & CMS results 
combining Run2 and Run1 
analyses

• CMS: BR < 0.19 @ 95% CL

• ATLAS: BR < 0.26 @ 95% CL

๏Higgs to invisible a very rare SM 
process

• H to ZZ to 4ν only major 
contribution

๏Hence very sensitive to new 
physics

• New massive particles

• re-interpretable as dark matter 
searches

 11 arxiv:1904.05105 arxiv:1809.05937
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Exclusive Higgs Decays Results
๏Higgs decays directly to bb and cc form broad peaks and have 

significant background challenges

• exclusive hadronic final states provide clean final states at the price of 
greatly reduced branching ratio, excellent for confirmation

• typical signature: vector meson + photon

 12

ATLAS arxiv:1807.00802

ATLAS

see also Η το φγ 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
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Example of 
Υ category

CMS arxiv:1810.10056

CMS5.2+2.4 −1.6 × 10−4 .

5.2+2.4
�1.6 7.6

Limits
(35.9 fb�1)

*HL-LHC prospects in the backup
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H

*Z

*Z

Higgs to DiMesons

๏This analysis explores strong cancellations of diagrams which are 
strongly affected by new physics in loops

• Expect branching ratios: 10^-10 for J/Psi, 10^-9 for Y

๏Clean channel to look for a variety of new physics signatures, test 
varying decay models

 13 CMS-PAS-HIG-18-025

Process Observed Expected

B(H ! J/yJ/y) 1.8 ⇥ 10�3 (1.8+0.2
�0.1)⇥ 10�3

B(H ! UU) 1.4 ⇥ 10�3 (1.4 ± 0.1)⇥ 10�3

B(Z ! J/yJ/y) 2.2 ⇥ 10�6 (2.8+1.2
�0.7)⇥ 10�6

B(Z ! UU) 1.5 ⇥ 10�6 (1.5 ± 0.1)⇥ 10�6

H H

Limits
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DiHiggs
๏Search for SM DiHiggs production underway!

• ~36 fb total cross section

• Experiments starting to fill out the set of contributing channels

๏Since cross section is quite small many opportunities for new physics modifications

• Many possibilities for new scalars and tensors decaying to Higgs

๏Mastering all channels and our detectors will be critical for the future

 14 ATLAS-CONF-2018-043
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HH→gg

 (13 TeV)-135.9 fb

Figure 1: The 95% CL upper limits on the signal strength µ = sHH/sSM
HH. The inner (green)

band and the outer (yellow) band indicate the regions containing 68 and 95%, respectively, of
the limits on µ expected under the background-only hypothesis.

tematic ones. Those with the largest effect on the final result are the statistical fluctuations in
the yield in the most sensitive bins of the BDT and the overall background normalization in
the bbbb channel, the hadronically decaying t lepton energy scale effects in the bbtt analysis,
and the uncertainty in the functional form used to model the signal shape in the bbgg channel.
These effects are as large as 10 (5)% for the bbbb and bbtt (bbgg) uncertainties. Due to its
lower overall sensitivity, the systematic uncertainties affecting the bbVV analysis have little ef-
fect on the combined result. The largest sources of systematic uncertainty for this channel arise
from the uncertainties in the tt cross section, electron identification efficiency, and b tagging
efficiency.

With all the correlations across the channels included, the observed and expected limits at 95%
confidence level on the nonresonant HH production signal strength are measured to be 22.2
and 12.8 times the SM expectations, respectively. They are shown in Fig. 1 for the individual
channels and their combination. Small excesses, compatible with statistical fluctuations, are
observed in the bbbb, bbtt, and bbgg final states and result in a small excess in the combined
result. A scan is performed for different values of the kl parameter, while keeping all other
EFT parameters fixed at their SM values. The value of kl affects both the expected cross section
and the HH decay kinematics. For each value, these differences are fully simulated and con-
sidered in the scan. Resulting limits are reported in Fig. 2. The exclusion limit as a function of
kl closely follows the features of the HH production cross section and HH invariant mass dis-
tribution MHH [57], which are sculpted by the interference between the HH production via the
trilinear Higgs coupling and the emission of an HH pair from a top quark loop. The minimum
at kl = 2.46 corresponds to the maximum negative interference between the two diagrams,
which results in a minimum of the cross section but at the same time enhances the relative im-

arxiv:1811.09689
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Finding the Rarest with HL-LHC
๏Observation of the rarest final states and production modes requires HL-LHC

• 10 times more data than LHC

๏Upgrade nearly every part of CMS & ATLAS detectors to cope with luminosity

 15
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HH Measurement
๏HL-LHC combination across all channels yields 4 sigma expected significance

• 3000 fb^-1, assuming favorable systematics scaling and somewhat aged detectors

๏Need to keep on the trail of novel analysis techniques

• Measuring κλ to better than 50% may be possible by using single Higgs contributions

๏Cross-experiment combination is a requirement to cap the Standard Model

• We will also have to make sure we deliver all the performance our upgraded detectors suggest 
they can provide, and push beyond

 16 arxiv:1902.00134
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Fig. 64: Left: upper limit at the 95% CL on the HH production cross section as a function of � =

�HHH/�SM
HHH. The red band indicated the theoretical production cross section. Right: expected likelihood

scan as a function of � = �HHH/�SM
HHH. In both figures the results are shown separately for the five

decay channels studied and for their combination.

experiment, the likelihoods for those two channels are scaled to 6000fb�1 in the combination. The signif-
icances are added in quadrature and the negative-log-likelihood are simply added together. A summary
of the different expected significances, as well as the combination, are shown in Table 57. A combined
significance of 4 standard deviation can be achieved with all systematic uncertainties included.

Table 57: Significance in standard deviations of the individual channels as well as their combination.

Statistical-only Statistical + Systematic
ATLAS CMS ATLAS CMS

HH ! bb̄bb̄ 1.4 1.2 0.61 0.95
HH ! bb̄⌧⌧ 2.5 1.6 2.1 1.4
HH ! bb̄�� 2.1 1.8 2.0 1.8
HH ! bb̄V V (ll⌫⌫) - 0.59 - 0.56
HH ! bb̄ZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined
4.5 4.0

Comparisons of the minimum negative-log-likelihoods for ATLAS and CMS are shown in Fig-
ure 65. In those plots the likelihoods for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels
are not scaled to 6000fb�1. A difference of shape between the two experiments can be seen around
the second minimum. This difference comes mainly from the HH ! bb̄�� channel as illustrated in
Figure 65b. In this channel both experiment use categories of the mHH distributions. But for ATLAS
the analysis was optimised to increase the significance of the SM signal so the low values of the mHH

distribution are cut by the selection cuts, while for CMS a category of events with low values of mHH

is very powerful to remove the second minimum, while having no effect on the SM signal. The lower
precision on � is slightly better for CMS thanks to the contribution of the HH ! bb̄bb̄ channel, as
well as the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) ones, while the higher precision on � is similar
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Fig. 65: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+background fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standalone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.
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ŝmin (or subsystem M1) [301, 302, 300] for hh production. For any given event,

Topness [303, 297] quantifies the degree of consistency to di-lepton tt̄ production, where there are 6
unknowns (the three-momenta of the two neutrinos, ~p⌫ and ~p⌫̄) and four on-shell constraints, for mt, mt̄,
m

W
+ and m

W
� , respectively. The neutrino momenta can be fixed by minimising the quantity

�2
ij ⌘ min

/~pT =~p⌫T +~p⌫̄T

2

64

⇣
m2

bi`
+

⌫
� m2

t

⌘2

�4
t

+

⇣
m2

`
+

⌫
� m2

W

⌘2

�4
W

+

⇣
m2

bj`
�

⌫̄
� m2

t

⌘2

�4
t

+

⇣
m2

`
�

⌫̄
� m2

W

⌘2

�4
W

3

75 , (41)

39 Contacts: J. Han Kim, M. Kim, K. Kong, K.T. Matchev, M. Park

112

between the two experiments.

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2
0

2

4

6

8

10

12

ATLAS
CMS
Combination

68%

95%

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

(a)

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

1

2

3

4

5
bbbb ττbb

)νlνVV(lbb γγbb
ZZ*(4l)bb

ATLAS CMS

68%

95%

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

(b)

Fig. 65: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+background fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standalone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.
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Outlook on 2nd Generation

๏VH(cc) analysis investigating 
sensitivity in resolve H(cc) decays

• Upper limit of 6.2x SM

• Current result 100x SM

๏Higgs to μμ
• Expect > 9σ significance per 

experiment
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bbH Production

๏Recent theoretical 
improvements in bbH 
production

• ~500 fb at LHC energies

• Largely indistinguishable 
from ggF without b-quark 
emission

๏If measured, a powerful 
constraint on b-quark 
PDFs

• Attempt at HL-LHC?
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4FS – – LO NLO
5FS LO NLO NNLO N3LO

Partonic channels (5FS) bb̄ bb̄, bg bb̄, bg, bb, bq, bq̄, gg, qq̄ bb̄, bg, bb, bq, bq̄, gg, qq̄, qg

TABLE I Representative diagrams contributing at di↵erent orders in perturbation theory in the 4FS and 5FS.
The last line summarises the partonic channels in the 5FS. Channels related by charge conjugation are not shown
explicitly and q denotes a light quark that does not couple directly to the Higgs boson. The partonic channels in the

4FS are obtained by ignoring initial states involving a bottom quark.

NLO and NNLO results in the 4FS and 5FS respec-
tively is, however, not straightforward, because they cor-
respond to di↵erent orders in the perturbative expansion
in the strong coupling constant (see Tab. I). A consistent
comparison with the 4FS at NLO requires the knowledge
of the inclusive cross section in the 5FS at next-to-next-
to-next-to-leading order (N3LO) in the strong coupling.
In this paper we present for the first time the complete
result for the inclusive cross section for Higgs production
in bottom-quark fusion at N3LO in the 5FS and investi-
gate its phenomenological implications.

THE N3LO CROSS SECTION IN THE 5FS

The inclusive hadronic cross section for the production
of a Higgs boson can be written as

�=
X

i,j

Z
1

0

dx1 dx2 fi(x1, µf )fj(x2, µf )�̂ij(z, µr, µf ) , (1)

where the sum runs over all parton flavours, fi are par-
ton densities and �̂ij are partonic cross sections. The
partonic cross sections depend on the ratio z = m2

H
/s,

where
p
s is the partonic centre-of-mass energy, related

to the hadronic centre-of-mass energy
p
S by s = x1x2S

through the two Bjorken momentum fractions x1,2. µr

and µf denote the renormalisation and factorisation
scales respectively. We work in the 5FS with five mass-
less quark flavours. We assume that the Higgs boson
has a non-zero Yukawa coupling yb to the bottom quark,
and we neglect couplings of the Higgs boson to all other
quark flavours. This implies that we focus on terms in
the cross section proportional to y2

b
. The partonic cross

sections �̂ij are expanded through N3LO in the strong
coupling ↵s. The complete set of initial state configura-
tions that contribute to the cross section through N3LO
are shown in Tab. I. The NLO and NNLO corrections to
the cross section have been computed in Refs. [5–7]. In

the remainder of this paper we present for the first time
N3LO corrections.

In order to compute the partonic cross sections at
N3LO, we follow the same steps that have been employed
in the computation of the N3LO corrections to Higgs pro-
duction in gluon fusion in Refs. [16–18]. We have gener-
ated all relevant Feynman diagrams with QGraf [19]. In-
dividual Feynamn diagrams are sorted into scalar integral
topologies, which are then reduced to a set of master inte-
grals via integration-by-parts identities [20, 21] using an
in-house code. Finally, the master integrals are computed
analytically using the di↵erential equations method [22–
26]. All the relevant master integrals are known ana-
lytically as a function of z and have been evaluated in
the context of the N3LO corrections to the gluon-fusion
cross section. In particular at N3LO three-loop correc-
tions to the Born process contribute, which have been
computed for the first time in Ref. [27] using the mas-
ter integrals computed in Refs. [28–34] and the results
of Ref. [27] agree with our computation. In addition,
the N3LO cross section receives contributions from par-
tonic subprocesses involving fewer loops but additional
real emissions in the final state. Single-real emission con-
tributions from two-loop and squared one-loop diagrams
have been considered in Ref. [35–40]. The master inte-
grals for double-real virtual and triple-real contributions
have been computed in Refs. [16, 41–45] as an expansion
around the production threshold of the Higgs boson and
exactly as a function of z in Ref. [18]. Here we work
exclusively with the master integrals of Ref. [18].

Contributions from di↵erent initial states and/or par-
ton multiplicities are individually ultraviolet (UV) and
infrared (IR) divergent. We regulate the divergences by
working in dimensional regularisation in D = 4 � 2✏
dimensions. UV divergences can be cancelled by re-
placing both the bare strong and Yukawa couplings by
their renormalised values in the MS-scheme. The UV-
counterterm for the strong coupling constant has been de-
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FIG. 1 Variation of the hadronic cross section with the
hadronic centre-of-mass energy. The upper figure shows
nominal values, in the lower figure all predictions are nor-
malised to the central value of the N3LO prediction. LO,
NLO, NNLO and N3LO corrections are shown in green,
yellow, blue and red respectively. The bands correspond
to scale variation uncertainties as described in the text.

termined through five loops in Refs. [46–50]. The renor-
malisation constant for the Yukawa coupling is identical
to the quark mass renormalisation constant of QCD in
the MS-scheme [7, 48, 51–53]. IR divergences are ab-
sorbed into the definition of the PDFs using mass factori-
sation at N3LO [54–56]. The mass factorisation involves
convoluting lower-order partonic cross sections with the
three-loop splitting functions of Refs. [57–59]. We have
computed all the convolutions analytically in z space us-
ing the PolyLogTools package [60]. We observe that
all divergences cancel after UV renormalisation and mass
factorisation. We emphasise that this is not only a strong
cross check of our result, but, together with the results of
Ref. [16] for gluon-initiated processes, this is the first time
that the complete set of three-loop splitting functions of
Refs. [57, 58] has been confirmed by an independent an-
alytic computation. Moreover, this is the first time that
the universality of QCD factorisation has been confirmed
for hadron collisions for all partonic initial states.

The analytic cancellation of all ultraviolet and infrared
singularities provides a strong check of our results. In ad-
dition, we have reproduced the soft-virtual N3LO cross
section of Ref. [61] and the physical kernel constraints
of Ref. [62–64] for the next-to-soft term of the bottom-
quark-initiated cross section. We have also checked that
all logarithmic terms in the renormalisation and factori-
sation scales produced from the cancellation of the UV
and IR poles satisfy the DGLAP evolution equation. Fi-

nally, we have also recomputed the NLO and NNLO cross
sections, and we have checked that through NNLO our
results are in perfect agreement with the literature results
implemented in the code Sushi [65].

BOTTOM-QUARK FUSION AT N3LO IN QCD

In this section we present our phenomenological re-
sults for inclusive cross section for bottom-quark fusion
at N3LO in QCD. We assume a Higgs mass of mH =
125.09 GeV. The strong coupling is ↵s(m2

Z
) = 0.118 and

is evolved to the renormalisation scale µr using the four-
loop QCD beta function in the MS-scheme assuming five
massless quark flavours. The Yukawa coupling between
the Higgs boson and the bottom quark is proportional to
the bottom-quark mass in the MS-scheme, and we evolve
it from mb(mb) = 4.18 GeV [66] to the same renormali-
sation scale µr using four-loop running [53].

Fig. 1 shows the inclusive cross section at a proton-
proton collider as a function of the hadronic centre-of-
mass energy. The predictions are obtained by convolut-
ing the partonic cross sections with the PDF4LHC15

NNLO PDFs in the 5FS [67]1 as in eq. (1). The cen-
tral value corresponds to the choice of the renormali-
sation and factorisation scales (µr, µf ) = (mH ,mH/4).
The band is obtained by varying µr and µf indepen-
dently within the intervals µr 2 [mh, 2mh] and µf 2
[mh/8,mh/2] with the restriction that 1/2  4µf/µr 
2. We observe that cross section predictions based on
successive perturbative orders are contained within the
bands of the lower order predictions over a wide range
of hadronic centre of mass energies. The dependence
on the renormalisation and factorisation scales of the
hadronic cross section is reduced as the perturbative or-
der is increased. We therefore believe that the residual
scale dependence provides a reliable estimate of the miss-
ing higher orders beyond N3LO. Let us comment on our
choice for the relatively small value of the factorisation
scale µf . This choice is motivated by the presence of a
small scale mb in the problem and is consistent with pre-
vious choices in the literature [7, 65, 69, 70]. We observe
that for higher values of µf , the convergence behaviour
of the cross section with the perturbative order deteri-
orates. In particular, if we choose µf = µr = mH , the
scale variation bands at NNLO and N3LO do not over-
lap. We therefore conclude that such higher choices of

1
It was pointed out in Ref. [12] that multiple di↵erent values for

the bottom quark mass were used in the construction of the

PDF4LHC15 sets and an alternative PDF was derived. We find

that this introduces an O(1%) shift on the central value of our

cross section and therefore choose to use the o�cial PDF4LHC15

sets of Ref. [67] in our predictions for generality. For further

discussion we refer to Ref. [68].

1904.09990
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Within the SM e↵ective field theory, in addition to new diagrams, the SM diagrams are
modified as well. The representative Feynman diagrams for H+� production are depicted in Fig.
3. The vertices which receive contributions from the SM e↵ective field theory are shown by filled
circles. As it can be seen, in addition to the SM tree level diagrams, additional diagrams depicted
in the bottom of Fig.3 contribute to the Higgs boson plus a photon at the LHC.
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Figure 3: Representative Feynman diagrams at tree-level for production of a Higgs boson in
association with a photon at the LHC in the presence of dimension six operators.

Considering the SM e↵ective Lagrangian, the process pp ! H+� is sensitive to c̄� , c̄HW ,c̄W ,c̄B,

c̄HB,c̄H ,c̄u, c̄d, c̄uW ,c̄dW ,c̄uB,c̄dB parameters in gauge basis and to gh�� , g
(1)

h�z
, g(2)

h�z
, ỹu, ỹd, g

(@)

h�uu
,

g(@)
h�dd

couplings in the mass basis. As shown in Table 1, the latter four couplings are proportional
to the Yukawa couplings of the quarks which are small for the light quarks. Therefore, the
sub-processes shown in Fig.3 (a),(b),(d) do not lead to any significant modifications in the H+�
production cross section and are not taken into account in this analysis. As a consequence, we
concentrate only on the remaining four parameters: c̄� , c̄HW , c̄W , and c̄HB.

Figure 4 shows the production cross section of H+� in terms of the Wilson coe�cients c̄� ,
c̄HB, and c̄HW . To calculate the cross sections, a lower cut of 10 GeV has been set on the photon
transverse momentum. As it can be seen, there is a significant sensitivity to c̄� while c̄HB and
c̄HW have smaller e↵ects on the production rate. It should be mentioned that c̄W and c̄B are
found to have no big e↵ect in the cross section.

In this work, the e↵ects of the dimension six operators on H+� production are calculated at
the LHC using MadGraph5-aMC@NLO [62, 63]. The e↵ective SM Lagrangian presented in Eq. 2
has been implemented in FeynRule program [64] and then the UFO model [65] is inserted into
MadGraph5-aMC@NLO. The details could be found in Refs. [18]. We will discuss the details of
simulations and determination of the 95% CL constraints on the coe�cients of dimension six
operators in the next section.
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Figure 1: Representative Feynman diagrams for Higgs+� production in the SM at leading order.

and the Yukawa couplings of all light flavor quarks are suppressing factors in the production cross
section of Higgs boson in association with a photon. The main source of tree level contributions
come from cc̄ and bb̄ annihilation because of their larger Yukawa couplings. However, the con-
tributions of cc̄ and bb̄ are suppressed by parton distribution function e↵ects with respect to the
lighter quarks. For more illustration, we show the production cross section of Higgs boson in
association with a photon in terms of the lower cut on photon transverse momentum in Fig. 2.
The contributions from bb̄, cc̄ annihilations are depicted separately.
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Figure 2: Figure shows the cross section for production of H+� at leading order versus the lower
cut on photon transverse momentum at the LHC with the center-of-mass energy of 14 TeV. The
contributions from bb̄, cc̄ annihilations are depicted separately.

At next-to-leading order, the production of H+� through gluon-gluon fusion is forbidden using
the Furry’s theorem because of the C parity conservation. The Higgs boson in association with
a photon could be also produced at next-to-leading order via quark-antiquark annihilation [61].
These processes occur through box and triangle diagrams in which W,Z, Higgs, and quarks are
in the loop. The cross sections of these processes are found to be smaller than the leading-order
quark-antiquark annihilation so we neglect them in the present work.

5

γH Production

๏One of the rarest Higgs production modes, ~20 fb

• High sensitivity to fermionic and electroweak dimension-six operators

๏Difficult photon backgrounds

• multijet QCD in γH(bb)

๏One of few production modes where quark and vector Dim6 operators may interfere

• Only becomes measurable in HL-LHC datasets, limits still interesting for physics insight!

 19 9706335 (1997!) 1702.05753
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CMS HGCal

Rare Higgs & HL-LHC Detectors

๏Most ‘rarities’ are statistically 
limited

• More luminosity a trivial solution
- but 200 pileup is not simple

- rare combinatorial backgrounds

• Some rarities are mixed together
- ggF Higgs in VBF, VH, etc.

- More data does not solve this

๏However, more luminosity 
requires detector upgrades

• In ATLAS and CMS, finer 
granularity detectors are the trend
- in space and time

- combat combinatorics directly

• Opportunities for new or 
improved discriminants

 20

CMS MTD

ATLAS HGTD

CMS / ATLAS pixel upgrades

*these are only a few detectors, read the 
TDRs for everything else we can do!
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New & Improved Discriminants

๏Improved spatial 
segmentation in calorimetry 
and tracking divulges new 
jet and shower topology 
information

 21

11.2. CMS physics channel results 303

Table 11.2: List of BDT variables
BDT Variables

Jet shape number of charged constituents (leading and subleading jets)
length of the semi-minor axis of the ellipse in the h-f plane, (leading and subleading jets)
jet fragmentation distribution (leading and subleading jets) [69]

di-jet In addition to the above:
pT/mgg (leading and subleading photons)
cosine of the angle between the two leading photons in the transverse plane
Df between the dijet and diphoton systems
pT (leading and subleading jets)
Dh and Df between leading and subleading jet
mjj

Efficiency for Gluon Fusion events
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Figure 11.23: The ROC curves for the two trained BDTs. The classifier using only the three jet
shape variables (blue line) has an area under the ROC curve of 0.71, whilst the second with
access to additional kinematic variables (green line) has an area of 0.79. For comparison, the
dijet BDT used in the Run 2 analysis has an area of 0.75.
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Figure 1.2: Left: Simulated and reconstructed vertices in a 200 pileup event assuming a MIP
timing detector covering the barrel and endcaps. The vertical lines indicate 3D-reconstructed
vertices, with instances of vertex merging visible throughout the event display. Right: Rate of
tracks from pileup vertices incorrectly associated with the primary vertex of the hard interac-
tion normalized to the total number of tracks in the vertex.

0.3 mm�1. The performance of b-jet identification, which relies on vertex reconstruction, is
enhanced. The removal of pileup tracks from the isolation cones improves the identification
efficiency for isolated leptons and photons, which are key signatures of many processes of in-
terest for the HL-LHC program. Similarly, the reconstruction of spatially extended objects and
global event quantities that are vulnerable to the pileup, such as jets and pmiss

T , is also signif-
icantly improved. At 200 pileup, the pmiss

T resolution improves by about 10% and the rate of
reconstructed jets that are spuriously clustered particles from pileup interactions (“pileup jets”)
is reduced by up to 40%, using track-time information in jet reconstruction.

Chapter 3 presents thorough simulation studies of track and vertex reconstruction, of parti-
cle isolation, of jet and pmiss

T reconstruction, and of benchmark physics measurements and
searches. These studies consistently motivate that precision timing in the barrel and in the
endcaps, with about 30 ps resolution, not only offsets the performance losses in the transition
from 140 to 200 pileup events, but also recovers the Phase-1 (40 pileup) performance of the
CMS detector, thereby enhancing the HL-LHC physics reach.

1.2 Impact of precision timing on the HL-LHC physics program
The CMS physics program at the HL-LHC will target a very wide range of measurements,
including in-depth studies of the Higgs boson properties and direct searches for physics be-
yond the standard model (BSM). The added value of a timing detector, quantified in terms of
improved vertex identification, acceptance extension for isolated objects, improved pmiss

T reso-
lution, and pileup jet rate reduction, makes a significant impact on the CMS physics program
across several channels. These performance gains are gauged in Chapter 3 with benchmark
analyses representative of Higgs boson measurements, supersymmetry (SUSY) and other BSM
searches. A synopsis is presented in Table 1.1, where detector requirements are mapped into
analysis and physics impacts. The benefits are broad, as further expanded below.

The characterization of the Higgs boson properties, with precision measurements of the Higgs
boson couplings to standard model (SM) particles, and the search for rare SM and BSM decays,
will benefit from the improved acceptance for isolated objects, and in the case of H ! gg de-
cays from improved vertex identification. The quality of the isolation discriminant relies on the

3

Improved VBF 
separation with HGCal

Time-aware vertex reconstruction with MTD (or HGTD)

LHCC-P-009CMS-TDR-019

๏Time segmentation 
identifies false 
coincidences, also provides 
particle ID
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Using Detectors to Their Fullest
๏Data we will collect in HL-LHC era and beyond will be geometrically more complex than 

before

• Detectors can read out information in 4-5 dimensions
- Hadronic showers vary wildly in energy deposition pattern

• Using Machine Learning in coordination with detector reconstruction is a key tool for exploiting such 
highly dimensional data

๏Focus on triggers for interesting is paramount

• H(φγ) could be accessible with appropriate tracking based trigger
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Early-phase research successful in 
reconstructing overlapping hadronic 
showers (graph neural networks)
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Concluding Remarks & Outlook

๏Rare Higgs decay and production modes provide unique 
windows for understanding Higgs properties

• top-Higgs only direct measurement of |yT|

• Higgs to invisible a powerful test of BSM physics

• DiHiggs programs ramping up in both experiments

• Measuring the charm coupling may require inventive approaches

๏There are uncovered directions with interesting information

• Extremely rare γH, bbH production modes only discussed in theory

๏HL-LHC upgrades and Machine Learning bring an array of news 
tools to bear

• We must exploit these new tools to achieve precise understanding 
of our currently ‘rare’ decays and to explore the Higgs mechanism 
to further depths with the HL-LHC
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Extras
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DiHiggs 4W BSM

๏ATLAS also recently exploring 4 vector boson 
production from DiHiggs in context of new 
physics searches

• Sensitivity to SM process limited due to backgrounds
 25
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DiHiggs bbWW (ATLAS)

๏Search for SM DiHiggs 
production underway!

• ~40 fb total cross section

๏Since cross section is quite 
small many opportunities for 
new physics modifications

• Many possibilities for new 
scalars and tensors decaying 
to Higgs

๏SM observation only 
possible with both detectors 
in HL-LHC

• Mastering all channels and 
our detectors will be critical
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