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\ Introduction
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® > 10 years after the discovery of the Higgs Boson on the LHC
® Higgs couplings to fermions and vector bosons compatible with SM <10%
® Exceptions are HH related couplings such as Ky and Kyy
® HH productions is the direct prob to the Higgs self-coupling(Higgs potential)
on the LHC

/8§ = 13TeV

® HH searches have explored a big variety (LO) NLO
of decay modes and also started to expand

beyond the gluon-gluon fusion production,
looking into smaller productions

HH (EFT loop- (19.173%)  29.3+13+2.1%

improv.)

V=INEW  HHjj (VBE)  [(1.543724%) 1.684+14+26%

ttHH NER:e:! (1.02773700)  0.792155 24

e VBF, VHH, ttHH etc.

. W'HH (0.252717%) 0.3267 7121

® Low stats, but unique final states or/and 1 v
o - +1.5% +1.6+2.2%

advantages in featured phase space WoHH - M08 01761y
| ZHH (0.240'14%) 0.315°17H20%

tHH(-107)  |(23.20705) 29.7755 57550
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o VBF HH qna|y5|s is usually mcluded in ggF HH publlcqhon

® Treated as a separate signal region

o Fitted simultaneously with ggF, as ggF contamination is not negligible in

the VBF phase space

¢ Kinematics gets harder when Kyy increases — strong constraints for high

Kvv couplings
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K
C2V constrained [0.62, 1.41] ([0.66, 1.37]) at 95% CL
Excluding C2V=0 for the first time
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https://link.aps.org/doi/10.1103/PhysRevD.108.052003
http://dx.doi.org/10.1103/PhysRevLett.131.041803

® Search for HH production mode associated with one vector boson (Z/WHH)
® Focus on HH decay to 4b final states and leptonic decay and hadronic decay for V-bosons.
® Complementary to ggF and VBF analyses with cleaner signal with V-leptonic selection

® Cross-sections are enhanced by the constructive interference.

e Contribution on sensitivities over k, at positive branch is expected.

T T T T T 3
HH production at 14 TeV LHC at (N)LO in QCD 1
M,;=125 GeV, MSTW2008 (N)LO pdf (68%cl)

MadGraph5_aMC@NLO

® VHH channel has the unique feature to disentangle ZZHH/WWHH vertices according to
the V-leptonic decay.

® Four orthogonal search channels depending on lepton multiplicity: MET, SL, DL, FH.*

* MET, Single-Lepton, Double-Lepton, Full-Hadronic
licheng.zhang@cern.ch University of Maryland, College Park 4



\\§VHH@CMS

o Ana|y5|s uses full run2 samples/clataset(l38fb l) wﬂh UL nano v9

¢ Signals:
® ZHH signal re-weighted and scaled to NNLO

LO

® 2016,2017: SingleMuon, DoubleMuon, SingleElectron, DoubleElectron, MET, BTagCSV
® 2018: SingleMuon, DoubleMuon, EGamma, MET, JetHT

% Re-weighting and Scaling, residual differences after basic selections are covered by syst. Uncertainties.

® WHH signal scaled to NLO
® Linearly interpolate/extrapolate existing samples to get more couplings for limit scan

® According to the talk, implemented in HHModel that used by all HH analysis

Ky Koy K

0.5 1.0 1.0
1.0 0.0 1.0
1.0 1.0 0.0
1.0 1.0 1.0
1.0 1.0 2.0
1.0 2.0 1.0
1.5 1.0 1.0
1.0 1.0 20.0

0(Ky. Ky, Kyy) = 1 (Kp. Kys Kyy)C o
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® Use Moore-Penrose inverse to accommodate 8 signal samples

¢ Backgrounds:
e DY+Jets: Re-weighted to NLO and scaled to NNLO with K-fac
® TT: Replace TT+B events in t1(5FS) with ttbb(4FS)(TT stitching)

% Validated to have smaller uncertainty and better kinematics modeling.

e Others: SingleTop, TTV, TTH, Ztovv+Jets using MC

Full Run-2 Ultra Legacy MC samples are used for sig/bkg studies


https://indico.cern.ch/event/904966/contributions/3832774/attachments/2023843/3384862/HH_combine_model_21Apr2018.pdf
https://gitlab.cern.ch/hh/tools/inference
https://indico.cern.ch/event/943919/contributions/3987268/attachments/2099755/3530092/slides_20_09_09_Hbb_ttBModel.pdf

AII 3 years trlggers have been studled

> Leptonic Triggers

Channel

Year

HLT paths

I L W(uv)H

2016

2017

2018

HLT IsoMu24 OR HLT IsoTkMu24
HLT IsoMu27

HLT IsoMu24

Muon

Z(pu)H

2L

2016

2017

2018

HLT Mul7 TrkIsoVVL _Mu8_TrkIsoVVL

HLT Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ
HLT Mul7 _TrkIsoVVL_TkMu8_TrkIsoVVL
HLT Mul7_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ

HLT Mul7 TrkIsoVVL_Mu8_TrkIsoVVL_DZ Mass3p8
HLT Mul7 TrkIsoVVL Mu8_TrkIsoVVL_DZ Mass8

HLT Mul7 TrkIsoVVL Mu8_ TrkIsoVVL_DZ Mass3p8

OR
OR
OR

OR

Channel

Year | HLT paths |

I L W(ev)H

2016 | HLT_Ele27_-WPTight_Gsf SN
2017 | HLT_Ele32_-WPTight_Gsf (emulation)
2018 | HLT _Ele32_WPTight_Gsf

2L Z(ee)H

2016 | HLT _Ele23_Elel12_CaloldL_TrackIdL_IsoVL_DZ
2017 | HLT _Ele23_Ele12_CaloldL_TrackIdL_IsoVL
2018 | HLT _Ele23_Elel2_CaloldL_TrackIdL_IsoVL

Year

HLT path for analysis

MET

2016

MET

HLT_PEMET110_ PFMHT110_IDTight
HLT PEMET120 PFMHT120_IDTight
OR HLT PFMET170_NoiseCleaned
HLT PFMET170_BeamHaloCleaned
HLT PFMET170_HBHEC]leaned

OR

OR
OR

2017

HLT PFMET120_ PFMHT120_IDTight

OR

HLT PFMET120_PFMHT120_IDTight PFHT60

2018

HLT PFMET120_ PFMHT120_IDTight

~ Hadronic Triggers

Jet
© 2016:
HLT_QuadJet45_TripleBTagCSV_p087 ||
HLT_Doublejet90 Double30_TripleBTagCSV_p087 ||
HLT_Double)etsC100_DoubleBTagCSV_p014_DoublePFjetsC100MaxDetal p6

o 2017:

HLT_PFHT300PT3_QuadPFjet_75_60_45_40_ TriplePFBTagCSV_3pO0 ||
HLT_DoublePFjets|00MaxDetalp6_DoubleCaloBTagCSV_p33

o 2018:
HLT_PFHT330PT30_QuadPFjet_75_60_45 40_TriplePFBTagDeepCSV_4p5 ||
HLT_DoublePFjets | | 6MaxDeta | p6_DoubleCaloBTagDeepCSV_p7|

Dedicated efficiencies measurement for leptons
approved by POGs

Electron SF: Reco X ID_ISO X Trigger
Muon SF: ID X I1SO X Trigger
MET Trigger SF: Start from 150GeV

V-leptonic SFs are good for VHbb/VHcc on UL analyses
(documented in AN-21-209)

* More details about trigger scale factors can be found in the backup slides

licheng.zhang@cern.ch
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https://indico.cern.ch/event/1095378/#11-electron-id-sf-in-ul-for-vh
https://indico.cern.ch/event/1128236/#4-muon-scale-factors-for-vhbb
https://cms.cern.ch/iCMS/jsp/db_notes/noteInfo.jsp?cmsnoteid=CMS%20AN-2021/209

Q 4 VHH@CMS Objects & Events Selectlon

Lepton Selection

o MET ¢ Double-Lepton
® Met Filters ® GoodMuons: (2 Muons for Z)
e MET_pt > 150GeVY ® |Muon_eta| <2.4
® No jet (pt >30GeV and eta <10) with ® Muon_pt > 20GeV
dPhi(Jet, MET) < 0.3 (suppress QCD) ® Muon_pfRellso04_all < max_rel_iso [0.25]

¢ Single-Lepton

® GoodMuon: (1 Muon for W) ® GoodElectrons: (2 Electrons for Z)
® |Muon_eta| <2.4 ® |Electron_eta| <2.5
® Muon_pt > 25GeV ® Electron1_pt > 23GeV; Electron2_pt > 14GeV
® Muon_pfRellso04_all < max_rel_iso [0.06] ® Electron_pfRellso03_all < max_rel_iso [0.15]

® Electon_mvaFall17V2lso_WP20>0

® GoodElectron: (1 Electron for W)

® |Electron_eta| < 2.5 ® 7 mass window [80,100] GeV in DL channel

® Electron_pt > 32(17/18); Electron_pt > 28(16) e [80,100] GeV: Z mass region (research region)
® Electron_pfRellso03_all < max_rel_iso [0.06] e Outside: TT Control region

® Electon_mvaFall17V2iso_WP20>0

Electron selections optimized in all 3 V-Leptonic channels
licheng.zhang@cern.ch



VHH@CMS

Jets Selection

V-Leptonic channels
® Goodlets: [AKA4]
® Jet_puld>6 or Jet Pi>50
® Jet_lepFilter >0
® Jet_jetld > 4
® |Jet_eta]|<=2.5

® 4 leading Deeplet GoodJets [Resolved]
® Using Deeplet b-tag [WP = Medium]
® ptCut for all 4 jets
® MET: pT>35GeV
® SL: pT>25GeV(j1-3), pT>15GeV(j4)
® DL: pT>20GeV

Deeplet for AK4 jets and ParticleNet for AKS jets

® 2 leading Dbb AK8 jets [Boosted] \»”::.;;\‘\-@
® |Jet_eta]|<=2.5 S o
® Jet_Pt>200GeV “‘i\ﬂ\;:ﬁ‘” .
® Softdrop mass>50GeV . ;:2\3? Py el

e dR(Jet,V)>0.8

' St DP2020 002

- ParticleNetMD score(X — bb)
Y™ ParticleNetMD _score(X — bb) + ParticleNet MD _score(QCD)

V-Hadronic channel

® >= 4 btagged jets
® Deeplet>0.6
® >=4 jets
® pT > 40 GeV
® |eta]|<2.4
® PUID medium WP

Deeplet for AK4 jets

® Higgs Candidate Jets: (4 leading Deeplet score jets)
® Form 2 di-jets satisfying 45GeV < m_jj < 190GeV
36O/m4j — 0.5 < AR(Leading Sy dijets) < max(1.5,650/m4j + 0.5)
235/my; < AR(Sub leading Sy dijets) < max(1.5,650/my;+0.7)

® Vector Boson Candidate Jets:

® Pairing all candidates and find 65GeV < m;j < 105GeV

® SvB NN-based Classifier is trained
® SvB score > 0.8

Jet selections are optimized in all 4 channels

licheng.zhang@cern.ch
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https://cds.cern.ch/record/2707946/files/DP2020_002.pdf
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| VHH@CMS  Analysis Channels & Topologies

® Signal Region(SR) : rHH < 25GeV

b 25 GeV 50 GaV

b ® Control Region(CR) : 25GeV<rHH<50GeV : # 75/GeV
p H
\

® SideBand(SB) : 50GeV < rHH

p |
N\ : X
H
\ —_—
b . 60 80 100 120 140 160 180 200 0
/ b Hadronic Channels atcel
\" My = 1250GeVx 102, mi Y- 1250%098
. . + <l
® Signal Region(SR) ( 0 Lmbad > )+ ( 0 1m3 )

Resolved Topology ® SideBand(SB) mHle (52,180) GeV and m"?€(50,173) GeV

" Boosted Topology [

[ ® High Purity (HP) : Dbb > 0.94 HP

0.94

0.9

0.8

H ® Failed Region(FR) : 0.80<Dbb<0.90 Fail

0

® ParticleNet score is used to calculate Dbb PP Y 1

\ : |
P K p
/ “_H ® ParticleNet regression mass is used to calculate rHH J1 Dpy,
v ® score(X — bb)
Dy =

score(X — bb) + score(QCD)

Both topologies have been studied

licheng.zhang@cern.ch University of Maryland, College Park )



HLT/Object/Event Selections

" Kl Categorization ’

TMVA overtraining check for classifier: BDTG

. = JIMVA,

HI Signal (test sample)’
1.4 = 1 Background (test sample)

" Signal (training samplé) ' | |
- Background (training sample) —

1.2 [ Kolmogorov-Smirnov test: signal (background) probal

(1/N) dN/ dx_

bility = 0.905 (0.314) N

SM Coupling Cats

c V? High C

=
A

i-'i SvCIassiﬁers |

| Wiy SYBBDTI T2

tttttt

licheng.zhang@cern.ch

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

BDTG resporise ¢

i SvB Classifiers |

ssssssss

6
7w Wiy SvB BDT2
® B (test)

1
P
U ] °
1.00 0.75 0. 0.50 0.75 1.00 "
TMVA overtraining check for classifier:
\ [e
3 i T Sighal (training sample)
z ¥ Background (test sample) - Background (training sample)
= E test: = 0.38 (0.839) =
= 6 =
E E
SE 2
\: ZIl SvB BDT SM
92 5
i -
= £
= &
£/ e
12775 . H
EL - . : g
0 5
8 6 04 02 0 02 04 06 08 ]
Bl respt

i
Input variable: VHH_H2H1_pt_ratio
& (T Qimmal T T
, o [E0 STgna

F~~7] Background

14
1.2F
1
08f
06f
04f
02f

0

(1/N) dN/ 0.0256 units
(1/N) dN/ 0.0805 units

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

U/O-flow (S,B): (0.0, 0.0)% / (0.8, 0.1)%

0.2 0.4 0.6 0.8 Y 200 400 600 800 1000 1200 1400 . 1.5 2 3
VHH_H2H1_pt_ratio [units] VHH_HH_m [units] VHH_V_H2_dPhi [units]

® Samples used for training is KI =20 vs KI=0
® 3 year MC are combined for training
® Variables and BDT models are optimized in all channels

'L' SvB Classifiers

Trained separately in High KI/SM Kl regions |
® In V-Leptonic channel
® 3 channels X 2 KI Cats = 6 SvB BDTs

® |n V-Hadronic channel
® An ResNet based SvB Classifier is trained

® Optimized (inputs, models) in each channel.

 SvB Classifier scores will be used as the observables for template fit

University of Maryland, College Park 10


https://indico.cern.ch/event/1071726/#168-vhadronic-hh4b
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| VHHECMS  Background Modeling

¢ V-Leptonic: All backgrounds modeled from MC and SRs are simultaneously fit with SB to control the
systematics uncertainty from normalization.

® In 2L channel and Boosted topology, we use BDT based re-weighting technique to model the

i : Whpin, P
backgrounds in SRs. Weight,, = in, Pass
® 2L channel: Whin, Inverted ® Boosted topology:
s -
Q
S

0.94

0.9

0.8

0 0.8 0.9 0.9

4 1
® Re-weight BDTs are trained to include the information
about the differences between 2b-tagged events and
3/4 btagged events ® [nput variables are same as the SvB BDTs for

constructive reason.
® 3 main BKGs and 2 b-jet multiplicities introduce 6
RwT. BDTs to realize the re-weighting. ® Similar method adapted in boosted topology using
Failed region to model the backgrounds in HP/LP SR.
® SB events are used for training, CR for validation and
finally apply on SR events.

> 2 types of uncertainty can cover the difference properly.

licheng.zhang@cern.ch University of Maryland, College Park 11



VHH@CMS Background Modellng

| Before FvT rewelghtlng

® V-HGdI"OﬂiCZ DominCIni' * CMSIntgr'ng_l' ""I'!-IH'Spp_g_l'Re_qlgq '''''''' * CMS Internal HH Signal Region
‘g’ 905 él hDﬂatallzsm Runll ‘qr':)' é' Dat;' 1333/2. Runll
. S s Multijet Model Q Muttiet Model

background from Multi-Jets are  * E N

60—
modeled by 2 steps ResNet cof-

40—
based Data-Driven method. o

® The 4-tagged-jets background is j W oo e I
5 15 : A g 15 . T ; TS -
, 5 | | | 4% 0yl \ \
modeled by 3-tagged-jets data. £ 15—t | ] T 1Byt ‘,‘\L § _
gos . . . . . . . . . ; gos' ' . . : AN N
-0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 ~o 0.5 1 1.5 2 25 3 3.5 4 4.5 5
SvB_MA VHH FvT Classifier Reweight

(D Jet Combinatoric Model(JCM):

After FvT reweighting
A weight only based on jet -

_MS Internal HH Signal Region Pass #M(j.j

o o o g + Data 132.6/fb, Runll %250'_ + Data_132.6/lb. Runll _7]

multiplicity (pseudo-tag rate g s g = sl

° . L Stat. Uncertainty o A3 Stat. Uncertainty .

fitted in the data minus TT) s :

@FvT Classifier: A weight mostly 1oL g

based on kinematic, derived by oo E

a ResNet which has the same sof -

. > .
qrchl’r.ecture as the SvB It , g% T
C| F o \ | | 1 o gy ll NI D N
assifier. 3 , , | Y 2 o . :

ey

Q05,5702 03 04 05 06 07 08 08 1 ©O%o 05 1 15 2 25 3 35 4 45 5

SvB_MA VHH FvT Classifier Reweight

> Introduce the new uncertainty to cover the difference properly.

licheng.zhang@cern.ch University of Maryland, College Park 12
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Uncertainties

)
<
T

> The largest uncertainty comes from statistical uncertainty
> Btagging, background normalization, JES/JER are the leading contributors for systematic uncertainties

Uncertainty sources (abs.) | 2L 1L MET FH inclusive
Systematic uncertainties N . +53% +5.0% +83%  +4.2% +7.6%
- +12% +37%  +0 +0  +54% Luminosity uncerRind 0 \ (“10% ~16% 0 -3.6%
Lepton uncertainties 0.4% 0 0 0 45% Theoretical Ticertaintiod +15.1% 425% +231% +155%  +17.6%
— +0 20 6% 40 +43% 3.0% -11.0% -100% -23%  -7.0%
MET uncertainties 0 0 0 0 0 Others +29% +44% +9.1% +7.0%  +8.8%
T e +17.2% +19.7% +265% +19.9%  +26.3% 6% 26% 73% -13% 86%
0, 0, 0, 0, 0,
52% -16.0% -235%  -2.0% -15.0% Total sybtematic uncettainty +46.8°/o +46.0°/o +62.70A, +46.7°/o +66.8°/o
. o +0 +33%  +3.3% +0 +6.2% 21.3% -32.6% -407% -244%  -43.5%
Fat jet uncertainties -0 9.1% -2.2% -0 -3.0% Statistical uncertainties
: . +40.5% +35.0% +56.1% +36.4%  +61.7% . . +882% +89.0% +77.6% +70.0% +74.4%
biagging uncertainties A41%  -32% -293% -09%  -341% Statistical uncertainty 97.8% -946% 911% 97.0%  -90.1%
0, 0, 0, 0, 0, N
Normalization uncertainties iﬁ) 720/{:’ +_i?é9°/:° 4_-253 :g(y{:) +3i')2 e T3518 :o/{(: Total uncertainty
: - +135% +132% 422.0% 40 +21.8% Total uncertainty *136 #1416l 4163 4811
Re-Weight uncertainties 12.0%  -17.2%  -12.8% 0 11.5% -98.6 -82.6 -123 -132 -62.7
Oth dellin cinties | T104%  +16.6%  +132% +245%  +19.9% Center value
ermOCeTing UNcertamies | _105% 29%  -32% -242%  -13.7% Center value [ 101 125 283 190 145

> The freely-floating normalizations for tt(itb) and DY are among the largest impact parameters
> B-tagging SFs, Top Pt re-weighting and b-jets energy regression uncertainty are also important nuisances

Impact Ar
40 20 0 20 40 I ) I ¥
IlIIIIIIIIIIIIIIIIIIIIIIIIIIIII mpac pos
CMS . Impact +1 o . ) .
Work in progress 0 Impact -10 prop_binch26_bint1| 5 —
—e— Pull CMS_vhh4b_scaleMuRMuF_st

138 fb™ (13 TeV)
: CMS_vhh4b_Multijet_FH_basis2

Post-Fit Plots in the backup slides

CMS_btag_LF_2016_2017_2018
CMS_vhh4b_SF_TT_TTB_ZIl_run2
CMS_vhh4b_SF_TT_TTB_WIn_2018
CMS_vhh4b_SF_TT_TTB_WIn_2017
CMS_vhh4b_SF_TTB
CMS_vhh4b_SF_TT_TTB_WIn_2016
CMS_vhh4b_SF_TT_TTB_Znn_2017
CMS_vhh4b_SF_TT_TTB_Znn_2018
CMS_vhh4b_SF_TT_TTB_Znn_2016

CMS_vhh4b_SF_DY_ZII_run2
CMS_top_pt_rew
CMS_Reg_Scale_2018
CMS_Reg_Scale_2017

CMS_vhh4b_bkgrwt_t1_2L_R_4b_dy

CMS_scale_j_FlavQCD

licheng.zhang@cern.ch

prop_binch14_bin10
CMS_vhh4b_Multijet_FH_basisO
prop_binch16_bin10
CMS_vhh4b_bkgrwt_t1_1L_LP
CMS_btag_cferr1_2016_2017_2018
BR_hbb

prop_binch24_bin9
CMS_btag_HF_2016_2017_2018
prop_binch21_bin11
CMS_scale_j_BBEC1
CMS_pileup_2018
prop_binch9_bin4

-2

-1

1 2

PUIL (6o, - Opy) / AD

University of Maryland, College Park 13



I e 1'3|8 f'b-1' (1'3 I-re'V)
CMS e Observed
— +10 (Stat @ syst)
= +1G (SYSt)
» The best fit signal strength is 14575} :
o Inclusive e 145 9 (stat) +:; (syst)
> Observed excess is 2.60 with SM signal |
FH E — e 190 :1;:;) (stat) f; (SySt)
138 fo™' (13 TeV |
ﬂ 8 LI I LI I LI I UL I L LI I L I LI | LI (I LI ) MET i _— @ = 283 :'-1112(;3 (Stat) ::_:504 (Syst)
§10 F SM x 14 - Dala
(it 0’k CMS x 145 - it - MultiJets 1L —:_— 12 +7968 (stat) +35: (syst)
3 B tibb [l Others ;
DY Uncertainty (post-fit) 2L i —— 10175," (stat) ", " (syst)
P

0 200 400 600 _800 1000
Signal strength
138 fb™ (13 TeV)

< 10
£ - CMS inclusive = 145.198 * 5 %
< °F supplementary '
N gk inclusive = 145.198 * 32 215(Syst) * % (Stat)
F = Observed
7:_ -------- Freeze all
10" K,,~enriched region .
. A VaE=0)=26
) 5E 13
Q UL LI I LI I LI I LI LI LI I LI I LI I LI o 4
m
S vl | a.-+--
S . ——on-ndu ]l ° o o gt RITT
8 O L1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 11 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1
—4 -3 -2 -1 0 -4 -3 -2 —1 0 - —
T Iog10(1OOSSM/B) % 50100 150 200 250 300 350
W,

> Machine learning output distributions are transformed to Log(100 x Ssm/B) and
summed for Kx-enriched and K-enriched SR samples separately.

licheng.zhang@cern.ch Higgs Potential 2024 University of Maryland, College Park



. S oM e B8 > Upper limit @ SM is 294(124)

Observed

- 68% expected

MET channel
Small radius

Expected: 252
Observed: 340

ﬂ 95% expected

...... Median expected K, =55 Observed i Z::Z::;:ed > U p pe r I i m ii. @ KA=5 . 5 iS 43 (2 2 )
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> MET channel has large BR
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1L channel
Small radius
Expected: 737
Observed: 367 —
1L channel
Large radius

MET channel
Large radius
Expected: 242
— Observed: 353
1L channel
Small radius
Expected: 70

— Observed: 55
1L channel
Large radius
= .

Observed: 473 ] Observed: 286 —
2L channe 2L channe > DL channel has clean SR
Observed: 298 1 Observed: 50 1
£ changol £ chanpol > ML boosted the FH sensitivity
5 = Siz =
Combiped Combined
E)xbzz(:‘vi?iﬁ)i vl b b b b b b b g | (E)g‘:tv?iiﬁ v b b v b e b b b b by
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 0 100 200 300 400 500 600 700 800
Upper limit on o/cy,, Upper limit on /0,
CMS 138 fb' (13 TeV) CMS 138 fb' (13 TeV)
N 30 Fr r T T LA Y I B B g N 30 L L B B B LA I I [ L B I L B
* [ ®  Bestfit (kyw, kz) = (1.0, 1.0) | = » I ¢ sm 3 (7.1,12.3) |
i ¢ SMHiggs ] < i ]
20— — o 20— = 10
> Separate measurements ! ! - !
i ] i ] 1
on Kz; and Kyw L i of i
> Left is expected i : : :
. : -10|- 1 10} - 107
> Right is observed : : : :
oo ] 208 1
[ ] i 1 107
_30 1— 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 -I_' _30 1— 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 -l_'
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30

licheng.zhang@cern.ch

Higgs Potential 2024 University of Maryland, College Park 15

-2 A log(L)



LI I | ] UL

KV=K2V=1

— bb Tt

L L L L L I LI D B
| | | I | |

Keg =1 —— bbbb highm_, goF, 1.00" 12

hh_multilepton, 0.99°"™
—— bb bb highm_, VBF, 1 oo*‘”L b bWW, 1.00%°
~— bbbb_resolved, 1.00""]
— bb YY, 1 00+588
100“768

bbbb_vhh , 1.01
— Standard Model

LI l"l[]

LI lllllll

Ll 1 1 l | I — | I | I — | I

Ll Illllll

L1l Illllll

I | N — I ) I | I ) I I | I I

-10 -5 0

licheng.zhang@cern.ch

VHH has
competitive

1 sensitivity at x;, at
around 5, where

most of ggF HH
are weak
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® First search for VHH produchon in CMS publlshed on Morlond 2023

\2 VHH@CMS

® Complementary to ggF and VBF HH analyses, strong sensitivity at k;, around 5

® The observed (expected) allowed intervals from the search at 95% CL are:

K)

Kyv

Ky

Kzz

Kww

Observed (—37.7,37.2) (—12.2,135) (—3.7,3.8)

(—17.4, 18.5)

(—14.0, 15.4)

Expected (—30.1,289) (=72, 89) (—3.1,3.1) (—105,11.6) (—102,11.6)
cMs 138107 (13 TeV) cmMs . 138W(13TeV) cMs 138107 (13 TeV)
I Ky =Kyy =1 Observed ----- Median expected ] I Ky =K, =1 Observed = =" Median expected ] . Kyy =Ky, =1 Observed =" Median expected ]
1032— Theory prediction - e E 1035 Theory prediction , 22:: :z:zz E 104;_ Theory prediction E 22://: :zzzz E

10®

10E

95% CL limit on o(pp — VHH) (fb)

1:

------ 95% expected

-40 =30 -20 -10 0

95% CL limit on o(pp — VHH) (fb)

95% CL limit on o(pp — VHH) (fb)

® Seeking for more opportunities in this production channel in Run3

® Double the statistics to optimize the background modeling

® Strategies and (ML) algorithms can be dedicated adapted for better sensitivity

® Potentials can also come from the multi-leptonic decaying channel

University of Maryland, College Park 17
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ATLAS VHH results

 For SMVHH production,a 95% confidence-level (CL) upper limit of 183 on u is observed

compared with 87’_“21411 expected

K kKvv Kzz Kww
Observed | (-34.4, 33.3) | (-8.6, 10.0) | (-9.9, 11.3) | (-12.3, 13.5)
Expected | (-24.1,229) | (-5.7,7.1) | (-7.1, 8.5) (-8.6, 9.8)
(/2] T T T T T T T T T T
g 10° ATLAS I I ° [_)&t?. [:.;Yhh %
o F Vs=13TeV, 1391t Wmt+j Mt+=1b =
10 Vhh like in SM - tt+=1c J§V+=1c T
SR Post-Fit V+23b1 V4] =
4 IS — S
10° == S+B Hypothesis M Other ~ Uncertainty §
nallen =
10° o -
102 1L' 2L E:
10 4
1 .
=
107"
g E B-only Hypothesis
£ 20
8 of [
(72 0_ | ey I SN S— S S (R S PR
12 3 4 12 3 a4 1 2 4 1 2 3 4
BDT Bin

https://arxiv.org/pdf/2210.05415.pdf
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& | CMS Simulation Preliminary N W,
o ey .

o —— ZHH NLO+NNLO [
Q

© —— ZHHNLO E

B AR e T NBEE:

Ratio

100 150 200

350, 400 450 5-00
Generated p__ (GeV)

® Linearly interpolate/extrapolate existing samples to get more couplings for limit scan
® According to the talk, implemented in HHModel that used by all HH analysis
® Use Moore-Penrose inverse to accommodate 8 signal samples

o(kx, Cy,Cav) = ¢’ (ky,Cy,Cav)C o |

Ky Kyv K3
0.5 1.0 1.0
1.0 0.0 1.0
1.0 1.0 0.0

LO 1.0 1.0 0
1.0 1.0 20
10 20 o
15 1.0 1.0
1.0 1.0 200



https://indico.cern.ch/event/904966/contributions/3832774/attachments/2023843/3384862/HH_combine_model_21Apr2018.pdf
https://gitlab.cern.ch/hh/tools/inference

| acground Modeling

® Following the strategies in tH/ttH(bb) Analysis:

e 17bb in Powheg NLO ¢7 5FS sample is from parton shower which will bring large uncertainties.

tt NLO (5FS) sample tt+bb NLO (4FS) sample

® Powheg NLO 4FS sample has better performance tt+LF, tt+C
in modeling ¢7 + bb kinematics. 1) tt+B
® We need to stitch together these two samples
for better background modeling. ) m
® In each 17 event, define ‘additional b-jet’ as a
particle level b jet with pT>20GeV and |eta|<2.4
and not from top decay.

merged tt+jets sample

tt+LF, tt+C

® Replace 1t + B events in #{(5FS) with ttbb(4FS) 3)

Entire tt+jets phase-space

https://indico.cern.ch/event/943919/contributions/3987268 /attachments/2099755/3530092/slides 20 09 09 Hbb ttBModel.pdf


https://indico.cern.ch/event/943919/contributions/3987268/attachments/2099755/3530092/slides_20_09_09_Hbb_ttBModel.pdf
https://indico.cern.ch/event/943919/contributions/3987268/attachments/2099755/3530092/slides_20_09_09_Hbb_ttBModel.pdf
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Scale Factors

® Electron SF: Reco X ID_ISO X Trigger

® Muon SF: ID X ISO X Trigger
® MET Trigger SF: Start from 150GeV
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https://indico.cern.ch/event/1095378/#11-electron-id-sf-in-ul-for-vh
https://indico.cern.ch/event/1128236/#4-muon-scale-factors-for-vhbb
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> An example, comparison between original MC and re-
weighted fail-selection MC and how the 2 types of
o V-Lepl'onlc uncertqmty can cover the dlfference properly

> An example, 2 types of uncertainties are introduced to cover
the uncertainty brought by the method.

o V-Hadronlc Domlncmt background from Muthets are modeled by 2 steps ResNet based Data Drlven method

® The 4tagged-jets background is modeled by 3-tagged-jets data.

@ Jet Combinatoric Model(JCM): A weight only based on jet multiplicity (pseudo-tag rate fitted in the data minus TT)
@ FvT Classifier: A weight mostly based on kinematic, derived by a ResNet which has the same architecture as the SvB Classifier.

1
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dPhi(V, H2) pT(H2)/pT(H1) pT(L2)/pT(L1) . Variables for SvB BDT in SL/MET channel

''''''''''''''''''''''''''''''''''''' mossO) b massI o HTIG)
pT(”) Vurlﬂbles fOf Kl BDT In DI‘ (hﬂnnel dPhI(V,H]) ______________________ dETG(L],L2)1dPhI(V,HH) __________
___________ dROHLH2) i moss(HH) i pT(HI).
S L/ S W1 L iNodbiog] 0TI I 1
mass(H1) mass(H2) mass(HH) . Geta(HLHY)  : pT(iNo.3btag)  : pTI(HH)
[ N TS P N pI(V)/pT(HH) i pT(LI)/mass(V) i
.............. E(HZ)E(HH)dPhI(H]’HZ) Variables for SvB BDT in DL channel
________ defo(HT, H2) oR(H1H2) @ dPhiVH2) | am) L eml(M)
pT(HH) E(H1) etalWH) | | E(HH) i moss(HH) eta(H1)
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" eta(H2) i deta(H1,H2) i  dPhi(Hl H2)
------ pT(HZ)/pT(H])Yem . OR(HLKZ) i dPhi(V,H2) i pT(H2)/pT(HT)
;V“ri“bles for KI BDT in SL/MET/FH channels . Variables for SvB Clussifier in FH channel

Coupling Cats BDT and SvB Classifiers are optimized in all channels
I - 24



ble- .epfoﬁ Channel

® Main background are TT(TTBB), DY+Jets

® Re-weight BDTs are trained to include the information about §
the differences between 2b-tagged events and 3/4 btagged §

events.

® 3 main BKGs and 2 b-jet multiplicities introduce 6 RwT. BDTs "

to realize the re-weighting.

® SB events are used for training, CR for validation and finally §

apply on SR events.
® Input variables are same as the SvB BDTs.
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. ] [7] Stat. uncert. MC

@ Data
— ZHH(4b_SM)*3e2
ZHH(4b_KI20)*3e1

17 ttHbb

o ttv

Single top

+J:r1
{T

80 700

mass_V [GeV]

» Re-weighted MC

Smaller Stat. Uncertainties ; Reliable background model;

 ® Inside Z mass window, a fraction fit is applied in every
. regions to achieve better Data/MC agreement.

', e DY/TT/TTBB process are free float in the final fit.




® Main background are TT(TTBB)

0.98

® Same strategy from previous slides about DL channel

0.94

® Re-weight events in VR to mimic LP, HP+MP

® 2 sets of weights :
. 2
1 e | | | HP+MP
titbb | VR | —|  HPwP ) |
1 0 0.8 09 0.94 098 1
1 i | J1D
| Add weight ] Add weight bb
_____________ LU () . .2 I ® Topology priority
e DT(HH) muss(HH) _________ mass(H1) . ® By comparing the limit scan results
_________ mUSS(HZJPhl(V Ph'("”) ® Conclusion
........... PhifH2) i  Year i ® prioritize the Boosted topology
Variables for RwT BDTs and SvB Classifier in Boosted channel

Boosted topology has been studied in SL, MET channels

Peking University



cMs, |

Systematic uncertainties

e Theoretical Uncertainties e Experimental Uncertainties

log-normal uncertainty log-normal uncertainty

o Signal cross section (NNLO accuracy)
O H — bb Branching ratio

Shape uncertainty Shape uncertainty
o0 LO ZHH reweight to NNLO

LO Drell-Yan reweight to NLO
Factorization and renormalization scales
Proton PDFs

Parton shower initial-state and final-state
radiation showers

* Freely-floating normalizations
O CMS_vhh4b_SF TT _TTB ch_year — tf and tfbb

o CMS _vhh4b SF TTB — t7bb
© CMS vhh4b SF DY ZIl_run2 — DY

O Luminosity uncertainty

PileUP uncertainty

LI prefiring uncertainty

Lepton identification and reconstruction SF
JES, JER uncertainty

b jet energy regression uncertainty
ParticleNet mass regression uncertainty
Deepet b-tagging efficiency uncertainty
ParticleNet tagging uncertainty

Background reweighting uncertainties

Top pT reweighting uncertainties

FH: background systematic uncertainty, extracted from mix
models

O O O O

O 0O 00O OO o o o oo
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Compact Muon Solenoid
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CMS Supplementary

W-lv Resolved, x‘-enrlched

. T
[— ]
. ST
B ttH(H-bb)
B

L] Data

145*VHH(SM)+Bkg.

02 03 04 05 06 07 08 09 1
SvB Classifier Output
. 185
k) E
: o A e b b
3 g A v YTy LA Y {
8 E
0.15
138 b (13 TeV)
j2] =
c F CMS Supplementary —u
@~ WolvBoosted HP E—
- I sT
I ttH(H-bb)
10° 2 —
. Data
145*VHH(SM)+Bkg.
o
1 HP
o ot 02 03 04 05 06 07 08 09 1
SvB Classifier Output
5.6
o E
2 E 3 I
g =
365

Data/Bkgd.

<%
T T TTTT

Events

138 b (13 TeV)

W-lv Resolved, x

T8

0.1 0.2 03

ttH(H-bb)

TV

Data
145*VHH(SM)+Bkg.

.
| —
. ST
.
I

L

06 07 08 09
SvB Classifier Output

TTTTETTTT

138 fb” (13 TeV)

CMS Supplementary
W-lv Boosted LP

Data
145*VHH(SM)+Bkg.

06 07 08 09 1
SvB Classifier Output

TTTTTTTT

Data/Bkgd.

Data/Bkgd.

03

Events

138 fb! (13 TeV)

CMS Supplementary

Z-vv Resolved, x)-enrlched

0.1 02 03 0.4

05

T
TTB

Znunu
Data
145*VHH(SM)+Bkg.

——
—
. ST
I ttH(H-bb)
- TV
—

L]

06 07 08 09 1
SvB Classifier Output

TTTTITTTT

e

138 fb (13 TeV)

T TTTIT

CMS Supplementary
Z-vv Boosted HP

T

TTB

ST _
ttH(H—bb)

Znunu
Data
145*VHH(SM)+Bkg.

I

06 07 08 09 1
SvB Classifier Output

TTTTYTTTT

Data/Bkgd.

s

Data/Bkgd.

225

TTTTPTTTT

.25

Events

-0.75

138 fb™ (13 TeV)

CMS supplementary
Z-vv Resolved, xzv-enrlched

T
] 118
. ST
[ ttH(H->bb)
TV
1 Znunu

L]

Data
145*VHH(SM)+Bkg.

07 08 09
SvB Classifier Output

138 fb™' (13 TeV)

02‘_—

CMS Supplementary
Z-vv Boosted LP

T
| E— ]
[ ST _
[ ttH(H->bb)
. TV
[ Znunu

. Data
145*VHH(SM)+Bkg.

06 07 08 09 1
SvB Classifier Output

4+




138 fb' (13 TeV)

o F
€ L CMS Ssupplementary )
0 ) B «
W1 — V=i K, enhanced
= Multijet
— + Data
B 145*VHH(SM)+Bkg.
10° =

0 01 02 03 04 05 06 07 08 09 1
SvB Classifier Output

Data/Bkgd
[T Iil ITT
—

—
el
——
—]
—
P
.

0.6

Data/Bkgd.

Events

10°

138 fb' (13 TeV)

I

I

I

IIHII

CMS Supplementary

V-ii Koy enhanced

B

Multijet

Data
145*VHH(SM)+Bkg.

0 0.1 07 08 09 1

SvB Classifier Output
1.65 r[
0355 - .




~| VHH Analysis

CMS Work in progress
I | |
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e 2D likelihood scan, left is expected, right is observed
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e Decompose kyy to kK, and ky,yy (left is expected, right is observed)
e MET, 2L channels mainly affect x,, coupling, but not kyy. VVe have excess

mainly from MET channel, so we also see enhancement in «,,
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