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HIGGS: KEYSTONE OF THE SM

2

Higgs Boson

Photon Weak Gluons

Quarks
Leptons

Bosons

e  μ  τ ν  ν  νe     μ     τ q

gW Zγ

H

Crucial to probe all these interactions to highest possible precision 
— any deviation from the SM prediction would be a clear sign of new physics!
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HIGGS@LHC: A DECADE-LONG EFFORT
Tremendous progress in our understanding of the Higgs boson in the past decade 

precision on the mass: < 0.1% 

precision on the couplings: ~5% (vector bosons), ~10% (3rd generation fermions) 

rapid progress in second generation couplings, Higgs boson pair production, … 

+ many more shown at this conference!

3

ATLAS
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arXiv:2308.04775 Nature 607 (2022) 60-68

https://arxiv.org/abs/2308.04775
http://dx.doi.org/10.1038/s41586-022-04892-x
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LONG JOURNEY AHEAD

4

Elizabeth Brost - Higgs@10 Symposium - July 4th, 2022

LHC proton-proton dataset

3

↑ Start of HL-LHC operations↑ Higgs discovery

Run 2

Run 2: ~5% of total 
dataset collected

Run 3

Run 3: ~10% of total 
dataset collected

Total HL-LHC dataset
(3000 fb-1)

2010               2015                   2022                        2029 

Run 4Run 1 …

lhc-commissioning.web.cern.ch We are here. ~20x more data to be explored at the (HL-)LHC!

Courtesy Elizabeth Brost

https://indico.cern.ch/event/1135177/contributions/4878400
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DETECTOR UPGRADES
Comprehensive upgrades of the ATLAS and CMS detectors to meet HL-LHC challenges 

new:  

tracker (up to |η| = 4), timing detector (for pileup mitigation), high-granularity calorimeter endcap (CMS) 

upgraded:  

trigger and DAQ systems (output@~10kHz), electronics for calorimeters and muon systems, … 

crucial for harsh running conditions (PU 140–200), but also lots of potential for performance improvements

5
Elizabeth Brost - Higgs@10 Symposium - July 4th, 2022

                 ATLAS Detector Upgrade

8

NEW all-silicon Inner Tracker, 
coverage up to |η|= 4.0

Upgraded Trigger and 
Data Acquisition system: 

● L0 rate: 1 MHz 
● Event Filter: 10 kHz

Upgraded electronics: 
Liquid Argon Calorimeter, 
Tile Calorimeter, 
Muon system

Improved muon 
coverage and trigger

NEW endcap 
high - 
granularity 
timing detector

Elizabeth Brost - Higgs@10 Symposium - July 4th, 2022

        CMS Detector Upgrade

9

Upgraded Trigger and 
Data Acquisition system: 

● Add tracks at L1    
(1 MHz)

● High Level Trigger 
output 7.5 kHz

NEW 
High-granularity 

calorimeter 
endcap

NEW Inner Tracker, coverage up 
to |η| = 4, reduced material

Electronics upgrade: 
barrel calorimeters 
and muon system

Extended muon 
coverage to |η| ~ 2.8

NEW MIP timing 
detector with 30 - 50 ps 
time resolution

Courtesy Elizabeth Brost

https://indico.cern.ch/event/1135177/contributions/4878400
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PROJECTION TO HL-LHC
HL-LHC projection results mainly based on: 

2018 Yellow Report [CERN-2019-007] 

substantial update in the Snowmass2021 report [cds:2805993] 

Strategies for the projection: 

extrapolations of (partial/full) Run-2 results to HL-LHC luminosity 

parametric simulations based on upgraded detectors 

Uncertainty schemes: 

YR18 systematics uncertainties (baseline): 

theoretical uncertainties: reduced by half 

most experimental uncertainties: scaled down with 1/sqrt(L) 

luminosity uncertainty: aiming at 1% 

uncertainties due to the limited number of simulated events are typically neglected 

alternatively, to understand the impacts of systematics 

Run-2 systematic uncertainties 

statistical-only uncertainties
6

ATL-PHYS-PUB-2022-018

ATLAS PUB Note
CMS PAS Note

CMS PAS FTR-22-001
17th March 2022

Snowmass White Paper Contribution:

Physics with the Phase-2 ATLAS and CMS

Detectors

The ATLAS and CMS Collaborations

The ATLAS and CMS Collaborations actively work on developing the physics program for
the High-Luminosity LHC. This document contains short summaries of physics contributions
to the Energy Frontier and to the Rare Processes and Precision Measurements groups of
Snowmass 2021. The summary is based on the physics potential estimates that were included
in the CERN Yellow Report “Physics at the HL-LHC, and Perspectives for the HE-LHC”, and
also contains a number of recent results.

© 2022 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

https://cds.cern.ch/record/2703572
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/


PRECISION MEASUREMENTS

7



Ph
ys

ics
 p

ro
sp

ec
ts

 fo
r H

L-
LH

C 
 - 

D
ec

em
be

r 1
, 2

02
3 

- H
ui

lin
 Q

u 
(C

ER
N

)

CROSS SECTIONS AND COUPLINGS
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Production cross sections Coupling modifiers

• Expected precision reaching 2 - 5% at the end of HL-LHC (CMS+ATLAS) 
• Large impact of theory uncertainty in many cases (despite the /2)

CERN-2019-007CERN-2019-007

https://cds.cern.ch/record/2703572
https://cds.cern.ch/record/2703572
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HIGGS BOSON MASS AND WIDTH
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Stat. Only
Stat. + Syst.

Preliminary Phase-2 Projection CMS -13000 fb

 0.02 stat.) GeV± 0.07 (± = 125.38 Hm
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σ1

σ2

Mass vs width in 
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CMS Phase-2 Projection Preliminary  (14 TeV)-13000 fb

 4I→ * ZZ→H 

CMS-PAS-FTR-21-007CMS-PAS-FTR-21-008

• Total uncertainty on mH: 70 MeV 
• Limited by photon energy scale (~0.05%)

• Total uncertainty on mH: 25–30 MeV 
• comparable stat. and syst. unc. 

• Direct constraint on width: ΓH < 177 MeV 

• cf. indirect constraint (on-shell vs off-shell H→ZZ): 

•  MeV (CMS+ATLAS combined)ΓH = 4.1+0.7
−0.8

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-008/
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DIFFERENTIAL MEASUREMENTS
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Fig. 16: Differential cross sections measured by ATLAS in the full phase space, extrapolated to the full
HL-LHC luminosity for the combination of the H ! �� and H ! ZZ⇤ ! 4` decay channels for (a)
Higgs boson transverse momentum pT

H, (b) Higgs boson rapidity |yH |, (c) number of jets Njets with
pT > 30 GeV, and (d) the transverse momentum of the leading pj1H . For each point both the statistical
(error bar) and total (shaded area) uncertainties are shown. Two scenarios are shown: one with the current
Run2 systematic uncertainty (S1) and one with scaled systematic uncertainties (S2).

In order to isolate the production of the Higgs boson in association with top quarks, the selection
requires all events to have at least one b�tagged jet. Such events are separated into two orthogonal
categories based on the decay products of the top quark, a hadronic category and a leptonic category. In
the hadronic category, events must contain at least 3 jets, clustered using the anti-kT algorithm with a
cone size of 0.4, separated by �R > 0.4 with respect to both photon candidates. The jets are required
to have pT > 25 GeV and |⌘| < 4. In the leptonic category, only 2 jets are required, however, in
addition, the events must contain at least one isolated muon or electron. The muons or electrons must
satisfy pT > 20 GeV and |⌘| < 2.4, excluding the region 1.44 < |⌘� | < 1.57 for electrons. The muons
must satisfy an isolation requirement that the sum of all reconstructed particles pT , inside a cone of
radius �R = 0.4, excluding the muon itself, is less than 0.25 times the transverse momentum of the
muon. In addition, for electrons, the invariant mass of pairs formed from the electron and either selected
photon, me� , is required to be greater than 95 GeV to reduce contamination from Z ! e+e� decays.
Events passing the leptonic category selection are excluded from the hadronic selection to maintain
orthogonality of the two categories. For the signal extraction, boosted decision tree (BDT) classifiers
are trained independently in each channel, which distinguish between signal-like and background-like
events, using input variables related to the kinematics of the events, such as the lepton and jet momenta

268

REPORT FROM WORKING GROUP 2

268

H → γγ + ZZ

CERN-2019-007

• Expected to reach ~5% except the highest bin (> 350 GeV) 
• Powerful to constraint light quark Yukawa couplings

Variation of pT(H) shape 
as a function κc = yc/ycSM

pT(H) vs light 
quark couplings

(u, d, s)

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

ffiffiffi
s

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

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

ffiffiffi
s

p
¼ 13 TeV is slightly harder than the

ffiffiffi
s

p
¼ 8 TeV

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

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

ffiffiffi
s

p
¼ 8 TeV, the ATLAS and

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

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

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

κc ∈ ½−16; 18$ ðLHC run IÞ: ð2Þ

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

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

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

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

ffiffiffi
s

p
¼ 8 TeV divided by the SM prediction for

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

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

PRL 118, 121801 (2017) P HY S I CA L R EV I EW LE T T ER S
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Fig. 125: Normalised distributions of kinematic variables of the Higgs boson. Left-top (Right-top) :
yh (pT ) distribution for enhanced u, d and s Yukawa compared to the SM [612]; Bottom: pT distribution
for enhanced c Yukawa [173].

The former bound on the c Yukawa is stronger than the bound from the global fit of the 8 TeV Higgs data
along with the electroweak precision data, allowing all Higgs couplings to float [605]. However, it relies
on strong assumptions that the Higgs couplings (besides c or b) are SM like, and it is mostly sensitive to
the cross section and not to the angular shape as the latter bound.

These bounds on the c Yukawa are weaker (stronger) then the bounds from the global fit of the
8 TeV Higgs data along with the electroweak precision data allowing all Higgs coupling to float [605]

In the following these constraints on Higgs boson couplings obtained in Ref. [157] are projected to
an integrated luminosity of 3000fb�1, using the expected differential distributions at 3000fb1 presented
in Sec. 2.4.1 and detailed in Ref. [139].

The Higgs boson coupling fits are based on a combination of pT distributions from the H !
g g [156] decay channels obtained at

p
s = 13 TeV. Furthermore, a search for the Higgs boson produced

with large pT and decaying to a bottom quark-antiquark (bb) pair, which enhances the sensitivity at high
pT

H, is included in the t/cggh fit. The Higgs boson coupling fits are performed using an simultaneous
extended maximum likelihood fit to the di-photon mass, four-lepton mass, and soft-drop mass mSD [291,
292] spectra in all the analysis categories of the H ! g g , H ! ZZ, and H ! bb channels, respectively.
For more details on the treatment of the input measurements, see Ref. [156].

The treatment of the decay of the Higgs boson affects the Higgs boson coupling fits. Assuming full
knowledge of how the Higgs decays, i.e., assuming no beyond-the-SM contributions, the inclusive Higgs
production cross section adds a strong constraint on the Higgs boson couplings in the fit. This result is
obtained by parametrising the branching fractions as functions of the Higgs boson couplings. Likewise,
the constraints on the Higgs boson couplings excluding the information from the inclusive cross section
are of interest in order to evaluate the discriminating power of the differential distributions. This result
is implemented by letting the branching fractions be determined in the fit without any prior constraint.

The expected one and two standard deviation contours of the c/b fit with the branching frac-

REPORT FROM WORKING GROUP 2
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JHEP 12 (2016) 045

https://cds.cern.ch/record/2703572
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801
https://doi.org/10.1007/JHEP12(2016)045
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DIFFERENTIAL MEASUREMENTS (II)

11
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ATLAS Preliminary
|<2.5

H
, |yττ →H 

Projection from Run 2 data
-1 = 13 TeV, 139 fbsRun2, 

-1 = 14 TeV, 3000 fbsHL-LHC, 
Current theoretical uncertainties
Projected theoretical uncertainties

H → ττ

ATL-PHYS-PUB-2022-003

VH(H → bb)

0.8 1 1.2 1.4 1.6 1.8 2
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 < 250 GeVZ,t
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• Updated for Snowmass: 
• Expected precision reaching 5 - 20% in most STXS bins 
• Both measurements limited by systematic uncertainties (th. / bkg. modeling) at low to intermediate pTH

ATL-PHYS-PUB-2021-039

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039/


COUPLINGS TO SECOND GENERATION FERMIONS
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EVIDENCE FOR H→μμ IN RUN 2
Very challenging analysis 

Br(H→μμ) = 2.2 x 10-4 in SM — extremely small S/B 

dimuon invariant mass resolution is the key
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Significant improvement over early Run 2 expectation.

https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
http://dx.doi.org/10.1007/JHEP01(2021)148
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New projection based on the CMS full Run 2 analysis 

In addition: improvements from Phase-2 upgrades 

new tracker:  

~30% in dimuon mass resolution 

extended coverage (|η| < 2.8) of muon system: 

~10% increase in signal acceptance  

3—4% uncertainty on κμ at HL-LHC 

~30% improvement compared to YR18 

largely due to improved analysis strategy

PROSPECTS FOR H→μμ

14

, 1,, -,,, -1,, .,,, .1,, /,,,
H�Wb^͍-Y

,*,,

,*,1

,*-,

,*-1

,*.,

,*.1

,*/,

Ǌ$
ǁ ǃ
%+ǁ

ǃ

/,,, b^͍-$-0�PaR%

?IO
Ld]oa).�Lnkfa_pekj�Lnaheiej]nu

sepd�Nqj�.�ouop*�qj_anp*�$O-%6
Ojksi]oo�.,-/
Uahhks�Nalknp�.,-4
Ojksi]oo�.,.-

sepd�DH)HD?�ouop*�qj_anp*�$O.%6
Ojksi]oo�.,-/
Uahhks�Nalknp�.,-4
Ojksi]oo�.,.-

Statistical Experimental Theoretical Total

S1
Snowmass 2013 - - - 8.0%

YR 2018 4.7% 2.7% 3.9% 6.7%
Snowmass 2021 3.2% 1.9% 2.2% 4.3%

S2
Snowmass 2013 - - - 7.5%

YR 2018 4.7% 1.5% 1.1% 5.0%
Snowmass 2021 3.2% 1.1% 0.8% 3.5%

Uncertainty on the coupling modifier κμ

CMS-PAS-FTR-21-006

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-006/index.html
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HIGGS-CHARM COUPLING IN RUN 2
Extremely challenging search at the LHC 

small branching fraction (~3%) vs enormous hadronic backgrounds — charm tagging is the key 

Substantial progress in Run 2 — far beyond previous expectations 

advanced machine learning techniques + merged-jet topology play a key role
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PRL 131 (2023) 061801H → cc tagging with large-R jets

1.1<|κc|<5.5 
(|κc|<3.4 exp.)

|κc|<8.5 obs. 
(|κc|<12.4 exp.)

https://link.springer.com/article/10.1140/epjc/s10052-022-10588-3
http://dx.doi.org/10.1103/PhysRevLett.131.061801
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PROSPECTS FOR H→CC
Projection of the Run 2 analysis to HL-LHC 

CMS: merged-jet topology only, w/ large-R jet pT threshold lowered from 300 GeV to 200 GeV 

Simultaneous constraint of H → bb and H → cc
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Expected sensitivity approaches the SM value for the Higgs-charm coupling.

CMS-HIG-21-008ATL-PHYS-PUB-2021-039

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039/


TOWARDS DI-HIGGS OBSERVATION

17



Ph
ys

ics
 p

ro
sp

ec
ts

 fo
r H

L-
LH

C 
 - 

D
ec

em
be

r 1
, 2

02
3 

- H
ui

lin
 Q

u 
(C

ER
N

)

HIGGS BOSON PAIR PRODUCTION
Higgs boson pair (HH) production: one of the top priorities at the HL-LHC 

crucial to probe the Higgs potential in SM 

Substantial progress in Run 2: upper limit < 3 

18

1 10 100

Theory
σ HH) / →(pp σ95% CL limit on 

Observed: 32
Expected: 40
bb ZZ

Observed: 21
Expected: 19
Multilepton

Observed: 8.4
Expected: 5.5

γγbb 

Observed: 3.3
Expected: 5.2

ττbb 

Observed: 6.4
Expected: 4.0
bb bb

Observed: 3.4
Expected: 2.5
Combined

Observed         Median expected
                      68% expected   
                      95% expected   

CMS 

 = 1tκ = λκ
 = 12Vκ = Vκ

 (13 TeV)-1138 fb
Nature 607 (2022) 60-68PLB 843 (2023) 137745

http://dx.doi.org/10.1038/s41586-022-04892-x
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
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PROSPECTS FOR HH

19
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CERN-2019-007 ATL-PHYS-PUB-2022-053 

• YR18 (CMS+ATLAS) 
• 4.0σ with baseline systematics (4.5σ w/o syst.) 

• 0.5 < κλ < 1.5 [68% CL]

• 2022 update (ATLAS) 
• 3.4σ with baseline systematics (4.9σ w/o syst.) 

• 0.5 < κλ < 1.6 [68% CL] 

• CMS updated bbγγ result shows similar improvement
~20% (50%)  
improvement

g

g H

H

H

t �

https://cds.cern.ch/record/2703572
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
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HH: MORE CHANNELS
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γγ) νW(qq)W(l→HH→pp
Cat. 4

HH → WWγγ + ττγγ

CMS-PAS-FTR-21-003

Final State Significance (stat+exp+theory)
WWgg 0.21
ttgg 0.08
Combination 0.22

ttHH
R. Frederix et al. / Physics Letters B 732 (2014) 142–149 145

Fig. 3. Total cross sections at the LO and NLO in QCD for H H production channels, at the
√

s = 14 TeV LHC as a function of the self-interaction coupling λ. The dashed
(solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and PDF uncertainties added linearly. The SM values of the cross sections are
obtained at λ/λSM = 1.

Fig. 4. Transverse momentum distribution of the hardest Higgs boson in H H production in the gluon–gluon fusion, VBF, tt̄ H H , W H H and Z H H channels, at the 14 TeV
LHC. The main frame displays the NLO + PS results obtained after showering with Pythia8 (solid) and HERWIG6 (dashes). The insets show, channel by channel, the ratios of
the NLO + Pythia8 (solid), NLO + HERWIG6 (dashes), and LO + HERWIG6 (open boxes) results over the LO + Pythia8 results (crosses). The dark-colour (light-colour) bands
represent the scale (red) and PDF (blue) uncertainties added linearly for the NLO (LO) simulations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)

• tt(l+jets)+HH(4b):  
• μttHH < 3.14 

• More potential w/ 
extra channels 
• cf. PRD 101 (2020) 055043

CMS-PAS-FTR-21-010

PLB 732 (2014) 142

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-003/index.html
https://doi.org/10.1103/PhysRevD.101.055043
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-010/index.html
https://doi.org/10.1016/j.physletb.2014.03.026
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HH: BETTER TOOLS
Advanced machine learning flavor taggers (GNN/Transformers) have become the standard in ATLAS & CMS 

significant performance improvement in H→bb/cc tagging, mass regression, etc. 

powerful handles for HH searches involving b-jet final states — further gains in Run 3

21

ATLAS-FTAG-2023-01

Jet flavor tagging with small-R jets H→bb tagging with large-R jets

CMS-PAS-BTV-22-001

better

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BTV-22-001/index.html
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HH: BETTER TRIGGERS
Run 3 also sees these state-of-the-art taggers deployed at HLT for online event selection 

substantial improvement in trigger efficiency for e.g. HH→4b final states

22
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DeepCSV online 
DeepJet online
ParticleNet online 
DeepJet offline 
ParticleNet offline

CMS-PRF-21-001

better

ATLAS 
Twiki 

~20–80% more signal

With all these improvements 
— HH observation may arrive (much) sooner than expected!

b-tagging performance @ HLT Trigger efficiency for HH→4b

https://cms-results.web.cern.ch/cms-results/public-results/publications/PRF-21-001/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BJetTriggerPublicResults#Expected_Run_3_Trigger_Efficienc
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BJetTriggerPublicResults#Expected_Run_3_Trigger_Efficienc
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SUMMARY & OUTLOOK
Tremendous progress in our understanding of the Higgs boson in the past decade 

But still a lot more to be learned: 

higher precision 

couplings to second generation 

structure of Higgs potential 

… 

HL-LHC: a unique opportunity to explore many of these questions 

vast amount of data: ~20x more than what we have analyzed 

comprehensive detector upgrades: new capabilities and better performance 

Moreover: history proves that we can always do better than expected 

in fact, the biggest missing factor from the projections is the ingenuity of people 

of course, this will not come for free 

requires a combined effort from theory, instrumentation, objects & reconstruction, as well as analysis techniques, … 

A challenging but exciting journey ahead!

24



EXTRAS

25



Ph
ys

ics
 p

ro
sp

ec
ts

 fo
r H

L-
LH

C 
 - 

D
ec

em
be

r 1
, 2

02
3 

- H
ui

lin
 Q

u 
(C

ER
N

)

CMS B-TAG HLTS

26

Trigger Requirement
Rates at 
2x1034 
cm-2s-1

2023 HH trigger HT > 280 GeV, 4 jets with pT > 30 GeV,  
PNet@AK4(mean 2 highest b-tag score) > 0.55 180 Hz

2022 HH trigger 4 jets pT > 70, 50, 40, 35 GeV,  
PNet@AK4 (mean 2 highest b-tag score) > 0.65 60 Hz

2018 triple b-tag trigger HT > 340 GeV, 4 jets pT > 75, 60, 45, 40 GeV,  
3 b-tags with DeepCSV > 0.24 8 Hz

6

Trigger efficiency as a function of the invariant mass mHH for the simulated Standard Model HH→4b process 
with 𝛋𝜆 = 1 shown for Run 2 (black), Run 3 2022  (blue) and Run 3 2023 trigger (orange). The two Higgs 
boson candidates are reconstructed from four central jets with the highest b-tagging scores. The trigger 
efficiency achieved by the new strategy is 82%, improved by 57% with respect to Run 2 and 20% with respect 
to 2022. The better performance of ParticleNet tagging on small-radius jets with respect to Run 2 taggers and 
the lowered HT requirement from 360 GeV to 280 GeV at the L1 trigger result in a higher trigger efficiency on 
the full spectrum of the mHH distribution. 

Online ParticleNet@HLT b-tag efficiency, as used in the High Level Trigger (HLT), as a function of the mean ParticleNet 
b-tag score of the two most b-tagged jets with pT > 35 GeV. The efficiency is measured in a ttbar + jets (electron-muon) 
control region, and shown for 2022 data (orange) as well as simulated data events (blue) corresponding to the integrated 
luminosity (L) of 35.1 fb-1. The vertical dashed line shows the minimum threshold of the ParticleNet@HLT b-tag score 
applied at the HLT.  The lower panel shows the associated data-to-simulation scale factors. The tanh-1 of the offline b-tag 
score is shown rather than the raw score to focus the efficiency measurement on the bulk of the distribution populated by 
real b jets. The emulated online b-tag efficiency in simulation models well the data, validating the online b-tagging trigger 
performance studies that have been performed on simulation.  5

CMS-DP-2023-089

CMS-DP-2023-050

https://cds.cern.ch/record/2881092
https://cds.cern.ch/record/2868787?ln=en

