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Introduction

* One of the main goal of the LHC Run2 is the measurement of the Higgs
boson properties.

35.9fb™ (13 TeV)

« H—-> WW is a crucial channel for the measurement of the
Higgs boson couplings and properties.

* In this talk:
— Only fully leptonic state.

Hotb  [JHore — 13 TeV results based on 2016 dataset of 35.9 fb-! by CMS.
Hozz [JHom Phys. Lett. B 791 (2019) 96 ( ).

[ |H-ww [Jcombined

— Prospects for full Run2.
CMS-HIG-17-031,


https://arxiv.org/abs/1806.05246
https://arxiv.org/abs/1809.10733
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« Events split in 30 categories. « Opposite charge leptons with
> 25 GeV and piP? > 10 (13) for u(e).

Number of
leptons

2 leptons

0-jet DF ggH-tagged 509.4 events

0-jet SF ggH-tagged 240.3 events

1-jet DF ggH-tagged 313.3 events

Flavour of Flavour of 1-jet SF ggH-tagged 92.7 events

lepton pair lepton pair
2-jet DF ggH-tagged 103.3 events

-jet DF VBF-tagged 31.2 events

2-jet DF VH-tagged 19.6 events '
ggH-tag; [ggH-tag| ggH-tag| 'ggH-tag ggH-tag’ | VBF-tag' | VH-tag

3-lepton WH-tagged 5.6 events

4-lepton ZH-tagged 2.7 events
0 010203040506 0.70809 1
Signal fraction

SF: Same Flavour (ee/up)
DF: Different Flavour (ep)
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Main backgrounds

Non-resonant WW

!
g W+
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Same final state as the signal
process.

_ . Very large cross section.

OEEEEEE) : N o Same final state as the signal
T B process + 2 b-jets.

Reduced vetoing b-jets

One jet can be misidentified as a
» |lepton. Reduced with lepton ID and
isolation.
Contribution also from semi-
leptonic tt.

Totally data-driven with fake rate

q method.

Nonprompt

Very large in the same flavour
final state.

« Top and DY background normalization taken from data using dedicated control regions.
« WW background normalization free-floating in the fit.
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BDT trained for DY against ggH@125 GeV (using alternative MC samples) exploiting: MET variables, kinematics
and angular differences between leptons, jets and MET.

Training and variable list pruned in each jet bin to maximize DY rejection.

Limited DY MC statistic and poor fake MET/DY MVA description of DY:
Estimate DY background from data and cut-based analysis only (no shape prediction for DY).

CMS Preliminary L = 35.9/fb (13 TeV)
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Good agreement in signal like regions
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A good candidate for H-WW SF
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CMS Experiment at LHC, CERN
Data recorded: Tue Aug 30 17:34:11 2016 CEST

CMS Expenment at LHC' CERN Run/Event: 279767 / 901207583
Data recorded: Tue Aug 30 17:34:11 2016 CEST

Run/Event: 279767 / 901207583

Lumi section: 531

Orbit/Crossing: 139096966 / 2810

IR TE 2

Moderate MET due the presence of 2 neutrinos.
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« Event-counting analysis and the event requirements are chosen to maximize the expected signal
significance in each category.

* 0,1 jet categories to handle the Top background.

» Events splits according the lepton pair flavor and trailing lepton pT; to reduce nonprompt background.
CMS Preliminary L =35.9/fb (13 TeV) CMS Preliminary L =35.9/fb (13 TeV)

0-jet ee pT2<20 GeV
0-jet uu pT2<20 GeV
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« Signal strengths (o/0g)) measured from a simultaneous binned likelihood fit of all
signal and control regions.

35.9 fb' (13 TeV) 35.9 b (13 TeV) 1

: HoOWW 5 HoWW 35.91fb (1 3 TeV)

0-jet DF ggH-tagged H ->WW
=130 5 —— Combination : —— Combination

1-jet DF ggH-taggﬁg Lo =138 +0.21 GggH/GSM =1.24 -:]0226
k=129 4.,;7 : :

gt -0.24

et DF geiogged N SM prediction
T 0s0 ' :

0-jet SF ggH-tagged . _ +0.66
=175 1o 1 comb 0. MVIW =0.29 -0.29

i 0.74|
o i : Oypp/ Oy = 0.24 .
1-jet SF pgH-tagge E ; ver! Osu -0.24 ly,l<2.5
L=2.18 +0.94 N '
H T e
2-jet DF VBF-tagged : - +1.88
p=0.72 ::':.4 ' I'qu 3.27 -1.70
2-jet DF VH-tagged

o 5 - e : - +1.96
p=3.92 71" E ! wHlep/Osy = 1.80 )

3-lepton WH-tagged i — +1.57
p=2.23 :,I:: : HZH = 1.00 -1.00

4-lepton ZH-tagg&l
w=0.77 _’I';I:‘

=12.88 +4.92

/GSM -4.89

VH had.

« Limited by lepton reconstruction, background data-driven estimation and ggH theretical uncertainties.

« u=1.287901% at 9.1(7.1) o observed (expected) significance. First H-WW observation in CMS!!!
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Future prospects

* Full Run2 categories: improvement of the measurement of signal strength and couplings.
— Inclusion of SF in 2j categories (ggH / VH / VBF).

— Improvement in DYMVA algorithm: BDT—DNN.

2010, 7 TeV, 45.0 pb !
2011, 7 TeV, 6.1 b '
2012, 8 TeV, 23.3 b !
2015, 13 TeV, 4.2 b *
2016, 13 TeV, 40.8 fb '
2017, 13 TeV, 49.8 ™ !
m— 2018, 13 TeV, 68.2 h '

Run Il: ~137 fb-1!

Total Integrated Luminosity (b ')

po°

Date (UTC)
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Summary

* First observation in CMS of the H->WW channel.

 Crucial contribution to the Higgs combination measurement of production
cross-section and couplings.

« Several measurement in confirming SM predictions.

« Some results show tension that have to be monitored with more data. Many
categories are limited by statistical uncertainty.

* More data needed for full description of Higgs properties:
— Improvement of cross-section and coupling measurements with full Run2 data.

— Improvement of analysis technique and addiction of new final states.
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« 2 isolated leptons (electrons or muons) with opposite charge.
 Moderate MET due the presence of 2 neutrinos.

* Number of jet depending on the production mode.

« Large BR and good sensitivity to the Higgs boson couplings.

+ Relatively low background final state.

* Higgs boson has spin O:

Cspin1 spin 1 — Leptons are emitted close to each other.

Vv 0+ Vv I
— W — — W —_—p — Small dilepton mass.

spin 1/2 spin 1/2 spin 1/2 spin 1/2




L TR 5
LHC Luminosity and PU e LoadT s

HIGES HUNTING

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

2010, 7 TeV, 45.0 pb '
2011, 7 TeV, 6.1 b !
2012, 8 TeV, 23.3 b ! CMS Average Pileup
2015, 13 TeV, 4.2 b !
2016, 13 TeV, 40.8 b !
2017, 13 TeV, 49.8 b !
2018, 13 TeV, 68.2 b '

T T

1 2018 (13 TeV):
2017 (13 TeV): |
2016 (13 TeV): 27
2015 (13 TeV): <u> =13
2012 (8 TeV): 21 |
2011 (7 TeV): <up> =10

Run |;: ~29 fb!
Run II: ~163 fb1!

al? (13 TeV) =80.0 mb

al? (8 TeV)=73.0 mb

m
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SN PN M P
Date (UTC) Mean number of interactions per crossing

* LHC has delivered ~163 fb't, CMS has collected data with >94% recording efficiency with a data certification ~90%.

+ data = + challenges! Improved analysis techniques and operations for a successful program!!




_ THRL V) 2
CMS Experiment og'" Fas

HIGES HUNTING

HE

2018: Upgraded HPDs—SiPMs in Endcaps
2017: Upgraded HPDs—SiPMs in one 20° readout

46 countries, 198 institutes. | - I\ N ; HE

2885 physicst + 995 engineers. 7 Uil | . g 2017 Ungradied readout
Weight: 14 tonnes - ‘ \ oo | : "
Diameter: 15m | :

Lenght: 29 m
Magnetic Field: 3.8 T

Pixel Tracker

2018: replaced DCDC converters and 6 modrt‘es
2017: new detector with 4 layers
Runl: 3 layers

Strip Tracker

2018: lower operating temperature

Muon Detectors

Major upgrade of L1 trigger done in 2016 Drift_ tu_bes I “TCA RO}
Trigger in 2018: Resistive Plate chambers;

e L1 hardware ~100kHz Cathode strip chambers;
* HLT software ~1kHz GEM slice test (GE1/1)
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CMS Performance

166 fb" (13 TeV) 2018

. 11.8107(2018) + 41.3 b (2017) + 16.3 b (2016) Excellent 2017 performance for

CMS Tight Id, p_ > 20 GeV e/gamma due improvement of
Preliminary ~ gata Eg} gGH HLT, reconstruction, identification
- D:E: 2018 efficiency, despite harsh

experimental conditions of 2017

Events with two tight electrons
CMS with p, > 35 (25) and Inl <2.5

prefiminary

2016 Data

>
o
c
2
2
=
L

Events / GeV

2017 Data

—e— 2018 Prompt Data

First look at 2018 data shows
very good quality!

2016/2017 Data normalized
to 2018 number of evenis

90

Vs=13 TeV

CMs } 2018 May-June
Preliminary

Multiiets B Fun 2017
AK4 jets (50 <p < 250 GeV)

Arbitray units

2017 improvement due new pixel detectors
2018 improvement due recovery of some CSC

Good agreement of btagging algorithms
between 2018 data and 2017 Multijets MC
or 2017 data.
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DeepCSV Discriminator
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Category Subcategory Requirements
mg > 12GeV, pr1 > 25 (20) GeV for e (i), pr2 > 13 (10) GeV for e (u),
. track pTss > 20GeV, pi’ > 30GeV
Preselection —

no additional leptons with pr > 10GeV
two electrons or two muons with opposite charges

DYMVA > 0.991, myy < 55GeV, mt > 50GeV,

ete” pr2 <20GeV pr2 < 20GeV, Apyp < 1.7
uuT pra < 20GeV no jets with pr > 30 GeV
Ojet ppHi-tagged no b-tagged jets with pr > 20GeV
DYMVA > 0.991, m;y < 55GeV, mt > 50GeV,
eTe” pra > 20GeV 20GeV < pr2 < 50GeV, Agyy < 1.7
uu~ pra > 20GeV no jets with pr > 30 GeV

no b-tagged jets with pt > 20 GeV

DYMVA > 0.95, myy < 57 GeV, 50 < mt < 155 GeV,
ete” pr1 < 50GeV, Apyy < 1.75
uhruo exactly one jet with pt > 30 GeV
no b-tagged jets with pt > 20 GeV
-

1-jet ggH-tagged
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U . 1 N N iy NIN,loose
NZ—>ee — ROUT/RIN Nll I Ekee (Neu B Nelt (VV)) _ Nee (VV) Kee = Neuev,loose
/ 7
1 [ IN,loose
N7Siu = Rour/Rin|| Nif" — > K (Nelpl\t, - Ney (VV)) N (VV) K %

* IN=|my- my| <7.5 GeV. OUT = | my;;- m, | > 15 GeV. No H or WW selection.

* Royr/R;y and k;; taken from MC in relaxed DY MVA regions but systematics from difference to DATA and
MVA cut dependence.

- Extrapolate OUT region to final H and WW selections based on acceptance (A5 and Ay,y,) from MC in relaxed

DY MVA regions (+systematics on MVA dependence): NZ,_,, = AzN3%,  NXW., = ApwwNSYT,

0.22£0.01=0.06 2.071£54.32 9.9. 38.27 + 26.94 - 19.81
0.43=0.00=0. ll.

ee | 1404 | 0.2 . 04 | 0.2120.01=0.06 15’2 07+54.3 9.42 36.64 + 26.32 -19.24
ppu | 3450 | 0.31+0.00£0.03 | 0.15%0.00x0.02 | 610.56£17 5 3.9 92.85 + 45.08 - 36.87

ee 868 | 0.19x0.01x0.02 | 0.33x=0.01=0.10 | 100.07x32.09 | 1979 | 32.79 + 24.45-17.68
ppu | 2136 | 0.31+0.00x£0.08 | 0.36x0.00x0.06 | 395.80£152.86 | 122.86 | 144.04 +90.39 - 71.02
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- Discriminant variables: m;; and mZ’.
* 0,1 and 2 jets categories to handle the Top background.

» Events splits according the lepton pair flavor, charge and trailing lepton pT; to reduce nonprompt background.

35.9fb" (13 TeV)

tW and tt
Nonprompt
vy
vy
[ Higgs
[7777] Systematic uncertainty

tW and tt
Nonprompt
v
vy
[_| Higgs
[7777] Systematic uncertainty

>
o)
O,
E:
2
z
©

0-jet pT2<20 GeV
0-jet pT2>20 GeV

he;
[}
£
o
o
o
>
w
=
©
I
©
(]

Data/Expected




VBF-tagged categories
* Only DF in 2016. SF+DF for full Run2.
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 S/B enhanced by selecting events with VBF topology (m;;>400 GeV and |An;;|>3.5).

- MC template fit of the m;; distribution in 2 m;; categories.
35.9fb" (13 TeV)

Data/Expected

CMS

tW and tt
Nonprompt

g vwy
vy

| Higgs

[7777] Systematic uncertainty

400<mjj <700 GeV

dN/dm, [GeV']

Data/Expected

CMS

N
o

tW and tt
Nonprompt
vy
vy
[ Higgs

| Systematic uncertainty

_____________

20
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- 3 different categories aiming at 3 different final states:
— 2 leptons VH-tagged with V—hadrons, H-WW-2I2v. Shape analysis based on m;.
- 3 leptons WH-tagged with W-lv, HHWW-2I2v. Shape analysis based on min(ARy;).

- 4 |leptons ZH-tagged with Z—-2I, H-WW-2I2v. Event counting analysis.

* Only DF in 2016. SF+DF in Full Run2 at least for 2 leptons VH-tagged.
CMS CMS

w
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i —
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CMS

w
o
©
o
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w
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]
tW and tt
Nonprompt
vy
vy
| Higgs
[7777] Systematic uncertainty

-
=
-
=

Nonprompt
vy
/zz
[ ]Higgs
77 Systematic uncertainty

Nonprompt
vy
/zz
[ ]Higgs
77 Systematic uncertainty
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dN/d(min A R))
=
N
dN/d(min A R))
=
N
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Data/Expected

Data/Expected
Data/Expected

3
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&)

N

w

N

—

111 lIIIlIIlIIIII |IIIIIIIIIIlIlIIIIIIllIII|III

O

0




Measurement of the Higgs couplings “ZI e

HIGES HUNTING 23

* Ug, Uy signal strengths associated to ggH and VBF/VH.

* kg, ky: coupling constants associated to fermionic and bosonic processes, as defined in the k framework.

2
axB(X—>H—>WW)=ki2:—‘Z’JSMxBSM (X - H - WW)
H

35.9 fb™ (13 TeV)

— 68% CL ' ' [— 68% CL
- -.95% CL - -.95% CL
® Best fit @® Best fit
A SM A SM

1 15 2 25 3 35
W

Compatibility with SM within 2¢.
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Leading order coupling modifier CMS Preliminary 35.91b" (13 TeV)
framework used to correlate L / —

prod/decay rates.

2 SM
ki = o0;/0;

k

CMS Preliminary 35.9 fb' (13 TeV)
T T LR T LR T T t

SM Higgs boson
— [M, €] fit

R

H—bb DH—}TT

- H-Z7 DH—}";""{

- [:]quw [combined
1 I 1 ‘

05 I

Ratio to SM

Particle mass [GeV]


https://arxiv.org/abs/1809.10733
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CcCMS 49" (7 TeV) + 19.4 b (8 TeV 1 + 1 .
_sof '( fe ) + (8 TeV) | CcMs 491" (7 TeV) + 19.4 fo (8 TeV) 19.4fb1(8 TeV)

T T T T LI T T 1 T T T T l T T T T I T T T T

m, = 125.6 GeV
: Data

H — WW (all channels)

+0.20
6/0g, = 0.727 {g

H— WW (all channels)
+ Observed
—— 68% CL Observed
95% CL Observed
A _Exp.forSMH
—— 68% CL Expected
95% CL Expected.

[fb/GeV]

Statistical uncertainty -
Systematic uncertainty :

H
T

212v + 0/1-jet

+022
6/0gy, = 0.747 %)

- Model dependence
ggH (POWHEGV2+JHUGen) + XH |

S\ ggH (HRes) + XH
577 xH = VBF + VH

“T“[“J\ T T T | T T T T
do, /dp
o
o0
e

212v + 2-jets, VBF tag

010y = 060" 9%

212v + 2-jets, VH tag

+197
0/0gy =0.39" ¢,

T TN T

*
\\I\III\\‘I\'I 1 I | | | | I 1 Il Ll

3I38v, WH tag , .
6/Gg), = 056':)3; e by v b b by
I P : 1 1.5 2 2.5
1 2 MVBF,VH
Best fit for o/c,,

\

I L R S

JHEP01(2014)096

%I/I/%IIIIIIII_

20 40 60 80 100 120 140 160 180 200
P [GeV]

Ratio to HRes+XH
—_ N w

DC)

JHEP03(2017)032



https://arxiv.org/abs/1312.1129
https://arxiv.org/abs/1606.01522
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Future prospects (Il)

= 2010, 7 TeV, 45.0 pb '
w— 2011, 7 TeV, 6.1 '
— 2012, 8 TeV, 23.3 fb '
— 2015, 13 TeV, 4.2 *
2016, 13 TeV, 40.8 fb '
2017, 13 TeV, 49.8 b *
m— 2018, 13 TeV, 68.2 b '

nll; ~163 fb1!

- Summer 2019. 2016+2017 differential cross-section analysis:
measurement of number of jets and Higgs p;.

3

B
=]

« Summer 2019. Full Run2 categories: improvement of the measurement
of signal strength and couplings.

[N]
=

Total Integrated Luminosity (fb ')

Date (UTC)

— Inclusion of SF in 2j categories (ggH / VH / VBF).

19.4 o™ (8 TeV)

— Improvement in DYMVA algorithm: BDT—DNN. —— bat

Statistical uncertainty

[fb/GeV]

Systematic uncertainty

- Model dependence
ggH (POWHEGV2+JHUGen) + XH

SN ggH (HRes) + xH
7] xH=VBF+VH

H
T

— Inclusion of same-sign WH. >

dog/dp

« Autumn 2019. Full Run2 differential cross-section analysis:
— Measurement of Higgs pr.

— Measurement of number of jets and jet p;.

o
[
i
H

— Measurement of Ag¢,;, study of Higgs spin.

_ N W

Ratio to HRes+XH
o

0 20 40 60 80 100 120 140 160 180‘ 200

arXiv:1606.01522 JHEP03(2017)03 P [GeV]

« 2020. EFT study.

=


https://arxiv.org/abs/1606.01522

CMS THELV) =
: 0" s
Z) [~

e —— HIGGS HUNTING 27

EFT approach application

» Targeting VBF Higgs production, Higgs decaying into the WW (eu channel)

« Measuring the SM Higgs to WW coupling as precise as possible — then every misbehaviour from

SM might be the sign of new physics

S e (n+4)

n
Leff=LSM+zzﬁoi _
/ n=1 1 ~ relevant operators are those with

« EFT approach:

dimO =6
dimO = 4 couplings dimensions are inverse
couplings are dimensionless powers of mass (A is a mass scale)
. . . S —~ —~
Dim 6 operators give amplitudes ~3 what Oww = CDTVI/“UWWCD

eventually leads to unitarity violation

|j‘> EFT valid within unitarity bounds
(low energy EFT is valid below A scale) Oy = (D“q))TWMV(DV(D)

S miy ™ = mitt+ ) gl
i

contribute to

= o W, W
Oww = @ WMUWWCD HWW vertex

my.;



