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Searchfor HH — 4b

Broad program at CMS to measure and understand the Higgs potential

UF Main HH production mechanisms:

° Gluon-fusion (ggHH)
° Vector-boson-fusion (qqHH)

Different HH final-states:

ggHH

bbbb (largest branching ratio), bbtt, bbyy, bbVV, etc.
HH — 4b results presented from CMS-PAS-HIG-24-010:

> Re-analysis with Run 2 (138 fb™1)

- Two approaches with partial Run 3 (62 fb™1)

o Searchin 2 distinct topologies: resolved and boosted

Run 3 improvements coming from:
> High level trigger (HLT)

> Object tagging — b-tagging and bb-tagging

o ML techniques for modeling large QCD multi-jet with data
> ML techniques for Signal vs background (SvsB) discrimination
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Improved Tools: Online/Offline Flavor Tagging

Higher signal efficiency for same background rejection

Online AK4 b-tagging — resolved

Online: (13.6 TeV)
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AK8 bb-tagging — ParticleNet
o Boosted trigger requires 1 bb-tag
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AK8 bb-tagging — New transformer-based GloParT b jet efficiency
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https://cds.cern.ch/record/2926357
https://cds.cern.ch/record/2926357
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https://arxiv.org/abs/2202.03772

. |mproved Tools: High Level Trigger

With the improvement in flavor tagging, we can reduce

UF online pr thresholds | |
- Resolved —requires AK4 jets as low as 30 GeV (40 in Run 2) Online AK8 trigger - boosted
> Boosted —requires AK8 jets as low as 230 GeV (330 in Run 2) B
“TCMS HH— 4b
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Implemented the parking strategy in 2023 for the resolved g
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trisoer —— Run 2: 2018
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eE . —= Run 3: 2022
> allows a larger rate allocation 0.4
—— Run 3: 2023
0.2 —- Distribution before
X trigger requirements
Resolved Trigger 2018 2022 2023 N ggerreq
I .'l I 1 1 1 L I L 1 L 1 I 1 L L L I 1 1 1 L l L 1 1
Rate 15Hz | 60Hz | 150 Hz 0 300 400 500 600 700 800

Generator-level pr(H) (GeV)
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. Run 2 Resolved Re-analysis

Signal (SR) and control (CR) regions defined in My plane

UF 4 b-tagged QCD Multi-jet modeled from 3 b-tagged data
using NN reweighting in CR

CMS Preliminary 138 fb~! (13 TeV)

| 1 T T ‘ T T T | ! T T | T T ! | T T T N
SH4b + Data

Signal+background fit = QCD multijet

O tt 1

— ggF HH — 4b (x100) -

Events

SvsB discriminant used to extract results

Inclusion of ZZ/ZH enriched regions for validation 10251'1

Largest systematics coming from statistics and
background systematics s

Observed (Expected) 1o°;—

Upper Limit at 95% CL

Re-analysis 10 (5.9) o M samgrons
Compared to the previous Run 2 result: 3.9 (7.8) % **M**ﬁ*“ﬁ&“‘f%ﬁ#fuﬁ%#
o

25% improvement

.0 0.2 1.0

PHH
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802

CMS

Run 3 Resolved Analysis

Similar approach to Run 2 re-analysis

More robust NN architecture for NN
reweighting and SvsB

Looser triggers allow the 4 b-tagged
background to be modeled by 2 b-tagged
data

Largest systematics coming from statistics
and background systematics

Observed (Expected)

Upper Limit at 95% CL

First Approach 6.3 (5.3)
Second Approach 5.0 (6.1)

Scaling 5.3t0 138 fb™! —» 3.5
Compared to the Run 2 re-analysis: 3.9 (7.8)
40% improvement
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Focus on HH
41.0 b7 (13.6 TeV)
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. Run 3 Boosted Analysis

SRs and CRs defined with My; and bb-tag

score First Approach
NN QCD

QCD Multi-jet modeled in two ways: 2.0 (136TeV

Parametric QCD

‘ Second Approach

— 10—  E21(136TeV)
1. NN reweighting like in the resolved £ ,s- CMS ¢ Data  WIZH d § o CMSPrimnay + Data i
; <]>') - Preliminary ~BQCD —ggHHu =10 4 W o ggHH SR 1 —— ggHH, pggr=10 |
2. Parametric alphabet method T Mt —aaHHu =100 0 =100 7
20— V4, VW [7/Bkg. Unc. - Us - 0D et ]
- 6 t+jets ]
SvsB used to reduce background . o v ]
C V+jets, VV
o af-e R
Largest systematics coming from statistics 1}, 4 )
2
5 1
0
Observgd {Expected) o e—
Upper Limit at 95% CL 3 T T T gT }
. O ] b
First Approach 371 & oY pronn e 1T R ) T el
Second Approach 1@ | .2 T T g
B[O O g e " ] L
Scaling7.1t0 138 fb~1 — 4.4 8 gpposn Sl ‘
caling /.1 to - * 60 80 100 120 140 160 180 200

Compared to the previous Run 2 result: 9.9 (5.1) Subleading Higgs mass (GeV) ~ ® @ 100 @0 1@ e o (H) (GeV)
13% improvement
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803

s Combined Run 3 Results

Considerable improvements have been made in both resolved and boosted topologies

UF Two different approaches provide panorama of the different analysis components
For equivalent luminosity, Run 3 shows improvements of 13 — 40% when compared to Run 2

Combination of the most sensitive HH — 4b results from both resolved and boosted

Expected 95% CL constraints Expected 95% CL constraints

K, € [-3.4,10.0] Koy € [—0.54,1.51]
62 b (13.6 TeV) 62 fo' (13.6 TeV)
3 E 10%E 5
2 § CMS 95% CL upper limits § Ig § CMS 95% CL upper limits
Observed (Expected) S . [ Preliminary — Observed f =° | Preliminary — Observed _
. . 1 E - == Median expected 3§ s 10 E - - - - Median expected
U p pe § LI m It at 95% C L o F | |Excluded 68% expected 1 d - [ |Excluded 68% expected
%Q L — Theory prediction 95% expected - o 1 02 L Theory prediction 95% expected
Run 3 Combination 4.4 (4.4) |7 | resEsst | 8 |
= |

Scaling4.4t0138fb™1 - 2.9 i /\ ;
Compared to the previous Run 2 result: 7.0 (4.3) W %
30% improvement ]
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https://cds.cern.ch/record/2955492

Presented early results in the HH — 4b channel
Run 3 proving to be one of the most sensitive datasets

Projections for full Run 3 (~350 fb™1):

Expected
Upper Limit at 95% CL

62fb1 138fb~1 350fb1

Run 3 is seeing improvements in all channels

SM sensitivity may be reached in Run 3!
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Backup
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Run 3 Improvements in Trigger and Tagging

Online Tagging Online Trigger Efficiency Offline Tagging
(13.6 TeV)  CMS Simulation Preliminary 13.6 TeV
z‘ 15‘IllllllllllllIllllllllllllllll,:“ (_>)‘ A REARE RARAN RAREE REREE LARE REREE LLLEE RERRY 310 =T T e e e e e et o e et e ]
= F c 4o B tt events
% r CMS -“__‘.-‘ ) g r CMS HH— 4b 1 :E’ pr > 30 GeV, |n| < 2.5
S [ Simulation Prehmma:y ---- £ | Simulation Preliminary 11% m UParT
n 810k e o E - ] _5 10-1L Bl ParticleNet i
q, c F . St — i I RobustParT
e 2 8k — e | £ B Deeplet
v R =~ U —_— E
> o I e o = r - e e . 1| — buvsc
) :E,-I 072 = _.v" R : e —_— : .g 1021 - bvs Ung ]
(@] s F - 0.6 —— T —Run2:2018 71 |E '
2 L ' - e 1|2
0 o - = —=— : 1 >
! = [ — PNet@HLT b vs light o4 :Jn 2 222:23 118
a’ 107E L A A PNet@HLT bvs ¢ r .. Dur; b tion bef 1 | ot E
L — - o2 — o istribution before ]
oc i DeepCSV b vs light = tigger requiramants 1
B * DeepCSV bvsc - ==
Lo ]
10 v b o A v Vs e b b Loy g C.|I||.|I|...I....I....I....I....I ............
03 04 05 06 07 08 089 1 300 400 500 600 700 800 900 1000 1100 1200ttt Sl L AL L)L
. L 0.0 0.2 0.4 06 0.8 1.0
b jet efficiency Generator-level m,, (GeV) b-jet tag efficiency
(13.6 TeV) . 2023 (13.6 TeV)
- 1 E > TTr[rtrrrrrryr|prrr1rvr | rr o r 1 > 10 T T
= E o e - PartcheNet
S FCMS % 2rCMS HH—4b 1|8 | CMS Simulation Preliminary copart |
[ . . S fo , - 1|
S | Simulation Preliminary & [ Simulation Preliminary ] |% [H—bbvsacd
v =k o 4 g, - | | mu=125Gev
o107 E — L e — J c 10}
c F @ B - — 112 | 400<pr <600 GeV, |n| <24
m 2 C 8 0.8 h E: | 60 <mgp < 150 GeV
) s+t ~ R 118 |
m :“‘51072'—_ .2 - B T 072 | "'-..".‘. -
c = . sl L — I T B
o o F 081 —— Run 2: 2018 ] 5
S r L - 4
o % L == PNet@HLT X(bb)vsQCD 0.4 —=— Run 3: 2022 h
1073 = DoubleBB Tagger . K —— Run 3: 2023 ] 10)
m AK8 jet p,: 300-400 GeV 0.2 - D.istribution _before . i
AK8 jet p_: 400-500 GeV C trigger requirements
107 3 obe v v v 1 e | ] i
0 01 02 03 04 05 06 07 08 09 1 300 400 500 600 700 800| 104l & e 1 It
X—bb tagging efficiency Generator-level pr(H) (GeV) : : - " Signal efficiency

3/21/2026

EVAN KOENIG | MORIOND EWK 2026




NN Reweighting

Background is estimated using a NN classifier to reweight 2b

UF data
The classifier is trained in the CR to classify CR,;, data from

CR,4, data

Event weights are derived using the likelihood ratio:

W (f) — P(f|CR4—b)
4b P(X|CR2p)

These weights are used to reweight the SR,;, data to model the
background in the SR, region

A second training is performed between the 2b and 3b data as
validation

The closure in the 3b data is used to derive systematics

3/21/2026 EVAN KOENIG | MORIOND EWK 2026

b-tag multiplicity

NN Reweighting

Training Application

CRyp

CR3p

CR2p

Function of My, and My,




s Synthetic Dataset

Original three-tag event Hemisphere library Mixed Event
split into two hemispheres made from four-tag events using replaced hemispheres
filled in 1% pass, queried on 2"

«* ‘~ ‘0 o
transverse k == ) transverse
thrust axis thrust axis

------- » b-tagged jets = ======p pseudo-tagged jets == =====Pp non b-tagged jets
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s | Systematic Uncertainties

o Systematic uncertainties on the background model arise from:
'U'F > Variance: due to limited statistics in the CRs

> Bias: due to extrapolations from the CRs to the SRs

Variance is estimated using k-fold cross validation.
o Differences are parameterized with Fourier basis functions
> Fit each of the k-fold models with linear combination of basis functions
o Take RMS of the fit coefficients = Uncorrelated shape uncertainties
> Residual non-closure is added as additional bin-by-bin uncertainty

Bias is estimated by fitting 3 b-tagged data with background model
o Bias quantified with the pull of each Fourier coefficient

> Include a duplicate of each Fourier component scaled by the bias term
o Treated uncorrelated from Variance uncertainties
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s Parametric Alphabet Method

= Data-driven background estimation for QCD using the parametric

UF alphabet method.

Define a transfer factor R, s between the SR and CRq¢p as a
function of My,

Parametric Method

cD cD
N.S%? (My;) = EQCDRp/f(MHz)N(?R (My,)

Ry /ris parameterized as a Bernstein polynomial and fit to data in the

CRQCD

H2 bb-tag score

CRQCD

SvB Discriminant

R13/f(MH2) = Yk=0 Ak bx.n(Mp2)
bin(x) = (’;)xk(l — x)" K
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