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Introduction O

* The large Higgs boson branchingratio to a W boson pair --> most suitablefor CMS Physics Analysis Summary
the precision measurement of the Higgs boson production cross section . RN,
_ ) ) it o W ot 2 boss i the s W decay charmer. , '\:\
e Direct handle on Higgs boson coupling to vector bosons. B o A9
new \(\\6
e This analysisbenefit from the data collected in Run Il by the CMS experiment ;
possible to probe various decay channels. -
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http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-19-017&tp=an&id=2294&ancode=HIG-19-017
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-16-042

Analysis Overview b

* Leptonicdecay of associated boson is considered. Along . -
with inclusive measurement, the production cross
sections are measured according to a simplified
template cross sections framework (STXS ).

* Fourdifferent final states ; WHSS and ZH3l| are new
channels( were not considered in HIG-16-042 ).

* There are different challengesin each channel
depending upon the dominatingbackgrounds, hence
different approaches.

* Analysisis performed with the full Run Il data collected
by the CMS experiment at the center-of-mass energy 13
TeV, which corresponds to luminosity of 137 fb-1 .
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WHSS

Backgrounds

Major : WZ, W + jets, and Vy (x)
Minor : WW, ZZ, VVV

* SR:(uu, ep) x (1j, 2j)
- CR:WZ(1j, 2j)

my: Invariant mass of dijetand 2 x lepton—
Proxy for Higgs mass

chosen lepton is the one closest to the di-jet (for 2j
cat) or single-jet (for 1-jet cat) system.

CMS.

10

< Events / GeV >

10_1 -

CMS Preliminary

L=137fb" (13 TeV)

W and tt

B wv

R e e
[ | Non-prompt

iz

pu 1j

< Events / GeV >

-
o

—

CMS Preliminary

L=137fb" (13 TeV)

T T T T T T T
nNon-prumpt
Bz

My~

—4— Data

—
B v

wz

[ Higgs

HU 2

Preselection

Lepton pt (GeV) > 25,20
Third lepton veto Yes
m e (GeV) >12
A.?]ff <20
B jet veto DeepCSV, medium WP, applied to all jets with pp > 20 GeV
priss (GeV) > 30
tity (GeV) > 50

1jeu SR 2jepu SR 1j up SR 2j up SR
Jets with pr > 30 GeV == >2 == >2
m; (GeV) < 100 < 100
|mgp — my| (GeV) > 15 > 15

Main uncertainties: non-prompt, statistical, background modeling
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WH 3| CM3,

BaCkgrounds CMS Ppreliminary L=137fo" (13 TeV) CMS Ppreliminary L=137fo" (13 TeV)
. . A s U A B S S B B BN E_~ T T T T T T T T
Major : Non-prompt (Z+jets, top) , WZ, ZZ, Vy T va"" E%W oss | |E [ — MU
Minor : VVV, WW, Vy* g TE e = o El Rl e e E
o E i o = 3 I ]
v v
Final state Name Signal fraction
(u/e)* + (u/e)*+(I)T | opposite-sign same-flavor (OSSF) ~3/4
(u/e)* + (u/e)* + (e/n) | same-sign same-flavor (SSSF) ~1/4
* CR:WZandZy 2 i i
. . . & g 1B i ety 7 Z
* To separate signal and background : multivariate Boosted £ | |z . 4;4#

Decision Tree (BDT) is used ; fit is performed to the BDT MVA discriminant MVA discriminart
discriminant .

CMS Preliminary L=137fb" (13 TeV) CMS  Preliminary L=137fo" (13 TeV)

Preselection A F ‘_ r'\mn‘pm,\“pt‘ 1 ‘i v T T A A ‘_ I‘\Ianipml‘npt‘ 1 i Zv‘ L

Lepton pr (GeV) > 25,20,15 S 10° 5 @ z WZCR = S e 2 e ZroR

Fourth lepton p (GeV) <10 2 0 = o 1|2 b [ rees A

chygg *1 g - |3 4

min(m ) (GeV) > 12 voioe e = |V E

Jets with pr > 30 GeV 0 c = i
B jet veto DeepCSV, loose WP, applied to all jets with pr > 20 GeV =

OSSF SR SSSF SR WZ CR Zvy CR 1

OSSF lepton pair Yes No Yes Yes :

[mg —myz| (GeV) > 20 < 20 <20 g 1 E . =

prss (GeV) > 40 > 45 < 40 g2 e e e I | /

mpe (GeV) > 100 80, 100] g o 1| g i %/i

. -1 -0.5 0 0.5 71 . —: —d.5 0 0.5 ‘ 71

MVA discriminant MVA discriminant

Main uncertainties: non-prompt, statistical, background modeling
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WH3| s

» Train BDT to discriminate signal from background

Backgrounds

Major : Non-prompt (Z+jets, top) , WZ, ZZ, Vy

Minor : VWV, WW, Vy* « Background: WZ, ZZ, Vy®), top, Drell-Yan
Final state Name Signal fraction « Selection: OSSF and SSSF categories, without Z veto in OSSF
(u/e)* + (u/e)*+(I)T | opposite-sign same-flavor (OSSF) ~3/4
(u/e)* + (u/e)* + (e/n) | same-sign same-flavor (SSSF) ~1/4 « Input variables:

« CR:WZandZy / .« MET

« To separate signal and background : multivariate Boosted
Decision Tree (BDT) is used ; fit is performed to the BDT * pr(£), Ap(L,MET), mr(£,MET) for each lepton

_ discriminant . |
Preselection * m(2eL), pr(Ler)

Lepton py (GeV) > 25,20, 15
i?urth lepton pr (GeV) <:|:110 * mr(LLL+MET), pr(LLL+MET), Ap(2ee, MET)

el
min(my,) (GeV) > 12
Jets with pp > 30 GeV 0 ¢ Minimum |mee - mz|, mee, pr¥, AR for all OSSF lepton pairs
B jet veto DeepCSV, loose WP, applied to all jets with pp > 20 GeV

OSSESR | SSSESR | WZCR Zy CR * b tag score of leading, subleading jets

OSSF lepton pair Yes No Yes Yes

1 —myz| (GeV > 20 <20 <20 .
L??i;éélf v 10 i < 40 « Separate trainings for 2016, 2017+2018
Mypp (GeV) > 100 [80' 100] é% 06 [ ‘ ; ‘ = 8 os b : ; ’ i

: ” i ‘IjVIsVA discriminant1 " ” i ‘IJVIsVA discriminant1
28/04/2021 SM@LHC2021-Amandeep Kaur 7




WH3|

CMS,

BaCkg rounds CMS Ppreliminary L=137fo" (13 TeV) CMS Ppreliminary L=137fo" (13 TeV)
Major : Non-prompt (Z+jets, top) , WZ, ZZ, Vy *% i Egﬁ’t‘m"‘ E%W oss 1 *% s — MU
Minor : VWV, WW, Vy* g E e ER IR e !
2 = 12 = ]
Vo107 = v
Final state Name Signal fraction
(u/e)* + (u/e)*+(I)T | opposite-sign same-flavor (OSSF) ~3/4 ol
(u/e)* + (u/e)* + (e/n) | same-sign same-flavor (SSSF) ~1/4
* CR:WZandZy g b= B
. L g 1 s | & 1 E Y %f’ -
* To separate signal and background : multivariate Boosted g oe . S| £ : = 4;4#
Decision Tree (BDT) is used ; fit is performed to the BDT ) - 0 WA dsrmiant ) - 0 WA dsrmiant
discriminant . CMS Preliminary L=137fb" (13 TeV) CMS  Preliminary L=137fo" (13 TeV)
Preselection F S = s =svvo ) S e S S e
Lepton pr (GeV) > 25,20,15 § s mma zr  WZCR 3 | 5 10° 2 Bz 2y CR
Fourth lep ton Pt (GEV) <10 :UE; 104; 5?@35 _+_‘I’J"; ; % wz [ Higgs
chyy +1 g A
min(m ) (GeV) > 12 voioe e = |V
Jets with p1 > 30 GeV 0 5 S
B jet veto DeepCSV, loose WP, applied to all jets with pr > 20 GeV ; =
OSSF SR SSSF SR WZ CR Zvy CR 1
OSSF lepton pair Yes No Yes Yes
|4 — mz| (GeV) > 20 <20 <20 . =
pIiss (GeV) > 40 > 45 < 40 g2 P U e I I
iy (GeV) > 100 80, 100] g oo 1|3
-1 -0.5 0 0.5 1
Main uncertainties: non-prompt, statistical, background modeling VA dsermnent VA dsermnent
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ZH3| >

Backgrounds _ _

CMS Freiiminary L=137fo ' (13 TeV) CMS Freiiminary L=137fb" (13 TeV)
. . A e L O A AL L B A A I B e
Major: WZ’ Zv’ Non-prompt (Z+JetS) E 25E :i\f =\|£\;,r\ll-pmmpt 1 E E 12; mtz\x;andtf EX\\/N 2j ]
1 C rd wz ] = C Non-prompt B ZZ B
Minor: ZZ, VVV, ttZ PR = 4 1|z & s :
g “F B E
\ C ] \ r B
o Bl S .
* Events are categorized based on the number of jets in the 1ol E £ Tt E
event, hence 1j, 2j signal region . : g : - o .
° . i i 5; — B 2r ”{’”M -+
CR . WZ (1_] ) 2]) . _’ e —— ——] - E ﬂ'_“‘i;-*i: ;:
e I A | ey, T | 1
o\ . & bt e da | & e L sy
» fitis performed to the m;"; where m:" =m+ (I + MET, j(j)) R o e N ) :

0 50 100 150 200 250 100 200 300 400
D ot m [Gev] m [Gev)

reselection
_ B — _ B

Lepton py (GeV) > 25,20, 15 L NS Peimnay | L=1STWOSTeV) | NS Pemmmy | L=1970 (9 TeV)
=1 tW and tt 3 r DY Zy m
Fourth lepton py (GeV) <10 E 50 =0 — WZ1jCR E 35 :3 =:Wp i WZ2jCR
g E Non-prompt B zz = = = 77 V\;Dzn- rompt =
Chfff j:]- % ;z; +‘|’3Vazta [ Hoas E % 30? EHiQQS —4— Data E
min(n,) (GeV) > 12 2 4 2|2 - 2
b jet veto DeepCSV, medium WP, applied to all jets with pr > 20 GeV Yoesp il =Y e =
‘mﬂ? - mz‘ (GEV] < 25 20% = é 15; é
\mm - mz\ (GeV) > 20 1°E ey E 10 g =
. . . . 10— — C 5
1jSR 2 SR JWZCR | 2jWZCR i3 E sE BT =
Jets with pr > 30 GeV == >2 == >2 . o = | , 14{?; —
iss i R NN VS as T
Ap(Lp™, j(j) <mf2 | <m/2 | >nf2 | >n/2 $ Lo e | et b
. . . . ° 0.60: 50 100 150 200 2%0 5 0sE 100 200 300 400 :
Main uncertainties: non-prompt, (all) background modeling it [GeV] i [GeV]
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ZH4 oS

BaCkgrounds CMS  Preliminary L=137fb" (13 TeV) CMS  Preliminary L=137fb" (13 TeV)
. A T T T T T T T T T T T 1 A T T T T T T T T T T T — 3
Major : 6422, 8627 T
Minor: WZ, WW, Vy, top, ttV, VVV g - ] g . [ voos - oaa ;
* SR : XSF: same-flavor X lepton pair ; XDF : different-flavor X i 00 e M -
lepton pair (where X = lepton pair from the Higgs boson ) 1
° CR . ZZ 712 - ......
10 ? E 107"
« To separate signal and background : multivariate Boosted I i - | | 1w
Decision Tree (BDT) is used ; fit is performed to the BDT s os - | 3 os | | .
d I SC ri m I n a nt . ° i MVAO:iscriminant ZH ° i MVAO:iscriminant ZH
Preselection CMS Preliminary L=137fh" (13 TeV)
Lepton pr (GeV) > 25,15,10, 10 L
Fifth lepton Pr (GeV) <10 § 10° Oz ZZCR
Chfﬁﬁf 0 % 10* £ _ Data
min(m ;) (GeV) > 12 Gy
|m%, — my| (GeV) <15 102
Bjet veto DeepCSV, loose WP, applied to all jets with pp > 20 GeV B
XSF SR XDF SR ZZ CR 1
X pair flavor Same Different o
??Iﬁqgf (GE‘V) > 140 _—
mé‘é (GeV)I [10,60] [10,70] [75,105] E‘ "2
PUPPI piss (GeV) > 35 > 20 <35 g0 :
Main uncertainties: QCD scale, lepton efficiencies, statistical, MET MVA dsermiant 21
28/04/2021 SM@LHC2021-Amandeep Kaur 10




Backgrounds

Major: qqZZ, ggZZ

Minor: WZ, WW, Vy, top, ttV, VVV

CMS

/H4]

» Train BDT to discriminate signal (qgZH) from background (ZZ)

» Selection: preselection + MET > 20 + 10 GeV < me* < 70 GeV

* SR : XSF: same-flavor X lepton pair ; XDF : different-flavor X

lepton pair (where X = lepton pair from the Higgs boson )

c CR:ZZ

. To separate signal and background : multivariate Boosted
Decision Tree (BDT) is used ; fit is performed to the BDT

* Input variables:
o MET

* mr(¢,MET) for leading and trailing lepton .

discriminant .

Preselection - :
Tepton py (GeV) =5 15.10,10 » AR, Ag between X lepton pair; AR between Z lepton pair
Fifth lepton p (GeV) < 10
Cheger 0 * mg for X lepton pair
min(m,,) (GeV) > 12
|m%, — my| (GeV) <15
Bjet veto DeepCSV, loose WP, applied to all jets with pp > 20 GeV ' mT(x;MET)

XSF SR XDF SR 77 CR

X pair flavor Same Different . : -
e (GeV) > 140 Combined traang for all years -
mi; (GeV) [10,60] [10,70] [75,105] - 83 }‘//
PUPPI piss ( GeV) > 35 > 20 < 35 g o .

28/04/2021
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ZH4] oS

BaCkgrounds CMS  Preliminary L=137fb" (13 TeV) CMS  Preliminary L=137fb" (13 TeV)
. A T T T T T T T T T T T 1 A T T T T T T T T T T T — 3
Major : 6422, 8627 fefan E o woffan B e
Minor: WZ, WW, Vy, top, ttV, VVV g - ] g . [ voos - oaa ;
* SR : XSF: same-flavor X lepton pair ; XDF : different-flavor X i 00 e M -
lepton pair (where X = lepton pair from the Higgs boson ) 1
° CR . ZZ 712 - ......
10 ? E 107"
« To separate signal and background : multivariate Boosted I i - | | 1w
Decision Tree (BDT) is used ; fit is performed to the BDT s os - | 3 os | | .
d I SC ri m I n a nt . ° i MVAO:iscriminant ZH ° i MVAO:iscriminant ZH
Preselection CMS Preliminary L=137fh" (13 TeV)
Lepton pr (GeV) > 25,15,10, 10 L
Fifth lepton Pr (GeV) <10 § 10° Oz ZZCR
Chfﬁﬁf 0 % 10* £ _ Data
min(m ;) (GeV) > 12 Gy
|m%, — my| (GeV) <15 102
Bjet veto DeepCSV, loose WP, applied to all jets with pp > 20 GeV B
XSF SR XDF SR ZZ CR 1
X pair flavor Same Different o
??Iﬁqgf (GE‘V) > 140 _—
m?é. (GeV)I [10,60] [10,70] [75,105] E‘ "2
PUPPI piss (GeV) > 35 > 20 <35 g ol :
Main uncertainties: QCD scale, lepton efficiencies, statistical, MET MVA dsermiant 21
28/04/2021 SM@LHC2021-Amandeep Kaur 12




Results v

CMS Preliminary 137 fb' (13 TeV)
VH, H-WW
WHSS —— Combination
w=095°%¢ L "
Signal strength and Significance for separate channeland combined. " >
1 = 2.20 0% T Hooms = 1-85 s
Category M Significance .
WHSS 0.95%0 3¢ 1.0 0 (1.1 0 expected ) H=4'122'+:;
WH3I 2.201088 3.0 0 (1.6 0 expected ) KT -
ZH3I 412173 2.5 0 (0.6 0 expected ) R B S
G/ Ogy
ZH4l 1.73%572 3.10 (2.1 0 expected ) o 13715 (13 Tev)
Combination 1855047 4.7 6 (2.8 6 expected ) N

Expected
- - - - Expected (stat only)
Observed

- ==~ Observed (stat only)
95% CL

A=1.8503 (stat) Xo3¢ (exp) Togy (theo)

o —_ N W e &) (2] ~l Q0 O
OTTT T I T T[T T T[T T[T I T T[T I T T[T I T[T I T [ TTTIT[TT

28/04/2021 SM@LHC2021-Amandeep Kaur



CMS

Simplified Template Cross Sections (STXS)

* The primary goals of the STXS framework are to maximize the
sensitivity of the measurements and to minimize their theory
dependence at the same time .

* Not sensitive to all bins, due to limited statistical precision --> merged , o= pr(tw) + prvw)
i v — [Miss —
considered p;Y <(>) 150 GeV for WH and ZH . — ir(fw) + B2 — Gp(vg)
125
i) = (b))
Stage 1.2 VH = V(- leptons)H lpr(Ca) + pr(59)ll
I I
qf¢ - WH qj —» ZH g9 — ZH
v
Pr ! ! ! For W p;, pr(ly ) is used as a proxy .
0 -
75| 1 I |
1501 : : | : : , : : Z p; is p; of OSSF lepton pair ; m;;~m,
250 I |
200! bonees C [ C e b o N.B. : The fit to extract STXS uses the same background CRs ,
| : | | ; ; signal region categories and signal-discriminating kinematical
o0 L 1 1 L L L . .
Ojet 1t > 2-jet Ojet  1et > 2-jet Ojet  1-et > 2-et observables as of inclusive measurement .
28/04/2021 SM@LHC2021-Amandeep Kaur 14




Results v

Signal strength and Significance in each production mode

S 2 Significance CMS Preliminary 137 f" (13 TeV)
v i VH, H-WW
WH pr <150 GeV 15559 1.64 0 (1.24 o expected ) VHPp; < 10572 |
u=265"" : o
WH pr > 150 GeV 3.611% 2.23 ¢ (0.83 o expected ) 0% — Combination
VH p¥> 150 |
ZH pr < 150 GeV 34%70 4.37 0 (1.59 o expected ) p=156"" 1l SM
ZH p¥ >150 GeV 0.8733 0.83 0 (1.18 o expected ) WH p¥ <150 = b =2 j06
=152 +1.00
-0.95
WH p‘T’> 150
. . . e .. . _ 3567
Signal strength and Significance combining the production modes g 162
ZH p‘T’< 150
~ 0.57 0.3 0. U= 3.41 j,1.14 .
(v < 150 = 2.6520:2¢ (stat) X535 (exp) L5057 (theo) 4.76 (2.0 expected) o0
- ZH p¥> 150
_0.80 15 . |
IJI -0.94I\I\|IIIIIIIII|\I\\‘\\\I‘I\\I‘IIII

-4 0 1 2 / 3 4 5 6
fip¥ >150 = 1.561092 (stat) £055 (exp) L5006 (theo) 1.80 (1.5 expected) o/cg,
Combined Signal strength

28/04/2021 SM@LHC2021-Amandeep Kaur 15




Summary o

* Presented the latest results in Higgs boson decaying to WW channel , where the associated boson is
decaying leptonically is considered .

e Along with inclusive measurement, STXS measurements have been performed .The observed
significance of the inclusive VH production cross section is 4.70, while the observed significance of
the VH production cross section for p;¥< 150 (> 150) is 4.70(1.80).

 The combined signal strength of STXS differs from the inclusive result due to the STXS event
categorization, although the two results agree within uncertainties.

Thanks for your attention !
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CMS

Objects 2016 2017/2018
Electrons mva_90p [s02016+rellso+ | Fall17V1iso WP9O0 + rellso
*ttHMVA > 0.7 + *ttHMVA > 0.7
Tlght. ID + Rochester Tight + dz/dxy cuts +
Muons corrections + dz/dxy cuts SHHMVYA > 0.8
+ *ttHMVA > 0.8 '
Tight AK4 jets + lepton cleaning + loose PU ID +
Jets
JECs
deepCSV (medium for WHSS/ZH3l, loose for WH3I/
b tag
ZH4l)
MET PuppiMET

28/04/2021

* not applied in ZH4I.
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Data

CMS

2016 2018
Data Set Run range HLT path Data Set Run range HLT path
SingleMuon [273158,284044] | HLT IsoMu24 v* SingleMuon | [315252,325175] | HLT IsoMu24_v*
HLT IsoTkMu24 v* HLT Mu50_v*
SingleElectron | [273158,284044] | HLT_Ele27 WP Tight Gsf_v* [314859,325175] | HLT IsoMu27_v*
HLT_Ele25 eta?pl WP Tight Gsf_v* DoubleMuon | [315252,325172] | HLT Mul7 _TrklsoVVL MuS_TrklsoVVL_DZ Mass3p8_v*
DoubleMuon | [273158,281612] | HLT _Mul7_TrklsoVVL_Mu8_TrklsoVVL_v* HLT Mul7 _TrklIsoVVL_Mu8_TrklsoVVL_DZ Mass8_v*
HLT_Mul7_TrklsoVVL_TkMu8_TrklsoVVL_v* EGamma [315252,325172] | HLT_Ele32_WTPTight Gsf_v*
[281613,2584044] | HLT Mul?7_Trklso VVL_Mu_TrklsoVVL_DZ_v* HLT_Ele35_WPTight Gsf_v*
HLT Mul7_TrklsoVVL_TkMu8_TrklsoVVL_DZ_v* HLT _Ele23 Ele12_CaloldL_TrackldL _lsoVL _v*
DoubleEG [273158,284044] | HLT_Ele23 Ele12_CaloldL_TrackIdL IsoVL_DZ _v* MuonEG [315252,325172] | HLT Mul2_TrklsoVVL_Ele23_CaloldL _TrackldL IsoVL_DZ_v*
MuonEG [273158,278272] | HLT Mu23_TrklsoVVL_Elel12 CaloldL_TrackIdL _IsoVL_v* HLT Mu23_TrklsoVVL_Ele12 CaloldL _TrackldL IsoVL_DZ _v*
HLT Mu8_TrklsoVVL_Ele23_CaloldL_TrackIdL_IsoVL_v*
[278273,284044] | HLT Mul2_TrklsoVVL_Ele23_CaloldL_TrackIdL _IsoVL_DZ v*
HLT Mu23 TrklsoVVL_Ele12 CaloldL_TrackldL _[soVL_DZ v*
2017
Data Set Run range HLT path
SingleMuon [297020,306462] | HLT IsoMu27 x*
SingleElectron | [297020,306462] | HLT_Ele35_ WPTight Gsf_v*
DoubleMuon | [297020,299329] [ HLT_Mul7 TrklsoVVL_MuB _Trklso VVL_DZ _v*
[299337,306462] | HLT Mul?7 TrklsoVVL_Mu8 TrklsoVVL_DZ_Mass8_v*
DoubleEG [297020,306462] | HLT_Ele23_Ele12 CaloldL TrackldL_IsoVL_v*
MuonEG [297020,306462] | HLT_Mul2_TrklsoVVL_Ele23_CaloldL_TrackldL_IsoVL DZ_v*
[297020,299329] | HLT_Mu23 TrklsoVVL_Ele12_CaloldL_TrackIdL_Iso VL DZ_v*
[299337,306462] | HLT Mu23_TrklsoVVL_Ele12_CaloldL_TrackIdL_lso VL v*

MC

2016
2017
2018

RunlISummer16NanoAODv5-PUMoriond17_NanolJune2019_102X_mcRun2_asymptotic_v7-v1
RunlIFalll17NanoAODv5-PU2017_12Apr2018_Nano1June2019_102X_mc2017 _realistic_v7-v1
RunlTAutumn18NanoAODv6-Nano250ct2019_102X_upgrade2018_realistic_v20-v1
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Impacts of sources of systematic uncertainty on signal strength

CMS

Type

Source

Impact (%)

Theoretical

Renormalization and factorization scale
Parton distribution function
Parton shower, underlying event

3

Experimental

Nonprompt
Sample size of simulation data
Electron
b tag
Jet
Luminosity
WZ normalization
Z7 normalization
Z7Z normalization
Muon

— = NN NN GO W oo NN
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