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CMS

® We are studying HH production mode associated with one vector boson (VHH)
® Focus on HH decay to 4b final states and leptonic decay and hadronic decay for V-bosons.

® Complementary to ggF and VBF analyses.
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MadGraph5_aMC@NLO




® Cross sections are enhanced by the constructive interference.

® Contribution on sensitivities over Ky at positive side is expected.
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® VHH channel has the unique feature to decompose ZZHH/WWHH(K_./Kuw) vertices
according to the V-leptonic decay.

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

MadGraphS aMC@NLO

* MET, Single-Lepton, Double-Lepton, Full-Hadronic
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Samples and Datasets

* Data

SL/DL channel: SingleMuon/SingleElectron/DoubleMuon/DoubleElectiron(2016/2017)
SL/DL channel: SingleMuon/DoubleMuon/EGamma(2018)

MET channel: MET

FH channel: BTagCSV(2016/2017), JetHT(2018)

Run: 2016(B,C,D,E,F,G,H); 2017(B,C,D,E,F); 2018(A,B,C,D);

* b ¢ X ¢

Table 1: Golden JSON files used in the analysis and the corresponding integrated luminosities.
Year | File name L (b
2016 | Cert 271036-284044_13TeV_Legacy2016_Collisionsl6_JSON.txt 36.3fb "

2017 | Cert _294927-306462_13TeV.UL2017 Collisionsl7 GoldenJSON.txt | 41.5fb 1
2018 | Cert_314472-325175_13TeV_Legacy2018_Collisions18_JSON.txt 59.8fb~"

*x MC simulation

* All the MC samples updated to UL
* 8 VHH(ZHH/WHH) signal samples at LO (for VHH modeling)
* DY+lets, ttbar, ttbb, ttH, 11V, single-Top, Z(vv)+Jets samples at LO

(for background modeling)
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4 VHH Analysis Background MC Processes

® Jet energy smearing according to JME prescriptions.

® B-tag efficiencies scale factors (WP scale factors) according to BTV prescriptions.
(Deeplets and ParticleNets)

¢ Trigger efficiency scale factors as measured by VHH group analyzers.
® PileUP re-weighting.
* All corrections have the corresponding uncertainty associated.

* Other corrections will be introduced in specific channels.
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CMS

A\

DL

SL

MET

Lepton

HLT Path

Trigger for Muon

HLT Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ Mass3p8 (2018)
HLT Mul7_TrkIsoVVL Mu8_TrkIsoVVL_DZ Mass3p8 OR
HLT Mul7 _TrkIsoVVL_TkMu8_TrkIsoVVL_DZ Mass8 (2017)
HLT Mul7 _TrklsoVVL_Mu8_TrkIsoVVL OR

HLT Mul7 TrkIsoVVL_TkMu8_TrkIsoVVL OR

HLT Mul7 TrkIsoVVL Mu8 TrkIsoVVL_.DZ OR

HLT Mul7 _TrklsoVVL_TkMu8_TrkIsoVVL_DZ (2016)

Trigger for Electron

HLT _Ele23_Ele12_CaloldL_TrackIdL IsoVL (2018)
HLT Ele23 Elel12 CaloldL_TrackIdL IsoVL (2017)
HLT Ele23_Ele12 CaloldL_TrackldL IsoVL_DZ (2016)

Trigger

HLT_Ele27 WPTight_Gsf or HLT IsoMu24 or HLT IsoTkMu24 (2016)
HLT _Ele32_ WPTight Gsf or HLT IsoMu27 (2017)
HLT Ele32 WPTight Gsf or HLT IsoMu24 (2018)

Trigger

HLT_PFMET120_ PFMHT120_IDTight (2018)

HLT PFMET120 PFMHT120 IDTight OR
HLT PFMET120_ PFMHT120_IDTight PFHT60 (2017)

HLT PFMET110 PFMHT110IDTight OR
HLT PFMET120 PFMHT120IDTight OR
HLT PFMET170_NoiseCleaned OR HLT PFMET170_BeamHaloCleaned OR
HLT PFMET170 HBHECIleaned (2016)

2016

HLT QuadJet45 TripleBTagCSV_p087
HLT DoubleJet 90 Double30 TripleBTagCSV_p087
HLT DoubleJetsCl100_DoubleBTagCSV_p014 DoublePFJetsC1l00MaxDetalp6b

2017

HLT PFHT300PT30_QuadPFJet_75.60.45_40_TriplePFBTagCSV_3p0
HLT DoublePFJetsl00MaxDetalp6_DoubleCaloBTagCSV_p33

2018

HLT PFHT330PT30_QuadPFJet_75.60.45_40_TriplePFBTagDeepCSV_4p5
HLT DoublePFJetsll6MaxDetalp6_DoubleCaloBTagDeepCSV_p71

* Json files stored in: /eos/cms/store/group/phys_higgs/hbb/ntuples/VHH4b_Vleptonic_SF_UL
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Resolved Topology

Both topologies have been stutiied

l
P

Analysis Topologies

Leptonic Channels &y, = \/ouey - 2sp+ aay - 1257 & ¢
Signal Region : Run < 25GeV 2°°;‘ |

® Control Region(CR) : 25GeV< Rux <50GeV is0f-

® SideBand(SB) : 50GeV < Ry < 75GeV o

@ 2b-tagged events are re-weighted to mimic the o

background in 3/4b-tagged regions.(DL) o

250 300
M(H1) [GeV]

Hadronic Channels
® Signal Region

¥ <19

m —(125.0x 1.02)GeV ,  m, — (125.0 X 0.98)GeV
)+
0.1m1 01m2

e Control Region \/ (m, — (125.0 X 1.02)GeV)? + (m, — (125.0 X 0.98)GeV)? < 30GeV

® Sideband

(m; — (125.0 X 1.02)GeV)? + (m, — (125.0 X 0.98)GeV)? < 45GeV
1 2

-

MET+SL
® High Purity (HP) : Dbb > 0.94
® Low Purity : 0.90<Dbb<0.94
® Validation Region(Fail) : 0.80<Dbb<0.90
® Follow the thresholds as in the YBFHH4b AN.
o

Orthogonal variable Rhh is also used to

define SR[0,50]GeV and SB[50,75]GeV .
@M HP+LP & SR are the research regions v ”4J1”18)bb1

@2 HP+LP & SR are the control regions
@ FR MC are re-weighted to mimic the background
in research regions

0.98

HP

J2 Dpp,

0.8

Fail

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

ParticleNet for AKS Jets

licheng.zhang@cern.ch
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https://indico.cern.ch/event/1109092/#23-updates-on-vhh-analysis

\ VHH Analysis Analysis Strategies

CMS Work in progress
e

[ k=, =] —— VHH_QL_Run2_strong 1
I —— VHH_BL_Run2_sm_ChF
~ VHH_DL_CARD_Rund
—_ Theorflprediction ]

HLT/Object/Event Selections

Input variable: VHH_H2H1_pt_ratio
F ) 1 T T
, [T Sighai

F[7~7] Background

VKl Categorization

TMVA overtraining check for classifier: BDTG

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

:

___TMVA
HI Signal (test sample)’ | | - Signal (training sample) ' = -
1.4 = 1 Background (test sample) - Background (training sample) —

B Kolmogorov-Smirnov test: signal (background) probability = 0.905 (0.314) —

Upper 95% CL limit on o(pp — VHH) / fb

(1/N) dN/ 0.0256 units

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

1.2

0.2 0.4 0.6 0.8 1
VHH_H2H1_pt_ratio [units]

" (1N) dN/ dx

-

High (

=
A

SM Coupling Cats

® 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

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

BDTG resporise

i SvB Classifiers |

i SvB Classifiers |

° S (train) ¢ s (train)
.| Wiy SvB BDTI = sten 7w Wiy SvB BDT2
® B (test) ¢ B (test)

® |n V-Leptonic channel
® 3 channels X 2 KI Cats = 6 SvB BDTs

® |n V-Hadronic channel
e An ResNet based SvB Classifier is trained
¢ Signal labeled by K\ Cats.

.2 amva, &
7 'Sighal (tratning sample]
- Background (training sample)

e

08 06 04 02 0 0.2 0.4 0.6 0.8

L SvB Classifier scores will be used as the observables for template fit
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https://indico.cern.ch/event/1071726/#168-vhadronic-hh4b

HH Analysis Background modeling

CMS

o MET, SL channel
® Dominant backgrounds are TT, TTBB (Stitched).
® Re-weighted over top pT. SFs according to the study by top PAG. Uncertainty included.

SB_3B4B_Wenu
«10° _3B4B_ x10° SB_3B4B_Wmunu SB 34B_Znn
N L LA 1 " T " 1 " 1 " ] 800F — — — T — T 1 ]
i - 3 - _ - | @ Data
B i L | @ Data B | N
I i [ ] —VHH10201071e5 GO0 _| — VHH102010"1ed
- - - 1 — VHH1010200*1e4 - - _w::ol 0200-1e3
- i ol —| — VHH101010*1e5 i i Esm :ng:g 1,;(5:
_ 1 - 71 7] Stat. uncert. MC 4001 st )
- . i I mmt i | .t
B N i 15 g i 1 putiB
: : i | single top 2001 | mHeD)
i ] I ] -.':?z(,bb) | mTzZ
nla | . TTW n .
N % OB ] QE) 5t L | EZNN
g 0 +‘""'U"6"i'l‘I'".‘."i".'.’b"t"".' "*¢" $'+' +’+I é 0 .+-...'.....,‘.......,..'...‘...!...!...... .6"+*'¥+*+-+- _.tlg g +
_0.5 —"l """ | """ o o o T o o . """ o . """ o . """ T . +. """ l"— g _0.5 ._..l ..... I ..... o I ..... o ; ‘ ..... o I ..... ;o ‘l ..... I ..... o l l ..... I.._. 8 R -"|““-“;“--“:“--“-I“““-|--"“-;-"---:-“-"-.“--“-I“--“-:--“"-."-“";"“";- —
200 400 600 800 10C 200 400 600 800 1000 500 1000 1500
m(HH) [GeV] m(HH) [GeV] m(HH) [GeV]
R_3B_W. R 3B W
%1 03 CR_3B_Wenu 1 03 CR_3B_Wmunu CR3B_Znn
o T T T T T T ] L S B B T T T T T4
- ] i 7 i | @ Data
N § 2+ - :3::‘:1 02010165 400 — VHH102010*1e4
n 7 - 7 N —— VHH1010200*1e3
| T oy e
- . i ] []Stat. uncert. MC [ ] Stat. uncert. MC
- B i I t
: : 1 - 200 i
. | n 1 putie )
[ ] _ 4 I Single top B Single top
] i g 1 ttH(bb) ttH(bb)
- . n 1lmmTTZ a TTTT‘ZM
n 3 n m.TTW n -
Q 0.5F ; + +— Q 0.5 W Znn
@ o +4 TR Y g +++++ * ] @ LE) 0 ._¢."+ + + %
8 05 R 8 -05 s
200 400 600 800 1000 500 1000 1500
m(HH) [GeV] m(HH) [GeV] m(HH) [GeV]

® Validation of All 3 years (link) done!
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https://indico.cern.ch/event/904971/contributions/3857701/attachments/2036949/3410728/TopPt_20.05.12.pdf
https://mmm.cern.ch/owa/redir.aspx?C=W_ZE_XpYYmBa1C5j0ZcsCSFsQjoNsGYQ7XBD3I0oVwKXdcsOQYzaCA..&URL=https://yilai.web.cern.ch/yilai/forVHH/plots_220816_2017_WmnResolved_wpt125/

-~ VHH Analysis Backgrou

[—,

Double-Lepton Channel
® Main background are TT, DY+Jets

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

events.

® 2 main BKGs and 2 b-jet multiplicities introduce 4 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.

400 E 400 ; ¢ Data
—ZHH(4b_SM)*1e2
—— ZHH(4b_C2V0)*1e2
—— ZHH(4b_C2V2)*1e2
[Z] Stat. uncert. MC

300; 300F

200f 200

C I Z+udsg
r C Z+c
100 100 L)
1 mmtt
o n T N ttB
s 0.5 g 05
.g Oy 0 0
g
[=] 0.5 . e 8 05
1 v R R S
o(V, H1) Ao(V, H1)
CR_3B_Z_SM CR_3B_Z_SM
— T - I  F T T T T T T T T
80~ 7] @ Data
C 1 — ZHH(ab_sM)*3e2
100~ B 60 1 2ZHH(4b_KI20)*3e1
+ 4 [ Stat. uncert. MC

] ttHbb
I Z+udsg
Z+c

Z+b
Mt

20 7 s ¢ —

ttB
05 | Single top
Ig ot +T+ ey 4 ¥ 1. 44

80 80 700

Data-MC
Data-MC

05 t
Ig _ °w“*++++++”

80 90 f00
mass_V [GeV]

MC ————» 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.

® DY/TT process will free float in the final fit.
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5| VHH Analysis Background modeling(Boosted)

® Main background are TT(TTBB) 5
® Same strategy from previous slides about DL channel S
~
-

® Re-weight events in FR to mimic L, HP : o
® 2 sets of weights 2
u FR HP :
ttbb FR HP ® Fail
l 4 | |
l Add weight LAdd weight “ 08 09 09 038 1
J1 Dy
® Research region also requires rHH < 50GeV and SB is [50,75]GeV
____________ oL ;L 1 O ) N
___________ m(Hl)m(HZ)m(HH)Phl(V) o Topology priorify
__________ P hI(H])PhI(HZ T0U32(”)T0U2](”) o By Compqring fhe Iimii‘ scan resu"‘s
TOU32(J2)TUU2](J2)__ ................................ o Conclusion
Variables for RwT BDTs and SvB Classifier in Boosted

® prioritize the Boosted topology

Boosted topology of the SL, MET channels are included

licheng.zhang@cern.ch PKU - CMS - Group CLHCP, Nanling, 23rd-27th Nov 2022 12



o FH channel
® Main backgrounds are QCD Multijets and TT.
® Multijets process is estimated with re-weighted 3-btagged data events.(2 orders fit)
® Jet Combinatoric Model(JCM): A weight only based on jet multiplicity (pseudo-tag rate fitted

w]CM—tZ()xf (1—fF)""x [14+ (i mod 2) x e/n"]

in the data minus TT with JCM)

evT X WjCcMm

— P(My) + P(Myy) . _ P(My)
= P(Dy,) — P(tfy,) + P(Ds,) ~ P(tty,) 7 P(Dy)

+ Data 132.6/fb Runll
15330.00 + 123.81

13430.60 = 33.10

Boson Candidate Jets Mass [GeV]

Data/Bkgd.

licheng.zhang@cern.ch
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CMS Internal

1200
Eob o *
£
Y 4000}
800|—
600|—
- 4
400(—
200|—
0_. ) PR PP ove NP T A
0 50 100 150 200 250 300 350 400 450 500
Boson Candidate Jets p_T [GeV]
. 1Ap
L ETT
2
a -
0.9

* Background systematic uncertainty is extracted from a mixed sample based closure test.

® FvT Classifier: A weight mostly based on kinematic, derived by a neural network which has the
same architecture as the SvB Classifier.

Data 132.6/fb Runll
15409.00 = 124.13

Multijet Model
13488.05 + 33.16

it
1593.45 = 9.32

CLHCP, Nanling, 23rd-27th Nov 2022 13



| VHH Analysis Post-Fit plots in SB and TTCR

@ 10° (EZ_MS_I.D.temaI Z-ll 4b Sideband postfit @ 10t gMMnmrnal Z-ll 3b Sideband postfi @ MS Internal Z-I TTCR i i - T

5 f - 5 Ep

> > >

L L L - ST
B tH(H-bb)
| Rl
[Jov

¢ Data
—— SMVHH * 1e4
. 155 . 155 . 155

° B F I 3 I I

> 5) >

& ; } e T & t }

E 1= e E e 5 + % E 1== @ ¥ = * ——

© + © = ©

o o - o

0.45 0.45 0.45

@ @ @ el

5 5 5 e

> > >

L [¥1] L - ST
I iH(H-bb)
v
D Znunu

4 Data

—— SMVHH * 1e4

5 125E 3 HE 3 1.55 I
A U S A S 1] “ i S R S O g Eog [ {

Z mass (0,80) U (100, +oo)

SB and TT CR are fitted simultaneously with Analysis Regions to suppress the Dominant Backgrounds
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Systematic Uncertainties

HH Analysis

Systemati

¢ uncertainties

Wev Wuv Zvv y4 l l FH [ Unconstrained [l Gaussian A ~+60
. V T [ Poisson [ AsymmetricGaussian C MS In tern al r= 0_50
Experlmental uncertamtles 1 prop_binvhh4b_Znn_1_13TeV2016_bin8 I I l+l ' l 3 ! ;
rop_binvi en G in e E

autoMCStats Y Y Y Y Y : . : SN

BR_IIbb Y Y Y Y Y 4 prop_binvhh4b_Znn_2_13TeV2018_bin8 l—._l
Lumin 0 Slty Y Y Y Y Y 5 prop_binvhh4b_Wen_7_13TeV2016_biné -—.—u _
6 prop_binvhhdb_Znn_1_13TeV2017_bin7 : . S—— 1
CMS_TT_IIOrm Y Y Y Y N 7 CMS_TT_norm_2016_2017_2018 1 ,00(.';“_2‘222
CMS_TTB norm Y Y Y Y N 8 prop_binvhhdb_Znn_3_13TeV2016_bin3 [ S S—
9 prop_binvhhd4b_Wmn_11_13TeV2018_bin4 L 2 1
CMS_DY _norm N N N Y N . . :
_ 10 prop_binvhhdb_Znn_2_13TeV2017_bin8 —— i
CMS _PNet Y Y Y N N 1 prop_binvhh4b_Znn_1_13TeV2018_bin7 : . —
12 CMS_Reg_Scale_2018 D—’—I é
CMS_btag Y Y Y Y Y 13 prop_binvhhdb_Znn_2_13TeV2016_bin8 : : I—.—l. : i
CMS e ff _lep ton Y Y N Y N 14 prop_binvhh4b_Wmn_11_13TeV2017_bind ———
15 CMS_Reg_Smear_2016 ——t .
CMS_eff MET N N Y N N :
- 16 CMS_Reg_Scale_2017 . : —— :
CMS_pileup Y Y Y Y W 17 CMS_DY_norm_2016_2017_2018 1_00;?32
CMS _MSD_JMR Y Y Y N N 18 prop_'binvhh4b_Wen_6_13TeV2016_biln21 — et _
19 prop_binvhh4b_Wmn_10_13TeV2018_bin21 L s |
CMS_MSD _]MS Y Y Y N N 20 CMS_btag_hfstats1_2016 (- S——
CMS T eS ] Y Y Y Y Y 21 prop_binvhhdb_Znn_2_13TeV2018_bin7 . S
Ed | 22 CMS_scale_j RelBal —— ‘
CMS_Scale _] Y Y Y Y Y 23 prop_binvhhab_Wmn_10_13TeV2016_bin21 : D — %
rop_bin ) Wen_6_13Te _bin . e H
CMS_unclusteredEnergy Y Y Y N N 24 bl LS e s : : ; : :
. . 25 prop_binvhhdb_Znn_3_13TeV2018_bin3 - e | !
CMS_Eff_] _PU]ET_].d N N N N Y 26 CMS_pileup_2017 P — '
CMS _bbbb _Mu1t1] et N N N N Y 27 prop_binvhhdb_Znn_1_13TeV2016_bin7 —— _.

. 28 CMS_scale_j Abs_2018 —— ‘
Re-welght DY N N N Y N 29 prop_binvhhdb_Wmn_10_13TeV2017_bin21 e — .
Re_weight TT Y Y Y Y N 30 prop_bincard_hists_Runll_R_ZIl_Kibdt_SM_4b_Ii_bin_SR_Z_bin11 | | ? 1 | : :

Re-weight TTB Y Y Y Y N =2 1.0 1 2 = 0 5

Theoretical uncertainties ~-Pull [+ Impact [J-1o Impact (6-6,)/A6 Ar

QCDscale_-VHH Y Y Y Y Y
pdf Higgs VHH Y Y Y Y Y
ZHH_NNLO Y Y Y Y WY

® Top 30 nuisance parameters ranked in the impact plot
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https://twiki.cern.ch/twiki/bin/view/CMS/VHHAnalysisRun2#Systematic_uncertainties_in_diff
https://gitlab.cern.ch/cms-hcg/cadi/hig-22-006/-/tree/master/checklist

| VH

H Analysis

er Limit S

_ CMSWorkinprogress CMS Work in progress 138 " (13 TeV)
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® Kyy

® Expected upper limits in different VHH sub-channels
® Powerful sensitivity by combining multiple channels

® Table: 95% exclusion [lower, upper] limits on Kv, K,y and K, in the combined results.

95% CL limit on o(pp — HH) (fb)

Kw Ka

Coupling K, 5
[724,835] | [25.85, 24.64]

Combination |~ [-2.82, 2.93]

CMS Work in progress
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® Kyv vs K
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_~~41 VHH Analysis New Result - Upper Limit Scan 5‘5

CMS Work in progress 138 b (13 TeV) CMS Work in progress 138 b (13 TeV)

— [ T T T T l T T L] T [ T T T T ] T T T T I T T T T [ T T T T ] _— I T T T T l T T T T l T T T T l T T T T I T T T T l T T T T i CMS kam ress 138 m_‘ 13 Te

g KV=K2Z=K).=1 — 0-lep combined % KV=K2W=KA=1 — 0-lep hadronic SP 20:|.Illlllllllllglllllll TTTT ||l||||ll(||||lv+) g

T 10°:- e =, clion I 10°F S— —— combi 3 X g

T p eory prediction 3 T E 1-lep combined E k=]

1 ~— hadronic 1 . —— 2.ep &= Theory prediction 10 :

a a )

S =7

© © 1

& 10°F E &

= =

E E

3 r 10™

O (&)

R 32

& 10°: & 107
107

102 -
10
- 1 1 1 1 l 1 1 L 1 [ 1 1 1 1 l 1 1 1 1 1 1 I 1 1 I 1 L 1 1 - L 1 1 1 l 1 1 1 L I L 1 1 1 I 1 1 1 1 I L 1 1 1 l 1 1 L 1
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
Kow Koz

® Kww o Kzz ® Kzz vs Kww

® Expected upper limits in different VHH sub-channels
® The first time probing Kzz and Kww !

® Table: 95% exclusion [lower, upper] limits on Kv, K\ (Kww Kz;) and Ky in the combined results.

Coupling K, Kw Ka Kzz Kww
Combination.  [2.82,2.93] = [7.24,8.35] | [2585,24.64] = [916,1023] . [8.34,9.79]
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CMS Work in progress 138 b’ (13 TeV) CMSI WorkI in progress | 138 ftl)'1 (13 ITeV)
T T T I T T T I T T T T T T I T T T I T LI LI LI LI LI LI} LI} LI | L L LI

Ky = Koy = Koz = 15, = 1 ----- Median expected Ky = Ky = K7 = 1 ----- Median expected
= 682% expected k=39 == 63% expected
----- 95% expected ====- 95% expected
O-lep O-lep
Expected: 176 Expected: 23
1-lep 1-lep
Expected: 236 Expected: 44
2-lep 2-lep
Expected: 239 Expected: 40
hadronic hadronic
Expectsd: 460 Expected: 78
combies comehes J (16)
0 .8(1)0 — '10100' 80 100 120 140 160 l 12;0 I2(|)0 |
95% CL limit on o(pp — HH) / omeow 95% CL limit on o(pp — HH) / U Theory
o o
® 95% CL expected ® 95% CL expected
Limit on VHH production Limit on VHH production

AtKr=1.0 At Ky,=5.5

® Expected signal strength at different Ky strength points

® Reasonable sensitivity toward K,

® Powerful sensitivity at Ky = 5.5 (at the positive side) considering the
expectations based on SM sections.
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_~~1 VHH Analysis Likelihood Comparing Other HH Analysis
‘\\“\‘ ‘\\ “,‘, —_— - S . S VBT e e T e e = - - T
CMS work in progress CMS work in progress
5 W T 71 T = LA S e S e T T .
‘g’s F ——Dbbbb_VHH,100  —— bblautau, 1.00 WW vy, 1.00 ‘g‘; I —— combinalion_noVHH, 1.0
- [ —— bbbb_resoived, 1.00 —— Multilepton, 100 —— bb vy, 1.03 a 10+ —— combination_all, 1.01—
N ~—— bbbb_boosted_VBF, +-66— b bWW, 1.00 ~—— combination, 1.01 o i —— Standard Model
1L bbbb_boosted_GGF, 106~ bb ZZ, 1.00 —— Standard Model |
- .« 0.8
‘Combination —:_~ :

—

L 0.4-

0.2

0-0 AL 1

A

® likelihood scan for K comparing to other HH analysis

® Likelihood scan comparison between VHH and other analysis

® VHH provides good augment to the Kj sensitivity above SM point due to non-destructive
feature. (Second, only after bbyy around K\ = 5.5)

® The likelihood improves around 10% start from Ki = 3 and up to more than 15%.

® Data-card taken from latest version of HH Run 2 card repository
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https://gitlab.cern.ch/hh/results/datacards_run2

| VHH Analysis

® First search for VHH production in the HH to bbbb final state in CMS

e Complementary to ggF and VBF analyses.
® Probe the Kzz and Kww coupling.

® Analysis strategy optimized for maximal sensitivity
® SM K, and Strong K) categories with BDT discriminant.
¢ Kinematic subcategories for maximal sensitivity.
® Prioritize the boosted topology for better combined upper limit.
® SvB classifiers trained in each channels for maximal sensitivity.
® SB/TTCR are fitted simultaneously to suppress the uncertainty of the dominant backgrounds.

® Background estimation
® BDT re-weighting method for accurate multidimensional modeling in stats limited channels and topologies.
® Dedicate data-driven method used for multi-iet background estimation.
® Closure tests/Validations done in control region/side band/validation regions in all channels.

® Expected Limit: 106 times the SM cross section prediction

® Couplings: K\ [-25.85, 24.64], Kyv[-7.24 ,8.35], Kv[-2.82, 2.93]
® First Probe correlation: Kzz[-2.16, 10.23], Kww [-8.34 , 9.79]

® Improve the HH combination results especially in positive Kj side.
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| VHH Analysis

* Signal Samples
® Linearly interpolate/extrapolate existing samples to get more couplings for limit scan
® According to the talk, implemented in HHModel that used by HH analysis

® Use Moore-Penrose inverse to accommodate 8 signal samples

Ky Koy K2
0.5 1.0 1.0
1.0 0.0 1.0
1.0 1.0 0.0 i ,
LO 0 o 10 ® ZHH signal re-weighted and scaled to NNLO
1.0 1.0 2.0
1.0 2.0 1.0 ® WHH signal scaled to NLO
.5 1.0 1.0
1.0 1.0 20.0

o(K;, Ky, Kyy) = CT(KA, Ky, Kyy)C —ls
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https://indico.cern.ch/event/904966/contributions/3832774/attachments/2023843/3384862/HH_combine_model_21Apr2018.pdf
https://gitlab.cern.ch/hh/tools/inference

-~ VHH Analysis VHH NLO/NNLO correction

® The re-weighted LO compared with NNLO after full selection.
® ZHH signal re-weighted and scaled to NNLO ZHHNNLOv8 LO

® WHH signal scaled to NLO g |
R —NNLO
2
3 107'F —LO
LeadGenVBoson_pt LeadGenVBoson_pt "
3 10°fF > -
(1) F @ o - E=es
% —e— ZHH NLO+NNLO % = —— WHH NLO n :-:_:-—_——-—'-F T
;»- —— ZHHLO -6:'- — WHH LO R _:_ :_':::*
B tof e L - T,
= e 0. B 1072 T,
- - . . . i T,
. = . ., | ++
1 - | . T T,
= e i #
IIIIIIII IIIIIIIIIIIIIIIIlIIllIIlIIIIIIIIII—l&I‘I: -IIlIIIIIIIIlIIIIlIIIIIIIIIIIIIIIIIIIIIIII‘I"I: lllllllllllllllllllllllIIIIIIIIIllIlllllllllIllll
s - o I
© 1;”"' T 1 . . [ 4eoe 0
o | o | T 1 _t bt 0“,0..”*“*’“.“’“’“‘“‘ "¢;¥H+++’++}++
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500 m L *
gen V pT [GeV] gen V pT [GeV] C ) ) ) ) _ _ _ _ )
05050 100 150 200 250 300 350 400 450 500
genZp, [GeV]
® ZHH signal has been further studied (link): ® Residual difference over LHE_Vpt will be calculated as
Look at other dimensions variables after LHE_Vpt re-weighting a composition of systematics uncertainty.
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https://indico.cern.ch/event/1146031/contributions/4810352/attachments/2433471/4167834/VHHto4B_28Apr2022_CA.pdf

® DY+Jets (LO) MC are re-weighted to NLO over pr(V) }
(LHE_Vpt), which makes the samples softer and improves }

the agreement with data.
® Then scaled to NNLO by K-Factor.

® Same as YHbb Runll Analysis

Table 8: NLO sample

Backgrou

Channel nB NLO/LO
DYJetsToLL | 0 | 1.650 =+ 0.002 — (1.707 £ 0.020) x 10° pT(V)
DYJetsToLL | 1 | 1.534 % 0.010 — (1.458 & 0.080) x 103pT (V)
DYJetsToLL | 2 | 1.519 £ 0.019 — (1.916 & 0.140) x 10°pT (V)
SB_38 SB_38
Flumi = 36.37'fb | "lumi = 36.37'fb
200} t o Data I ‘
" + — ZHH(4b_SM)*1e3 2001 + ~| ® Data |
150 ZHH(4b_C320)*1e3 i 4 D::i»mt.uc 4
: ¢ Dm"'“"” [ ¢ 1 DYsdets
100:_ ¢ DY+Jets 100} . L mm
: * A : ¢ -
5?‘;‘ O‘ - ‘e -;vnolﬂop n'...‘. . e  Singletop
T ‘, : ! . m ™
g# oz.f}} " ..+.’., - ’*+f+£ ;F iJ’,* 0..,.9’*{{.
B0 30 100 80 30 100
mass_V [GeV] mass_V [GeV]
Before After

MC Processes

{ % TTbar

® Follow the strategies in tH/ttH(bb) Analysis: (in Lep-Channels)

e tibb in Powheg NLO 7 5FS sample is from parton shower
which will bring large uncertainties.
® Powheg NLO 4FS sample has better performance in modeling

tf + bb kinematics.
® We need to stitch together these two samples for better
background modeling.

® In each ¢7 event, define ‘additional b-jet’ as a particle level b
jet with pT>20GeV and |eta|<2.4 and not from top decay.

® Replace ¢t + B events in t(5FS) with ttbb(4FS)

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

tt+LF, tt+C

B

merged tt+jets sample

tt+LF, tt+C

3)

Entire tt+jets phase-space
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https://cms.cern.ch/iCMS/jsp/db_notes/noteInfo.jsp?cmsnoteid=CMS%20AN-2019/229
https://indico.cern.ch/event/943919/contributions/3987268/attachments/2099755/3530092/slides_20_09_09_Hbb_ttBModel.pdf

VHH AnaIyS|s HLT Path

LeptomcChanneI o VL8 W0 o e

o seae aciors

e All the lepton efficiencies are measured, Json file stored™

® Electron SF: Reco X ID_ISO X Trigger
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* Json files stored in: /eos/cms/store/group/phys_higgs/hbb/ntuples/VHH4b_Vleptonic_SF_UL
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https://indico.cern.ch/event/1095378/#11-electron-id-sf-in-ul-for-vh
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e All the lepton efficiencies are measured, Json file stored™

-

® Muon SF: ID X ISO X Trigger
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* Json files stored in: /eos/cms/store/group/phys_higgs/hbb/ntuples/VHH4b_Vleptonic_SF_UL
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https://indico.cern.ch/event/1128236/#4-muon-scale-factors-for-vhbb

VHH Analysis

Leptomc Channel
® MET Trigger SF shown in the figure

® Documented in AN - 21 - 209, V-Leptonic SFs are good for any Vleptonic tagging UL analysis
as long as our selections are used.

® Already compatible with VHbb and VHcc selections.

w
| 11—
0.8}— v 2016-pre Data 0.8 v 2016-pre MC
- A 2016-post Data - A 2016-post MC
- m 2017 Data - = 2017MC
[~ e 2018 Data ™ e 2018MC
e Fitted function 0.6/ Fitted function
0.4f— 0.4
0.2— 0.2p—
_ 1 i 1 A l [ | L 1 l i 1 A 1 [ 1 I L l 1 A _ 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ' 1 1
0 100 200 300 400 500 0 100 200 300 400 500
min(MET,MHT) [GeV] min(MET,MHT) [GeV]

Efficiency measurements are done for all 4 channels

licheng.zhang@cern.ch PKU - CMS - Group CLHCP, Nanling, 23rd-27th Nov 2022 27



CMS,/ |
VHH AnaIyS|s HLT Path

HadromcChanneI

* Measure object level(and HT) turn-ons in ttbar ep in both data and MC.
® Emulate event-level decision by emulating individual objects and HT turn-ons.
® Assume object turn-ons independent.
® Verify in MC closure test (right panel).

® Use turn-ons measured data as “calibrated” trigger decisions.
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* Full trigger study results reported in the link.
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https://indico.cern.ch/event/1070597/contributions/4502050/attachments/2320798/3951881/TriggerStudyVHHAllHad.pdf

cMms/| |
VHH AnaIyS|s

t" / |

Lpton Se|>econ

o MET
® Met Filters

dPhi(Jet, MET) <0.4 X exp(

® MET_pt > 150GeV (250GeV for Boosted)
® No jet (pt >30GeV and,eta <10) with

200 — MET

(suppress QCD only on Higgs candidate-jets)

) + 0.07

® Single-Lepton

® Muon: (1 Muon for W)
® |Muon_eta| <2.4
® Muon_pt > 25GeV

® Electron: (1 Electron for W)
® |Electron_eta| <2.5

® Muon_pfRellso04_all < max_rel_iso [0.06]
o WpT(lv) > 125GeV, dPhi(lep, MET) < 2

® Electron_pt > 32(17/18); Electron_pt > 28(16)
® Electron_pfRellso03_all < max_rel_iso [0.06]
® Electon_mvaFall17V2lso_WP920>0

® Double-Lepton

® Muons: (2 Muons for Z)
® |Muon_eta| < 2.4
® Muon_pt > 20GeV
® Muon_pfRellso04_all < max_rel_iso [0.25]

® Electrons: (2 Electrons for Z)
® |Electron_eta] <2.5
® Electron1_pt > 23GeV; Electron2_pt > 14GeV
® Electron_pfRellso03_all < max_rel_iso [0.15]
® Electon_mvaFall17V2lso_WP20>0

® 7 mass window [80,100] GeV in DL channel

e [80,100] GeV: Z mass region (research region)
e Outside: TT Control region

licheng.zhang@cern.ch

PKU - CMS - Group

CLHCP, Nanling, 23rd-27th Nov 2022 29



cMms/ |

t" / / ‘

ets Selection

V-Leptonic channels
® Goodlets: [AKA4]
® Jet_Pt>50
® Jet_lepFilter >0
® Jet_jetld > 4
® |Jet_eta]|<=2.5

® 4 leading Deeplet GoodJets [Resolved]
® Using Deeplet b-tag [WP = Medium] (Loose in MET)
® pitCut for all 4 jets
® MET: pT>35GeV
® llep: pT>25GeV(j1-3), pT>15GeV|(j4)
® 2.lep: pT>20GeV

Deeplet for AK4 jets and ParficleNet for AK8 jets

® 2 leading Dbb AK8 jets [Boosted]
® |Jet_eta|<=2.5
® Jet_Pt >200GeV
® Softdrop mass>50GeV Y \\‘ e
® mHH > 300GeV 25

DP2020 002

- ParticleNet MD 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 < mjj< 105GeV

licheng.zhang@cern.ch
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https://cds.cern.ch/record/2707946/files/DP2020_002.pdf

g VHH AnaIyS|s Object & Event Selectlons
* Reconstruchon of H- bosons and V-bosons
: o . : wV e(u)
e With all the combination of the Higgs Candidate Jets, we choose the
one that can minimize the variable DyH. e .
by e)

_mpyy = e Xmy, |

DHH - —
here H1 and H the leadi d sub-leadi 1 ;THi FH) Hi didat fivel / e(u) | q
whnere i1 an 2 dre € leading and sub-leading p In Iggs candiaaies, respecrively. ANANA
w A AAAAN . Vvvivvyv
) /

e C = 1.05 for leptonic channels and C = 1.04 for hadronic channel AU q

M(H2) |GeV
(H2) [GeV] ® For those V-boson candidate leptons(MET) and jets that pass the

‘ object selections.

““‘\‘I‘Z‘)HH3 Xo/ Yy = 1.05 ® In DL, FH channel, V-boson candidates inside a V mass window,

® |In SL channel, V-boson candidates with pT>125GeV, dPhi(lep, MET)<2,
HH . (XO,YO)
""DHHf‘“. ® In boosted topo, dR(Jet,V)>0.8 in MET and dR(Jet,lep)>0.8 in SL.
(0,0)‘ ~ @ Then the candidate with leading pT will be chosen.

M(H1) [GeV]

licheng.zhang@cern.ch PKU - CMS - Group CLHCP, Nanling, 23rd-27th Nov 2022 31
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Variables used in the SvB BDTs

Variables used in the SvBINN

Coupling Cats BDT and SvB Classifiers are optimized in all channels
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deling

(re-)weight

(re-)weight

(re-)weight

® The residual difference between data and re-weighted

licheng.zhang@cern.ch

PKU - CMS - Group

5 . . .
—— weghE g [ [—weomhm .| ® The (re-)weight over different processes are fitted with
exp(p0*x)+p1 fit ) | exp(p0*x)+p1 fit
------- bin shift Up/Down = ---+ bin shift Up/Down o I F o
. b0 error Up/Down o 00 error Up/Down i L exponential tunctions.
E p1 error Up/Down E p1 error Up/Down
I A I ® We calculate the uncertainty by shift the histogram left
- e : and right for one bin width.(the blue dashed lines)
I 1 ;:‘ P ° . . ° .
2 e Re-weighting has been validated in control regions.
T Yy S ¢ R N Ry 08 1 R T ¥ B,y R R T S Y R Y ST S
RwT BDT output RwT BDT output
TT_2TO3_3b TT_2TO4_4b
5
weight histo 2 10— weight histo
(p0*x)+p1 fit 3 E (p0*x)+p1 fit IR
------- sixr?shiftxUp?Doinn . = o ;:pshithp,eDo:nn _+_-
p0 error Up/Down L --- p0 error Up/Down L ‘
p1 error Up/Down : .i’ - p1 error Up/Down -
L _“ C . __ 200 500
I P C o SB-3b-High SB-3b-SM o vieen
’ L /_’_ 6 -
TP AP AP RPN R B B , _A/J'Alll [ P B I
08 -06 -04 -02 0 02 04 , 0.8 -1 08 06 04 02 0 02 04 06 08 1 4 ‘
RwT BDT output RwT BDT output a4 L
TTBB_2TO3_3b TTBB_2TO4_4b r
—— weight histo g 10— |— weig;ahw)slo1 ' Ll i ‘
exp(p0*x)+p1 fit N - exp(p0*x)+p1 fit . R
------- blr?shih Up‘/)Down = - bir:)shih Up/Down el e . F
p0 error Up/Down P = p0 error Up/Down . pt o o, L L o
p1 error Up/Down . e - p1 error Up/Down '_‘ = . 0 200 400 600 0 200 400 600
SB-4b-High ~ ° V'® SB-4b-SM o Vicen

MC observed in SB/CR over Z_pt are covered by
introducing a modeling uncertainty on DY+Jets sample.

0. 1
RwT BDT output
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1.5 15 1.5

do(BJets,MET)
do(BJets,MET)
do(BJets,MET)

05 1 0.5 1t 05

400 600 800 1000 ° 0 400 800 1000 ° 0 600 800 1000
MET (GeV) MET (GeV) MET (GeV)

0

Figure 74: abs(dg(Jet, p=is*)) vs. piss for 2= Plots from left to right are 2016,2017,2018.
Selected events are in sideband, 3B or 4B. Excessive MultiJets events cluster in the bottom left

200— miss

corner. The red line represents abs(d¢(Jet, p™i°)) = 0.4e 55— 4 0.07 and events below this
line are removed.
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Figure 121: Postfit plots for Zvv channel. The bottom row are the sideband plots, the upper
row are the blinded signal region plots.
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Figure 122: Postfit plots for Zvv channel. The bottom row are the sideband plots, the upper

row are the blinded signal region plots.
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Figure 123: Posttit plots for Wev channel. The bottom row are the sideband plots, the upper
row are the blinded signal region plots.
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Figure 124: Postfit plots for Wev channel. The bottom row are the sideband plots, the upper

row are the blinded signal region plots.
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Figure 125: Postfit plots for Wuv channel. The bottom row are the sideband plots, the upper
row are the blinded signal region plots.
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Figure 43: Pre-fit and Post-fit figures in rHH Side Band Region.
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Figure 42: Pre-fit and Post-fit figures in rHH Control Region.
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Figure 41: Pre-fit and Post-fit figures in rHH Signal Region.
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Figure 130: Upper 95% CL limits on signal cross section scanned over the x parameter of in-
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Table 39: 95% exclusion [lower, upper] limits on xy, kyww, k77 and k, in each sub-channel and
in the combined results. ’-” sign means the fit didn’t find an exclusion value on the POI within
the scanned range shown in Figure 130.

Channel Ky Kww K77 Ky
O-lep [-3.09,3.23] | [-13.34,14.72] | [-9.76,10.96] | [-30.00,28.88]
1-lep [-3.21,3.30] | [-9.24,10.71] [-,-] [-, -]
2-lep [-4.54,4.72] [-,-] [-15.91,16.41] [-,-]
Hadronic [-4.89,5.02] | [-27.43,28.16] [-,-] [-, -]
Combination | [-2.82,2.93] | [-8.34,9.79] [-9.16,10.23] | [-25.85,24.64]
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Figure 132: 2D likelihood profiles of two scan parameters as well as the position and errors of

5 10 15 20
Kow

(e) K/\ VS KZZ

(f) KWW VS KZZ

their best fit values while fixing the third parameter to its SM strength.
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® |nput: engineered jet features

pT.n, . my, my;, my;, AR;

® Architecture:

® Hierarchical Combinatoric ResNet(Residual Neural Network):
Learn di-jets and qua-jets features and pick the correct combination to
form 2 Higgs Bosons from 4 Higgs candidate jets.

® Multi-Head Attention Block:
Process other jets. Add di-jets features and expect a better performance.

® Qutput: regressed probability that an event is VHH
signal.

® Samples: The signal for training is both 2017 and
2018, ZHH snd WHH.
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https://indico.cern.ch/event/1071726/#168-vhadronic-hh4b
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< VHH Analysis ackup

Topology priority

*

*

*

Since we got 2 topologies, some events can be classified as both. An inevitable question is: How
to decide which event should be included as which topology?

2 choices are tested, put all the common events into the one topology at the same time. In the
plots below, R priority means put them into Resolved, B priority means Boosted topology
Apparently we should prioritize the Boosted topology in both channels

@ Mainly because the number of the pure Boosted events are too small
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® Upper limit scan over @ Upper limit scan over @ Upper limit scan over
VHH of Kyy parameter in  VHH of K\ parameter in  VHH of Ky parameter in
different 4b channels different 4b channels different 4b channels

® Expected upper limits comparison between VHH and ggF/VBF channels

® VHH SM cross section is of orders smaller then resolved HH, about same order to
boosted VBF, reasonable results shown in plots

® VHH tends to be more boosted at SM point, comparable result with boosted VBF channel
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