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Brel Introduction

* The H - WW decay channel is suitable for measuring RESULTS COVERED

rare Higgs production modes and differential cross /' I
S e Ct i O n S CMS Physics Analysis Summary

e Several Higgs boson’s properties in this channel have been e CMS-PAS-HIG-19-017
extensively studied with v/s = 13 TeV results in CMS-HIG-16-042 e e *  Measurement of Higgs
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https://arxiv.org/pdf/1806.05246.pdf
http://cds.cern.ch/record/2758367?ln=en
https://arxiv.org/pdf/2007.01984.pdf
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Motivation

HIG-19-017 targets the VH(H — W*W ™) production mode, also known as Higgs — stralhung, where only
associated vector bosons decaying leptonically are considered (V — leptons)

e This process provides a direct probe to measure the coupling of the Higgs boson to vector bosons and is
particularly sensitive to possible BSM operators, thus being an important test for the SM Higgs sector

For the extreme rarity of this channel, the analysis benefits from the use of the full Run2 CMS data set (137 fb™1)
although the error on this measurement is still dominated by the statistical component

( WH — 2¢2vqq (WHSS) ( Inclusive cross section

(as a signal strength modifier fi)

4 final states
® 2 results

are considered:
STXS (Simplified Template
XSection)
y y
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i | o in back d
| e Main backgrounds

®

Background contamination strongly depends on the considered final state, defined by different number of

leptons and jets

Di-boson production mechanisms such as WZ, Zy(Zy™) and ZZ are directly measured in data through dedicated

control regions

* Non prompt leptons are also estimated from data, applying a transfer function to loose leptons that do not pass
the tight isolation and identification criteria of the analysis. Such events mainly originate from leptonic decays of

heavy hadrons and are primarily due to:
% W + jets in 2¢ channel

% Z + jets in 3¢ channel
s Negligible in 4¢ channel

* Other minor backgrounds (tt + tW, DY, WW,VVV ...) are estimated from MC simulation
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i Analysis strategy — Inclusive XSec
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i Signal extraction — Inclusive XSec

L=1371fb" (13 TeV) CMS Freliminary C=1371'(13 TeV) CMS  Preliminary L=137fb"' (13 TeV) CMS Preiiminary L=1371fb" (13 TeV)
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i Signal extraction — STXS

Stage 1.2 VH = V(— leptons)H

* The STXS framework has been developed as
an evolution of signal strength measurements

[ |
@ qq - WH qfd — ZH g9 — ZH

* Its purpose is to provide pre-defined
kinematic bins to measure Higgs production
modes and reduce theoretical uncertainties

150 1 I

250

* Inthe VH(H - WW) analysis only two bins

400 have been considered due to the limited

0O-jet 1-jet > 2-jet O-jet 1-jet > 2-jet Ojet 1-jet > 2-jet statistical precision of this channel
WH channel:
W — =>f = . .
pr =DPr+pr The fit procedure used to extract the STXS binned
Sy omi >V,H __ =>mi ¢ H 125 .
Pr=pr° —pr =pr-° —pr (W - ) cross section uses same background CRs,
SR categorization and discriminating observables
7H channel: as those of the inclusive measurement
- >pt —>pt
P7 =Pt +Pr , withm’, z = my
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B Results — Inclusive XSec

L. 9 .. -1
+ The signal strength modifier i is extracted by a CMS Preliminary 137 fbwﬂf m) _10CMS _Preliminary _ 137 ﬂ\),,_,(llim/)
i s A= £ | | ' ' 4
simultaneous fit to all categories < 9 |
WHSS —— Combination N
. . =0.95 7% :
* The fit assumes that the relative rates of the " o B su 3
different Higgs boson’s production mechanisms whal I of Expoctod
are as the SM ones h=2200 - g -~~~ Expocted (stat oniy)
- —— Observed
ZH3l ; - - - - Observed (stat only)
. . . W=4.12*17 ) 4 95% CL
* An additional fit has been performed scaling the e of
signal process with a different signal strength ZHdl o 2§
.re . _ +0.75 —
modifier in each category =TS s S
5 1c -‘, 68% CL
PRI ENURNN B! N NSRS AR AR RN E
_1 0 1 2 3 4 5/ 6 O\IOII\I1 2I\\I:lJ,IIII4‘.IIII5|l\I\6
o/0g, mn
Significance (exp.
WHSS 0.95%0:34 1.00 (1.1 0)
WH3¢ 2.201938 3.00 (1.6 0)

ft = 185705, (stat) To53 (exp) T op(theo)

ZH3? 4.12*173 2.50 (0.6 0)
ZHA4L 1.737073 310 (2.10)

Combination 1.85f8:2z 47 0 (2.8 0)
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Results — STXS

] OCMS Preliminary 137 6" (13 TeV) 0 CMS Preliminary 137 o' (13 TeV)
* The signal strength modifier i is extracted by a = ! VH H-Ww) 2 L i VHHOWW
simultaneous fit to all categories :f. °F c?. -
8 8K
* All production modes are scaled together in the F . i§: ectes
H - WW channel assuming SM relative rates, while 6 ! [~~~ Expocted (stat only) 6 - -~ Expocted (stat only)
the H — 17 decay is kept fixed to its SM cross section 5k / e o) : e o
4 — ' 95% CL 4 ; 95% CL
* An additional fit has been performed scalingeach VH 3| 3 ,
production mode with a different signal strength 28 . 2F
modifier in each py = 150 GeV bin i \/ \/ 6% cL i \\5// 8% cL
“p¥<150 up¥>150
Significance (exp.)
WH py’ <150 GeV 1.5%59 1.64 0 (1.24 o)
WH py’ > 150 GeV 3.6118 2.23 0 (0.83 0) . _ +0.57 +0.38 +0.08
Z 1'6 HY < 1s06ev = 2.657 55 (stat) Tz (exp) Tg o7 (theo)
ZH p7t <150 GeV 34t%% 4,37 o (159 O') ﬁ _1 56+0'85(5tat)+0'43 (exp)_H)_ll (theo)
% = 1.
ZH pf > 150 GeV 0.8+12 0.83 ¢ (1.18 0) pr > 150GeV il 040 00
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el Motivation

« Differential production cross section for the Higgs

boson can be predicted theoretically with high

. . do do
precision, such as —q and
dpt dNjets

Indirect search for new physics
do/dp;(H) [pb/GeV]

T T T T T T T T T L T 1 T T T T T T I T T T T I T T T T I T L

ggH@LHC 13 TeV NNLL+NNLO ___ sy ]

4nE AN\, ¢=1.2,6,=-2.98,6,=-0.03 ]
Mh=125 GeV ——- q=1.2,cb=-4.89,cg=-o.o4 1

- —mm C=1.3,6p=-0.85,c,=-0.03 |
100 o, T Gi=1.3.0p=-3.34,04=0.04
= -——- ¢=1.4,,=3.31,4=-0.03 ]
¢=1.4,65=-3.67,C4=-0.05 ]

........ c=1.5,0p=1.88,c4=-0.04
¢=1.5,0=-1.79,64=-0.05

* Variations of the Higgs boson’s couplings to quarks and
to other gauge bosons w.r.t. SM values may be observed :
through p¥ spectrum 101 L

* o(pp = H + Njes) is sensitive to relative contributions

1072
from different production modes per jet bin :
oL TTER
Signal candidates are )
H —» WW has enough . N 10%
. binned in pr and Njgs, 1.8
statistics to tackle all : 18
) i which are referred to 15k
the main production i i i 1
i as differential basis 0.8
mechanisms 06
observables 04
50 100 150 200 250 300 350 400
pr(H) [GeV]
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PR H-WW - 2f2v

* Fully leptonic final state is the cleanest channel to detect the Higgs signal

I|IIIIIIIII[IIIIIIIIIIIIIII|IIII=IIII|IIII|I
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(0))

2 isolated leptons (eu)
with opposite charge

Leptons emitted close to
each other (spin correlation
with the Higgs boson)

Large signal yield and
relatively clean signature

MET presence due to
the escaping neutrinos
(Higgs mass is not
reconstructed)
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Main backgrounds

tt pair production Non-resonant W W™
= Large cross section . £+t® No spin correlation
W
= b-veto applied > L = Different
o V' kinematics
= Normalization \ 4 -
taken from data < o e e
q W 7  taken from data

Jet misidentified
as alepton

Suppresed with
my > 60 GeV (*)

Normalization Mainly comes from

taken from data W + jets events
Fake rate estimated
() mr = (25D T1 ~ cosAp @Y BF)] from data
DIS2021 — MATTIA LIZZO 14
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PRE-SELECTION:

= 2 opposite charged leptons (eu)
pﬁl > 25 GeV, pﬁz > 13 GeV

= PSS 5 20 GeV, ptf > 30 GeV

= Third lepton veto

* Signal candidates are selected
applying the pre-selection and
further cuts on top of that

" mp > 60 GeV

o mf? > 30 GeV

= No b-tagged jets

pi2 < 20 GeV

Analysis strategy

All Higgs production
modes are regarded
as signal processes

—

p2 > 20 Gev

| |
D oo o

Njets binning:
[0,1,2,3,> 4]

pIT" binning:
[0,20,45,80,120,200, ]

Categories are merged in
high p¥ and Njets bins
due to lack of statistics

13/04/2021
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2D (my,, my) histrogram is fitted

Post-fit distributions

i : -1 -1
to data in each N5 and pf bin 137 ' (13 TeV) 137 7 (13 TeV)

CMS —H(125) | wrw™ THW B Nonprompt CMS —H(125) [ wiw™ THW [ Nonprompt

| kA Other background ~ Uncertainty —e- Observed | Other background . Uncertainty —e- Observed
Z F 0<pi<20Gev {f 20<pl<45Gev | 7 000F N, =0(y >20Gev) IF N, =0(p; <20 GeV) ]
O 4001 1k 1 9 ok i

P f%_._‘ F_.j = 400;’1_|J'='~1 1k E
T . £ 200F . s 4 5 200k 4k 3
* my, distribution is obtained 2 i ER: | TSRy - :
. . o T S e e . — ( B 3 B et 3
integrating over all the m range 40F Backgromd subtracied ][ e Sof Background subtracted ] o E

and combining full Run2 dataset ngﬁ;j"%:hm A 1 : ':_;—,; , E 0k e ———— T T i —
g 300F 45<pl <80 Gev ][ 80 < p¥' < 120 GeV ] g a00f N, =2 ]
— B 1L ] = 300 y
z 200;._’1_’1-'“_'_‘—' . 2 200} i
[i] 100_‘ ] LE 100 ]

0 1 ’ I I
. . . . 9 ]
* The Higgs signal is measured in a T{aahis T
fiducial phase space, defined —

i p ) P ! > 100F 120 < pH <200 GeV [ pi>200 GeV | > o =4 3
with a similar selection as the O ! | © E
one of the ggH-tagged category £ 50 £ ;

0 i
10 _
5 B .
I I I e e S , ot L
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160 20 40 60 50 100120 140 160 20 40 60 80 100 120 140 160
m' (GeV) m" (GeV)
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B Correlation matrices

CMS 137 fb' (13 TeV

(GeV)

>200 0.020

e These matrices quantify correlation
between signal strength modifiers in
the fiducial phase space

Py

120-200

80-120

* Each element has been extracted by the
fit to the full Run2 combined data sets
(integrated luminosity 137 fb™1) 20-45

45-80

0-20 -0.130 0.130 0.008

REGULARIZATION TERM

0-20 20-45 45-80  80-120 120-200 =200

pit(GeV)
S [(Wir1 — u)? — (i — pi—1)?] 3
7C(l'l) - H eXp 252
l No regularization has been applied 2
to the Nj,; distribution since itis a
* § is called the regularization strength discrete variable 1
parameter and controls the intensity of
the regularization procedure 0

The p¥ correlation matrix above
the diagonal shows the effect of the
regularization procedure:

6 = 2.50 has been found
minimizing the mean of the global
correlation coefficient

CMS 137 fb™' (13 TeV)

-0.283
=
-0.199 0.153 0.029
0.038 0.152 0.023 0.059
0 1 2 3 >4
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137 fo (13 TeV) 137 o™ (13 TeV)
% 10 = CMS —s— Observed = é - CMS I geF —e— Observed .
__(2 E — regu.lal.'ization E —~ 2 [ VBF |:| Statistical |
CE B % :f;f:;;:mal 7] 2'2‘ 10 = [ ZH+WH |:| Experimental 3
I\-[/_‘ L: [ Theoretical | \6/ L I:l Theoretical E

% 1 Uncertainty HH MG5_aMC@NLO — ‘Uncertainty HHMG5 aMCc@NLO
e I .EE i 5
o) ]
4 10 E
0E e T s E ﬁ] ]
1
107
Q 2 @) 2
53] 53] 5
Z 15 = 1.5+ 1
=0 ! o =0 L 4
() = L e (%) | e 3
e 8 - 2
_9 0.5 s 0.5 :
= 0 w 0
R0 ~ 0 1 2 3 >4
N
Jet

fid = 1.05 £ 0.12 (£0.05(stat) + 0.07(exp) + 0.01(signal) + 0.07(bkg) + 0.03(lumi))
fid — 86.5 + 9.5 fb consistent with M = 82.5+ 4.2 fb

Q=
| |
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g [ Conclusions

The H - WW decay channel led to important results using Run2 CMS data

Higgs boson production in association with either a W or Z boson has been measured, quoting both the
inclusive cross section (as a signal strength modifier) and the STXS measurement

Results are consistent with SM predictions within 2o

Differential cross section measurement w.r.t. Higgs transverse momentum and number of associated hadronic
jets have been performed

Signal strength modifiers have been measured at generator level using a regularized unfolding procedure and no
deviations from SM have been observed

More analyses are currently ongoing and brand new results with full Run2 CMS data are expected to give more
insight on the Higgs boson properties
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WH — 2¢2vqq (WHSS)
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\Y

pﬁl > 25 GeV;pﬁ2 > 20 GeV;pﬁ3 < 10 GeV
Mypp > 12 GeV; AT]%) <2

b — jet veto

pIiss > 30 GeV ; iy > 50 GeV

4 1j eu SR Y >2jeu SR )
1jet pr > 30 GeV > 2 jets pr > 30 GeV

NS AN %

4 1) pu SR Y >2juu SR
1jet pT > 30 GeV > 2 jets pT > 30 GeV
|mpp — my| > 15 GeV |mypp — my| > 15 GeV

\_ AN m;; < 100 GeV W,

13/04/2021

DIS2021 - MATTIA LIZZO

strategy — Inclusive XSec

WH — 3£3v (WH3?)

pit > 25 GeV ; p2 > 20 GeV;

q(£¢€) = 1 ; min(my,) > 12 GeV
b — jet veto

no jet with pT > 30 GeV

pY > 15 GeV; pi* < 10 GeV

4 2t~ SFSR

4 PEPESFSR )

|mpp — my| > 20 GeV

pIsS > 40 GeV

. %

. %

4 0j WZ CR )

4 Zy CR )

LT 07 pair ; |myp, — my| < 20 GeV

PSS > 45 GeV

LT pair; |mypy — my| < 20 GeV

PSS < 40 GeV

\_ Mypp > 100 GeV )

\ 80 GeV < myp; < 100 GeV J
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ZH — 3¢vqq (ZH3?)

pil > 25 GeV ; pi2 > 20 GeV; p* > 15 GeV; pit < 10 GeV
q(££€) = 1 ; min(my,) > 12 GeV

b — jet veto

|mp, — my| < 25 GeV; |mypp — my| > 20 GeV

strategy — Inclusive XSec

pit > 25 GeV; pi2 > 20 GeV; pi,pi* > 10 GeV; pis < 10 GeV
q(£€¢) = 0; min(my,) > 12 GeV

b — jet veto

|m%, — mz| < 15 GeV

4 1j SR Y > 2j SR ) 4 XSF SR Y XDF SR I
1jet pr > 30 GeV > 2 jets pr > 30 GeV Mypop > 140 GeV 10 GeV < m}, < 70 GeV
Ap(W,j()) < m/2 Ap(W,j(j)) < m/2 10 GeV < m}, < 60 GeV PSS > 20 GeV

N AN / \____ PFT>35GeV A\ /

4 1j WZ CR Y >2iwzcr ) 4 ZZ CR )
1jet pr > 30 GeV > 2 jets pr > 30 GeV 75 GeV < mj, < 105 GeV
Ap(W,j()) > /2 Ap(W,j(G)) > m/2 PSS < 35 GeV

Ny AN J NS J
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VH analysis - STXS results

CMS Preliminary 137 fb' (13 TeV)
VH pY < 150 VH, HoWW

_ +0.72
W =2.65 -0.66

— Combination

VH pl > 150 :
+0.97 S —
L= 1.56 0.68 SM

L 2

WH p¥<150

_ +1.00
pn=1.52 095

0.46
= 21170

WH p¥ > 150
l-l = 3-56 +1.79

-1.62
ZH p¥ <150

: +1.14
u=3.41 400

ZH p‘T’>150

=0‘80+1.15 :
& -0'94|||||||||l||\||||||||||||||\||||||

-1 0 1 2 3 4 5 6
6/0gy

&
»
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s Signal composition —VH analysis

- Different signal composition in each category CMS Preliminary 137 fb™' (13 TeV)

WH(H -» WW) + WH(H - t1) = 95%
ZH(H > WW)+ZH(H - 17) = 5%
other < 1%

WHSS 75.9 events

ggH, H—> WW
B WH, H—> ww
B qqZH, H—> ww
I ggZH, H—> ww

WH(H - WW)+WH(H - t7) =~ 60%

ZH(H » WW) + ZH(H - 17) =~ 40% WH3I 39.4 events ttH, H> WW
other K 1% P ggH, H— 11
B WH, H- 1t
WH(H » WW) + WH(H - 17) = 5% Bl ZH, Ho
ZH(H » WW)+ ZH(H — t1) = 90% ZH3l 74.9 events
other = 5%

VA~ s ) 1 -

ZH(H - WW)+ ZH(H - 171) =~ 100%

ther & 1% ZH4l 9.7 events
otner ()

0O 01 02 03 04 05 06 0.7 08 09 1

 The fit is performed scaling all production
P 5a7P Signal fraction

modes with a unique signal strength, i.e.
assuming SM relative rates
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s Non-prompt leptons estimation [

* The estimation of the non-prompt lepton contribution (or fake leptons) is based on the "fakeable object"
method data-driven technique, with no applicability restrictions: the basic idea is to estimate this background
in a dedicated CR and then extrapolate it to the signal region with the usage of a transfer function

A

f = fake rate / p = prompt — leptons rate

EWK residual contribution in the dijet CR is
estimated in MC samples and also used to
measure the prompt leptons rate

fakeable objects
HWW SR

tight _ loose __ f loose & non—-tight __
N; = f X N¢ ——1_f><Nf =

— f Nloose & non—-tight __ 1- p Ntight
p—f p

»
Ll

loose WP tight WP Lepton WP
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Full differential cross sections

FIRENZE
Py oM Regularized y Bins obs
(GeV) (fb) ¥ Value stat exp signal bkg lumi (fb)
0-20 2745 137 £030 126 £027 40.17 +£0.19 =+0.01 =+0.10 +0.03 +0.00 34.6+7.5
2045 2476 052 +£042 073 £036 4024 +£025 =+£0.01 =+£0.10 +0.03 —0.12 182489
45-80 1528 1.55 4041 130 £0.33 4024 4020 +0.03 +0.09 =+0.03 —0.03 19.9+52
80-120 772 049 £0.52 079 £0.42 4032 4025 +0.02 +0.08 +0.03 —0.16 6.1+3.3
120200 526 1341021 114 £041 +£029 £027 40.04 +£0.08 £0.03 +0.11 6.0£22
>200 205 0.6470% 07370 4038 +£042 03 4010 +£0.03 +0.19 1.5+1.2
N t O'SM u O-ObS
* (tb) Value stat exp signal bkg  lumi (tb)
0 4570 088+0.13 +£0.06 +0.08 =+0.01 =+0.07 =£0.03 40.1+6.0
1 21.74 1.06+0.20 +0.12 +0.14 4+0.01 +£0.08 =+0.03 23.0+4.6
2 999 1504+040 *t532  4+028 4+0.04 4011 +£0.03 150+ 4 2
+1.35 +0.89  +084 4017 4029  +0.07 +4.
3 326 1.56 Ty% -071  —076  —007  —019  —0.04 5175, 1
+2.05 +1.10 4128  +040 4038  +0.10 +3.
>4 183 354 g 128  —132  —020  —034  —0.07 6.5 —3.4

13/04/2021
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R Systematic uncertainties
 Nusanceparameter | Type | et

Lepton reconstruction and identification efficency Experimental shape & normalization
Trigger efficiency Experimental shape & normalization
Integrated luminosity Experimental normalization
Lepton momentum scale Experimental shape & normalization
Jet energy scale (JES) Experimental shape & normalization
Unclustered energy scale Experimental shape & normalization
b-tagging scale factors Experimental shape

Pileup Experimental normalization
Non-prompt leptons estimation Experimental shape & normalization
PDF Theoretical normalization
Renormalization and factorization scale Theoretical shape & normalization
Parton shower modeling Theoretical shape
Underlying event modeling Theoretical normalization
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UNIVERSITA

B Unfolding procedure

* MC samples are binned at gen-level in the
differential basis observables

gen _ gen _
* Bins are treated as independent signal sources JetS a Jets -
that might contribute in each reco-level category
etc ...
* Embedding these templates within the likelihood 0 1 2 3 =24 Ny
function is equivalent fitting reco-level yields and NI — o
inverting the response matrix Jets
A fiducial phase space Signal in the j-th bin at Non-fiducial cross section
similar to the signal ‘| reco-level is also determined | is scaled together with the
region is defined for by events coming from the fiducial component, due
gen-level samples non-fiducial region to its large contribution
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UNIVERSITA

i Signal extraction — Differential

* Two additional control regions are defined to contrain * myy and my are found to have good
top and DY normalization during the fit procedure discrimination power between signal and
background
" mypy > 50 GeV = 40 GeV < myy, < 80 GeV 2D template shape is fitted to data in
= At least one b-tagged jet " my <60 GeV each bin of each signal sub-category
NL oo I = signal strength

Lunreg(ﬁr 5) = 1_[ Poisson (nj; b](é)) . N(é’) TOdifiersvector

0 = nuisance parameters

j=1

Regularization factor is added to penalize N(H) = nuisance constraints

changes in the second derivative of u yIen
bins

- 2\ > A - > AN n fid non—fid

Lreg (.u: 8) - Lunreg (,u, 9) ) :K(H) 5j (1L, 0) = z [Rji(e)n“il‘j ' (ai + 0; )]

i=1
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SR |G-16-042 results

 Results obtained using the 2016 CMS data set (£ = 35.9 fb™1)

CMS 35.9 fb' (13 TeV) CMS 35.9 b (13 TeV)

HWW HoWW
0-jet DF ggH-tagged ' :
_ +0.24 ' . . H . .
=130 " —— Combination —— Combination
1-jet DF ggH-tagged ' =1 +0.21 :
n=129 2 - “ggn 38 024 B
2-jet DF ggH-tagged N s SM N SM

- +0.54
pn=0.82 050

0-jet SF ggH-tagged

- .61
H=ELTS e

1-jet SF ggH-tagged
p=218 *;’;;

2-jet DF VBF-tagged

- 2044
w=072 0.41

2-jet DF VH-tagged

- +1.32
n=392 e

3-lepton WH-tagged

_ +1.76 08
p=223 s : 7ZH

4-lepton ZH-tagged

_ +1.49
n=10.77 im0

=1.28 ‘018 — +0.66 : _ +0.18
“mmh 017 uVBF =0.29 0.29 —O—E l.lmmb =1.28 217

+1.88
-1.70

—o—?—- MWH = 3.27

_ 1.57 |
=1.00 "5 :

IIIIIIIIliIIIII\IIIIIIIIIIIIII\III IIllilllIIIIIIIIIIIIIIIIIIIII

-1 0 1 2 3 4 5 6 0 12 3 4 5 6
6/0gy, 6/0gy,

pu=1.28"078 = 1.28 + 0.10 (stat) & 0.11 (syst) ¢ (theo)
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