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» Run-2 combinations

o Legacy HH

Legacy H . .
Z Full coymbination of differential cross sections Run'z nghhghts

» H-vyy

o mass measurement in Full Run-2 Legacy

o H - yy + c and Higgs boson coupling to

charm quarks » Standard candles: H - yy and H —» ZZ — 41

» Trigger developments:

o New taggers
o VBF and HH parking

RL{Y!-3 status » Higgs coupling with 2" generation quarks:

o VH - cc merged and resolved
o VBF H - cc

» Double Higgs: HH — 4b
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Run-2 combinations

» Legacy H with all channels and SMEFT
interpretations
HIG-21-018
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—0.030

+ 0.023(theory) (expt.) £ 0.027(stat.)

Nature result (HIG-22-001):
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» Legacy HH with all channels
HIG-20-011
preapproval talk June24
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?id=2483&ancode=HIG-21-018&tp=an&line=HIG-21-018
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-22-001&tp=an&id=2535&ancode=HIG-22-001
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-20-011&tp=an&id=2364&ancode=HIG-20-011
https://indico.cern.ch/event/1360910/contributions/6013505/attachments/2880501/5054293/preapp_HIG-20-011_v2.pdf
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http://cds.cern.ch/record/2905139?ln=en

H— yy measurements 2l e

Higgs mass
NEW
> Ultra Legacy full Run2 Unblinding

> HIG-24-007 CMS-HIG-PAS-23-010
> Unblinding > Full Run-2 analysis - ] ; 8
> Probe the Higgs boson coupling with charm quarks
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https://cds.cern.ch/record/2905239/files/HIG-23-010-pas.pdf
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-24-007&tp=an&id=2801&ancode=HIG-24-007
https://cms-pub-talk.web.cern.ch/t/unblinding-results-step-3/29543




Higgs standard candles ~ an

H - yy O H - Z7Z7 - 4l O

CMS-PAS-HIG-23-014 CMS-PAS-HIG-24-013

> Inclusive and differential cross section measurement D> Inclusive and differential cross section measurement
> 2022 data (34.7 fb1) > 2022 data (34.7 fb1)
> Inclusive cross section in the fiducial phase space > Inclusive cross section in the fiducial phase space
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https://cds.cern.ch/record/2904882/files/HIG-23-014-pas.pdf
https://cds.cern.ch/record/2904969/files/HIG-24-013-pas.pdf

Run-3 Higgs physics progra
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Trigger developments (1/2) Il o

Online AK4 PF jets
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http://cds.cern.ch/record/2881092/files/DP2023_089.pdf
http://cds.cern.ch/record/2857440/files/DP2023_021.pdf
http://cds.cern.ch/record/2825704/files/DP2022_030.pdf

Trigger developments (2/2)

PARKING STRATEGY
> HH parking (330 Hz)
> 4j+2b
modified in 2024 to become more inclusive
2023: HLT_PFHT280_QuadPFJet30_PNet2BTagMean0p55
2024: HLT_PFHT250_QuadPFJet25_PNet2BTagMean0p55
> 4jet+1b+1t (new 2024)
> VBF parking (1 kHz)
> Inclusive triggers with tight requirements
on the VBF jets
>  Specific triggers
- VBF + 1 loose central object
- Higgs specific VBF triggers (VBFHcc)
A. Zaza CMS ltalia 2024

Trigger Efficiency

Trigger Efficiency
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http://cds.cern.ch/record/2868787/files/DP2023_050.pdf

Search for charm decays

Resolved VH - cc

> new strategy for resolved analyses: PAIReD

>

New approach to reconstruct decays of
heavy particles at a large

Define an ellipse in the n — ¢ plane around
the two AK4 jets

Exploit correlation between the
hadronization products of the two c-quarks

Boosted VH — bb/cc

Istituto Nazionale di fisica Nucleare
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jork_Cut-flow for VH(H - cé) events

13.6TeV

~ Higgs/Charm workshop in 2024

= PAIReD_3 SV
" AK4: Deeplet
- AKa: ParT

AK4: ParticleNet

> Simultaneous measurement of H — bb and H — cc

> H candidate reconstructed as a AK15 jet tagged
with ParT

> Two cc and two bb orthogonal regions defined

Better sensitivity
than ATLAS on p,,

CMS Work in progress
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1oBCMS Work in progress
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VBF H — cc O
> New trigger with ParticleNet c-tagging

> Signal/bkg discrimination with BDT
based on ParticleNet CvsL and CvsB
scores of the two c-jets and QvsG
scores of the VBF jets

D> Preliminary expected upper limit on
the signal strength:

KvBFrHce < 30 @ 95% CL

CMS Work in progress

27 fb” (13.6 TeV)
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https://indico.cern.ch/event/1347445/

Search for double Higgs: HH — 4b o fRY
HIG-24-010 I
Resolved Preapproval talk J Boosted
> 4j2b trigger with ParticleNet designed for this . > Boosted Hbb trigger with ParticleNet designed for this

analysis
> 4 b-jets tagged with ParticleNet
> DNN for signal/bkg separation
> Expected upper Limit on the signal strength:

Cnnnn <570 wah

25-30% more sensitive than

Full Run-2
2 times better scaled to Full
" CMS Prakmi zr.?b" (136 Ta! - Run_2 Iumi
i 107 i o
o b oomae) E CMS Prelimina 6110 (13.6 TeV)
. B sk pred. (20 cata) E k Ob'y py— -
! S e bleb X 10 A = — Observed [+
- re- b xm: 3 SM ----Expected [J+20
10 Obs : 8.22
. 20221— Exp:7.78
10
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E :2 L 22 lExp:828
3 e b
naliiiing R ol
& q Obs :5.99
| S : 5.
o Run-3) Exp :5.70
g T
2 i :
N
g - | ! : 1
B S P PO T T TN PPN T PO T T o
DNN scor 95% CL upper limit on o(HH-> 4b)/o,
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analysis
> 2 AK8 jets tagged with ParticleNet

> DNN multiclass for signal vs QCD and ttbar
discrimination

> Simultaneous mass fit across 2022 (35 fb1) and 2023
(27 fb1)

61.0fb",  \/s=136TeV

AL L LAl LA L LA

cMms

®Data — Vajets E
Simulation Preliminary —w
—QCD
ZH
—ttbar —HH-> 4bx10

| i D> Expected upper Limit
| on the signal strength:

Subleading jet mass [GeV]

CMS ltalia 2024
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-24-010&tp=an&id=2814&ancode=HIG-24-010
https://indico.cern.ch/event/1360907/

Conclusions =Bl o=

> Great effort ongoing for Run-2 HH and H Legacy combinations

No deviations from

> Full Run-2 combination of fiducial differential cross section ‘ SM observed

> Ongoing Full Run-2mass measurement in H — yy and recent publication H - yy + ¢

> Standard candles: H » yyand H —» ZZ — 41

> Trigger developments: new taggers and data-parking

New triggers, taggers,
> Great effort ongoing in H — cc searches: VH and VBF analyses anaysis techniques

)

Better sensitivity than Run-2

D> Great effort ongoing in HH — 4b resolved and boosted searches
expected

A. Zaza CMS Italia 2024 13
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> RU n '2 Combinations W Istituto Nazionledi isca Nuleare

o Legacy HH
o Legacy H

o Full combination of differential cross sections

- . Run-2 Highlights
» VH - bb differential cross section

» H-vyy

o mass measurement in Full Run-2 Legacy

charm quarks

» Trigger developments:

o New taggers
o VBF and HH parking

O 3 ———~+~C 0O

Rvm-3 status » Higgs coupling with 2" generation quarks:

o VH - cc merged and resolved
o VBF H - cc

» Double Higgs: HH — 4b
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Conclusions =Bl o=

> Great effort ongoing for Run-2 HH and H Legacy combinations

> Full Run-2 combination of fiducial differential cross section

SM observed

}‘ No deviations from

> VHbb fiducial differential cross section

> Ongoing Full Run-2mass measurement in H — yy and recent publication H - yy + ¢

> Standard candles: H » yyand H —» ZZ — 41

> Trigger developments: new taggers and data-parking

New triggers, taggers,
> Great effort ongoing in H — cc searches: VH and VBF analyses anaysis techniques

)

Better sensitivity than Run-2

D> Great effort ongoing in HH — 4b resolved and boosted searches
expected
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VH(bb) differential cross section

) cMsitalia2023

e Deviation > 30 from SM prediction

1
i 138 fo' (13 TeV - Run 2)
Ob:
Cl e 2yt

— Preliminary — (s
S ZH, p>400 GeV —— 138 2 0.59 = 0.34

1 H
K ZH, 250< p< 400 GeV —-— 0.91x0.37 = 0.26

N :
Q| | 2. 150<p!= 250 Gev, 219 ——— 0.18 + 0.84 = 0.69 Y
— :
T | |2 150< pte 250 Govu [ 75 -0.80 = 0.34 £ 027
17| .
< ZH, 75<p)= 150 GeV |, —mmmmm- * <0.75 = 0.50 = 0.50
Ay - .
" WH, p!>400 GeV |2 L — 2.00 = 0.65 = 0.52
5 WH, 250< p'< 400 GeV . —— 1.95 + 0.44 = 0.33

WH, 150 /= 250 GeV |- wemmeme © 0612042 20.44
T T . , A
-2 0 2 4 8 10
Best-fit u

changes:

> Decorrelation of Vb and Vbb
processes

> Removal of a soft activity counter
with 5 GeV threshold

> Correction of additional jet counter

with 30 GeV threshold
A. Zaza

PhysRevD.109.092011
> STXS template
> Full Run-2 data

Each channel overall

> Inclusive signal strength compatible with the SM
— +0.22 —
u=1.157 - Z=63(5.6)0
0.20
138 b (13 TeV)
138 b (13 TeV, CMS Observed
CMS e Observed VH, H-bb +1o (stat @ syst)
_ — 1o (stat @ syst) — 115 (syst)
VH, H-bb . 1o (Syst) - Combined 1t = 1.15 %92
ZH, p (V) > 400 GeV | e—— 1.83 £ 0.63 + 0.42 omRied =112 o0z
ZH, 250 < p, (V) < 400 GeV e 1.52 +0.36 + 0.33
ZH, 150 < p (V) < 250 GeV, 2 1) | e 056078 +0.72 2-lepton 1.06 £ 0.25 +£ 0.22
ZH, 150 <p (V) < 260 GeV, = 0J - 0.42+037 +0.30
2H,75 <p,(V) < 150 GeV — 142+052:056 | 1-lepton 1324024 +0.26
WH, p_(V) > 400 GeV .-—- 1.90 £ 0.63 £ 0.49
WH, 2 V) < 4 V —e——
S0<py(V) <400 Ge 18820472038 | )ep10n 1.08 +0.24 + 0.21
WH, 150 <p, (V) <250 GeV ———— 0.25+0.45+£0.49
TS TS e T s 0 05 1 15 2 25 3 35 4 45 5
Best-fit p Best-fit pt
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.109.092011

» Run-2 combinations

o Legacy HH
o Legacy H

o Full combination of differential cross sections Run'z Highlights
» H-vyy

o mass measurement in Full Run-2 Legacy

o H - yy + c and Higgs boson coupling to

charm quarks » Standard candles: H - yy and H —» ZZ — 41

» Trigger developments:

o New taggers
o VBF and HH parking

DO 5 ——~+~C 0O

RL{Y!-3 status » Higgs coupling with 2" generation quarks:

o VH - cc merged and resolved
o VBF H - cc

» Double Higgs: HH — 4b

A. Zaza CMS ltalia 2024 18




Run-2 combinations =@l an

» Legacy H with all channels and SMEFT iteprtaions ) e . .
interpretations - newsince e > Eull Run. 2 comblnatlpn of fiducial
. differential cross section
HIG-21-018 Nature combination
— Full Runm-=2 combination of fiducial (H _) yy} H ﬁ ZZ’ H ﬁ WW} H ﬁ TT)

ST TS T v s e Nature result(HIG-22-001):
e - o ) ) CMS-PAS-HIG-23-013

Nature result (HIG-22-001): no deviations from SM observed

Legacy HH with al channels
1 =0.993*303% (theory) £0.033 (expt) *3:058 (stat) G001t

preapproval tak June2d

CMS Preliminary 138 fb~' (13 TeV)

Frrr T 1T 11 11 1T 17 1T 17 T T7

=

HIG-20-011
preapproval talk June24

A /ApY (fb/GeV)

» Legacy HH with all channels O

CMS Projections
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?id=2483&ancode=HIG-21-018&tp=an&line=HIG-21-018
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-22-001&tp=an&id=2535&ancode=HIG-22-001
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-20-011&tp=an&id=2364&ancode=HIG-20-011
https://indico.cern.ch/event/1360910/contributions/6013505/attachments/2880501/5054293/preapp_HIG-20-011_v2.pdf
http://cds.cern.ch/record/2905139?ln=en

Higgs standard candles Run-2

H - yy
CMS-PAS-HIG-23-014
D> Inclusive and differential cross section measurement
D> 2022 data (34.7 fb?)
B> Inclusive cross section in the fiducial phase space
Ofig = 73.4 +2% (stat) 2% (sys) fb

vV VvV VvV VvV

H - 77 - 4l

doi:10.1007/JHEP08(2023)040

Inclusive and differential cross section measurement

Full Run-2 data (138 fb'1)

Inclusive cross section in the fiducial phase space
Ofig = 2.73 £ 0.22(stat) + 0.15(sys) fb

A. Zaza

CMS ltalia 2024
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https://cds.cern.ch/record/2904882/files/HIG-23-014-pas.pdf
https://link.springer.com/article/10.1007/JHEP08(2023)040

CMS, E )
> Higgs mass measurement in H - yy = >

> Run-2 combinations

o Full combination of differential cross sections
o Legacy HH . .
o Legacy H Run-2 Highlights
H — yy + c and Higgs boson coupling to
charm quarks

> VH — bb differential cross section

> Double Higgs: HH —» bbVV

> Trigger developments:

o VBF and HH parking
o New taggers

> Higgs coupling with 2" generation quarks:
Run-3 status

o VH - cc merged and resolved
o VBFH - cc
> Double Higgs: HH — 4b

u

> Standard candles: H - yyand H - ZZ — 41 t
[

n

e

A. Zaza CMS ltalia 2024 1




Run-2 Highlights =@ an

Run-2 combinations

H - YV > Full Run-2 combination of fiducial differential cross
section (H -» yy,H » ZZ,H -» WW,H - 171)
D> Expected Full Run2 mass measurement recently CMS-PAS-HIG-23-013  CMS preliminary 13816 (13 TeV)
obtained no deviations from 3 ol - ]
> Preapproval talk June24 SM observed g
M(H) = 125.38 + 0.13 [0.08(stat) + 0.11 (sys)] GeV > Legacy HH with
138.0 fo™! (13 TeV) all channels ' i~ oo L 3
z T cms e 125278 G preapproval talk June24 o<~ sceno He-]
< 7F Preliminary :,,':Ds oo Unc. (GeV) Syst. Stat. Total oy i O ’f-@
o o — Statesyst My =125.378 01 %(syst) " S8stat) Gev | | - | T T T L P ) O O O (N O 1 A |
----- Stat
51 CMS H(yy) 0.18 0.18 0.26 D Legacy H W|th (-52: L L L L B
i N 2016 I eh | d SMEET | S5 S S Ree ¢ ! i ‘J”/’ a3,
ATLAS 0.09 0.11 0.14 a c anne§an H i { G *{ T I If
3 H(yy) |nterpratat|0ns gc' { i e i [ G o il Ml o S e i Rl e s pti
ofF R EEEEEEEEE
CMS 0.1 0.08 0.13 HlG_21_018 P? (GeV)
£ o H(yy) S
0 1211.5 1é5 1é6
M, [GeV]
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https://indico.cern.ch/event/1360910/contributions/6018601/attachments/2882748/5059696/HIG-24-007_pre-approval.pdf
http://cds.cern.ch/record/2905139?ln=en
https://indico.cern.ch/event/1360910/contributions/6013505/attachments/2880501/5054293/preapp_HIG-20-011_v2.pdf
https://cms.cern.ch/iCMS/analysisadmin/cadilines?id=2483&ancode=HIG-21-018&tp=an&line=HIG-21-018

Run-2 Highlights “EBan

e ——mm e mm—————,
° [ ] L]
: I VH(bb) differential cross section !
CMS ltalia 2023 | |
* Deviation > 30 from SM prediction ' PhysRevD.109.092011 :
| - - |
138 fo ' (13 TeV - Run 2) I > STXS template |
c vy SN I I
— Priliminary — st o) | > Full Run-2 data ,
P4 ZH, p>400 GeV - 1.3+ 0.59 = 0.34 . .
i ' I > Inclusive signal strength |
K ZH, 250< p< 400 GV - 0.9120.37 + 0.26 | 0.2 I
(5 ZH.150<9\;SZSOGGV.11J ——-— 0.18 + 0.84 = 0.69 Il I nLl = 1'15—0:20 - Z = 6'3 (5'6) o I
~ :
I | |2, 150< pvs 250 Gov,=ou [* " " 0.80 = 0.34 + 0.27
CI'J v . . | 138 o' (13 TeV) |
< ZH, 75<p{= 150 GeV || mmmm- = -0.75 = 0.50 = 0.50 [ cms ) .
o : .i VH, H-bb —Ib(sysl)
! WH, p'>400 GeV |+ Y —— 2.00 + 0.65 = 0.52 :
wn Y . s | ZH, p (V) > 400 GeV e 1.83 +0.63 + 0.42 |
2 WH, 250< p)'< 400 GeV |« N —— 1952044 +033 ZH, 250 < p_(V) < 400 GeV/ -—- 1.52 +0.36 + 0.33
Q . . l ! i :
WH, 150< p!= 250 GeV :_:-!I _: 061042 =044 I ZH, 150 < p (V) < 250 GeV, 2 1) | — -0.56 + 0.78 + 0.72 I
-2 0 é 4 Bse fit 10 I ZH, 150 < p (V) < 250 GeV, = 0J -—- 0.42 +0.37 £ 0.30 I
situ 2H,75 <p (V) < 150 GoV B 1425052056
= X | I WH, p.(V) > 400 GeV/ — 10020635049 I
I WH, 250 < p_ (V) < 400 GeV ——— 1.88 £ 0.47 £ 0.38 I
I WH, 150 < p, (V) <250 GeV/ -—-l 0.25+0.45 £ 0.49 I
R R R T
I Best-fit p I
X i —— ]
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https://cds.cern.ch/record/2905239/files/HIG-23-010-pas.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.109.092011

Run-2 Highlights S o

CMS Preliminary 138 fb~! (13 TeV)
T T

Kn=Ki=ky =1 —e— Observed
-- Median expected
I 68% expected
95% expected

HH - bbVV

l o(pp = HH) (kev=1)
CMS-HIG-PAS-23-012 ' S, .

9(pp — qgHH) (kav =0)

> Aim to constrain kyy s 05
> Full Run-2 analysis in high-my,, regime " 1 5% CLimiton G0y
> All hadronic final states considered . _1
CMS prefiminary 138 ®'(13TeV)
> Second largest BR behind HH — 4b 10°F /=% =Kk=1  —oObserved - Median expected 3
£ == Theory prediction ¥ 68% expected
> H - bb identification with PNet-MD s ¥ SMprediction ik 95% expected
> H - VV identification with GloParT

k,y € [—0.04,2.05]([0.05,1.98]) @ 95% CL

95% CL limit on o(pp — HH) x B(bb WW) (fb)

A. Zaza CMS Italia 2024 24
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https://cds.cern.ch/record/2904879/files/HIG-23-012-pas.pdf

v

Online PNet b-tag Efficiency

(2024/2023)

Trigger developments

FLAVOUR TAGGING

DeepJet and ParticleNet trained with HLT features

— large gain in performance

Deployed online new triggers based on ParticleNet for

> HH - 4b and HH — bbThTh
> Boosted H —» bb and H - 15,1),
> VBF H - cc (first c-tagging online)

All paths with b/c-tagging migrated to ParticleNet (2024)

CMS Preliminary 2022, 2023 & 2024BCD (13.6 TeV)
T T T

1.2[ I )
- | -
1 . ]
L] ——  — —

E ool f:f*i =] N
0.8f—1-1% == 2024 3
Fofa o~ = 2023 1
0.6 —— 2022 —
o d i
[+t - ]
0.4 4 HLT b-tag selection: -
}_‘_ | >2 b-tag AK4 ets with p, >30 GeV 7
0.2 i | mean online PNet b-tag score > 0.55 (2023,2024), 7|
“F I and 0.65 (2022) ]
C L L 1 1 1 .

tanh™(mean PNet b-tag score)

Efficiency

Data/MC

HLT_PNetCvsAllOp5

- CMS -

L . ¥ mcaco
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Offline PNet CvsAll

Online AK4 PF jets

——— DeepCSV v udsa)

ParideNetLT (b vs. udsg)
..... ParideNeHLT (B vs.c)

dicated HLT

ining
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PARKING STRATEGY

HH parking

4b+2jet
4jet+1b+1t

VBF parking

Inclusive triggers with tight
requirements on the VBF jets
Specific triggers

- VBF + 1 loose central object
- Higgs specific VBF triggers

CMS ltalia 2024

A’ Istituto Nazionale di Fisica Nucleare
16 {5 =13,136 TeV
S F cms
g 1 .4 :_ Simulation Preliminary Run 3 2023 HH trigger ¢(HH-» 4b) = 82%
‘O [ HH - 4bwithk, =1 = Run 32022 HH trigger c(HH-» 4b) = 68%
E 12 ——— Run2 c(HHo a0y = 52%
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Boosted
> Boosted Hbb trigger with ParticleNet designed for this

Search for double Higgs: HH — 4b

HIG-24-010 J

Resolved Preapproval talk

D> 4j2b trigger with ParticleNet designed for this

analysis
> 4 b-jets tagged with ParticleNet
> DNN for signal/bkg separation
> Expected upper Limit on the signal strength:

o <570 map

25-30% more sensitive than

O

analysis

> 2 AK8 jets tagged with ParticleNet
> DNN multiclass for signal vs QCD and ttbar

discrimination

> Simultaneous fit across 2022 (35 fb'1) and 2023 (27 fb1)

Full Run-2
2 times better scaled to Full > Mass-fit analysis > DNN-fit analysis
CMS Prakmi 270" (136 Te! - ! 1o,
§ 107 i i 1 Run-2 o o Pty eata v 3 F cms owa Y 3
w ‘::‘;:’(am) -! cms profiminary 6110 (13.6 Tev) i el ::i e = ZE.. 1
:: [ S E -SM ié’i’ﬁﬁ&“&'ﬁ Ei?; i3 } E o
o Obs :8.22 “E E Er
10 20221— Exp:7.78 E
10 2‘ 10 -
P e et } "
E i ‘&H‘—' |~i;-||:g 740 760 780 200 0 07 02 03 04 05 06 07 08 08
iy ] Run-3 Obs : 5.99 Subleading jet mass [GeV] Transformed DNN score
o T Exp :5.70
% p ot HHHA4D <7.56 @ 95% CL HHHAD <7.96 @ 95% CL
o 0 H % , |
I VoS PEPE FoUeE FOVeE FOOTR FOVSR POV FOVRN POV PO ; -
DNN score 95% CL upper limit on o(HH— 4b)/c, ey
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-24-010&tp=an&id=2814&ancode=HIG-24-010
https://indico.cern.ch/event/1360907/

