MEASUREMENTS OF
THE HIGGS H(125) BOSON AT CMS

Valeria Botta (DESY)
. % ﬁHELMHOLTZ
on behalf of the CMS Collaboration ‘ | ASSOCIATION

International Conference on New Frontiers in Physics - Crete, 17-26 August 2017




INTRODUCTION

Discovery of the Higgs H(125) boson five years ago by ATLAS and CMS

Mass of 125 GeV makes it possible to experimentally probe many decay modes
at the LHC
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IN THIS TALK...

Overview of the most recent results from CMS on the "standard-model-like”
Higgs boson H(125)

Made a selection of the most recent results @ 13 TeV
There are many more: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG

In other dedicated talks:
Higgs properties (mass, spin, width...)
Searches for double Higgs, rare, exotic and LFV decays, low mass Higgs

Prospects at HL-LHC
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG

OUTLINE

Overview of the most recent results from CMS on the Higgs boson H(125).
All results on pp-collisions data at /s =13 TeV

Analysis Luminosity Reference Status
H(ZZ) 35.9/tb arXiv:1706.09936 Submitted to JHEP
H(yy) 35.9/tb Emggﬁg::gzglg Preliminary
H(tz) 35.9/tb arXiv:1708.00373 Submitted to PLB
VH(bb) 35.9/tb CMS-PAS-HIG-16-044  Preliminary
H(bb) boost. 35.9/tb CMS-PAS-HIG-17-010  Preliminary
ttH, leptons 35.9/tb CMS-PAS-HIG-17-004  Preliminary
ttH, H(t7) 35.9/tb CMS-PAS-HIG-17-003  Preliminary (backup)
tHq, leptons 35.9/tb CMS-PAS-HIG-17-005  Preliminary
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https://arxiv.org/abs/1706.09936
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-015/index.html
http://www.apple.com
https://arxiv.org/abs/1708.00373
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-044/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-010/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-005/index.html

H(ZZ) arXiv:1706.09936

Four-lepton final states (4p, 4e, 2u2e), allowing full and precise reconstruction of the
event kinematics

Analysis based on kinematic discriminants using matrix element techniques
New dedicated categories to target VBF, VH and ttH production, still limited in stat.

Irreducible background is ZZ production (from simulation) , Z+jets and tthar from data

CMS 35.9 b7 (13 TeV) CMS 35.9fb" (13 TeV)
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H(ZZ) arXiv:1706.09936

Signal extracted from 2D likelihood fit L= L(mgg)L(DX" piq | Mae)

Signal strength Fiducial cross section Differential cross
n= 1.05+0.18 (not using DX 4, NO section

categories for prod. mode)

CMS 35.9 fb™ (13 TeV) 5.11f0"(7TeV), 19.7fb" (8 TeV), 359 fb" (13 TeV) CMS | | | 35.9 fbl'1 (13 TeV)
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_ +0.23 L - . 0 L _ > [} Data (stat. ® sys. unc.)
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. . .. also N(jets) and pr(jet)
Results in good agreement with the predictions ‘

Valeria Botta (DESY) Measurements of the Higgs H(125) Boson at CMS ICNFP 19.08.2017



H(yy) CMS-PAS-HIG-17-015

o o o o = 20000 CMS ,F.'r?lf‘".’i??ry e ,359ﬂ,)1(1 .3, TeV)
Low branching ratio but very clean and high resolution § ool 1 M-
. . o %::ZSZ: ¢+ Data
Three event categories based on estimated mass resolution 2 ool o

D 10000f-
< o N B component

Fiducial cross sections, total and differential $ oo
|n|<2.5, p;/m,, <1/3(1/4), signal acceptance = 0.60 %O‘

Results in good agreement with the predictions

Limited by statistics
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H(zt)

Most promising channel to probe direct Higgs Yukawa
coupling to fermions

Most likely final states for Tz pairs: Thth, puth et ep.
Tau ID eff. ~ 60% for 1% jet— =, fakes (CMS-PAS-TAU-16-002)

Targeting VBF and ggH production

ML fit to 2D distributions in three categories (0Ojet, VBF,
Boosted)

Irreducible background is Z(tz), from MC with
corrections

Several control regions included in the fit to constraint
bkg. normalisation from data (ttbar, QCD, W+jets)

Valeria Botta (DESY) Measurements of the Higgs H(125) Boson at CMS
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H(tt)

Observed excess of events with

significance 4.9 (4.7 exp.) o

Signal strength p=1.09 = 0.27

Uncertainty dominated by statistics

Experimental uncertainties dominated
hadronic tau reconstruction

by

35.9fb" (13 TeV)
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arXiv:1708.00373
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First observation of H(tt)
from a single experiment
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VH(bb)

H — bb has BR ~ 58% but overwhelming multi-jet background

CMS-PAS-HIG-16-044 V&),

Can be suppressed in VH production: Z(£8), Z(vv) ,W(2v), + H(bb) , with £ = e,p

A BDT is used to separate signal and backgrounds and perform ML fit

m(bb) resolution is ~10% — dedicated

regression to correct the b-jet energy
Vs=13 TeV

CMS Preliminary
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PEAK = 1111
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100

Main bkg. is V+b-jets, form MC with corrections, many control regions in the fit
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VH(bb)

CMS-PAS-HIG-16-044 V&),

Observed excess of events compatible with the H(125) :

my = 125GeV  Significance Significance Signal strength

expected observed observed 1o*
Run 1 2.5 2.1 0.8970% 10°
Run 2 2.8 3.3 1.19193 .
combined 3.8 3.8 1.0695, .
35.9fb" (13 TeV)
Conprog i =1.2+ 04 Strong evidence of - |
g | i
fg(ot.)gi 05 H — bb decay, d ISO 054385 3 25 2 45 1 05 0
10g,,(S/B)
WH(ED) seen by ATLAS
ot | - o . . .
#=00205 Results for VZ(bb) validating the analysis strategy
lzlef ;‘i 06 Channel  Expected signal Observed signal Post-fit expected Observed
strength strength significance significance
2 lept. 0-lepton 1.00 £+ 0.33 0.57 £0.32 3.1 2.0
W=18206 1-lepton 1.0£04 17405 2.6 3.7
— e 2-lepton 1.00 & 0.31 1.33 £ 0.34 3.2 45
) Best fit u Combined  1.00 & 0.22 1.024+0.22 49 5.0 11
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BOOSTED H(bb) CMS-PAS-HIG-17-010

First LHC search for boosted gg — H — bb

Uses novel techniques for boosted object H

identification
q/g

In high pr regime (Higgs pr > 450 GeV), with a ISR jet (for triggering)

Single "fat” jet with 2-prong structure and double b-tagged

2-prong discriminator eff ~ 58% and mistag ~ 26%
double b-tagging eff. ~ 33% for signal and 1% for QCD

QCD estimation fully data-driven from events failing the double b-tag

requirement
12
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BOOSTED H(bb)

8000 T T T T
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5000 —
4000 .. —
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2000
= double b-tag
1000 —
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- - !\I'Aclajtglj??fackground - a
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2 oo i 12
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3001 —
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| 401 . 7 ol
5 : E
= 20 : g, m S
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Result for H(bb) : 1.5

o (0.70) observed (expected) significance

Measured cross section for ggH(bb), p{(H)>450 GeV is o = 7450 fb.

H Z Use Z(bb) as standard candle:
- — ~ FL8 — 023 . . )
Observed best fit pH =231 (#L=07851  First observation of Z(bb) in
Expected significance 0.7c (uH =1) 580 (uz =1) .
Observed significance 1.5¢ 510 mEI’QEd-j et tOpO'OQy 13
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Analyses targeting ttH production mode

ttH production provides direct probe of the top
Yukawa coupling

BSM models predict enhanced ttH production
It is a low rate process, even at 13 TeV (osy=507 tb)

Large backgrounds from ttV+jets and tt+jets

“Rare” backgrounds (WW same sign, tri-boson,
lepton charge-flip, jet faking leptons)

Make large use of MVA techniques

The most promising channels are “multi-lepton”
final states, with H(WW), H(ZZ) and H(z<t)

Also, dedicated categories in H(yy) and H(ZZ)

/ 1a
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ttH, leptons

Final states with e, (2,3,4 £)

Categorisation based on N(leptons),
flavour and N(b-jets)

Signal extracted by ML fit of 2 BDT
discriminants (against tt and tt+V)

Dedicated BDT against non-prompt
leptons

tt+V and VV backgrounds from
simulation, 0(10%) uncertainty

Data-driven estimation of charge-flip and
non-prompt leptons, 0(30%) uncertainty

Events

Data/pred.

140
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80

60

N
o

N
o

(@ Y o o i QU QU QY
ODWONA~OO®© D

CMS-PAS-HIG-17-004

CMS Preliminary

N
\\\\\

:: [ stat. unc.

- I*I*, post-fit (SM prediction)

~ e Data @WZ [JNon-prompt

| @ttH [JRares [[ICharge mis-m.
- @ttW  @W W= ggTotal unc.
Otz [JConv.

35.9 b (13 TeV)
L DR B DL DL B

\\\\\\\

N
DN

[]total unc.

1 -08-06-04-02 0 02 04 06 08 1
BDT (ttH, tt)
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ttH, leptons CMS-PAS-HIG-17-004

Observed excess of events compatible with CMS Protmnary 35910 (13 TeV)
. my = e
ttH Slgnal M_1 sigz |:+gg(stat) +04(Syst):|
Significance 3.3 (exp. 2.4)c N -
. —1.8 +0.6
Signal strength p = 1.5 = 0.5 T s
3l
+0.8
u=1.0 0o
Cross check . -
° ° ° ° o ffo +23
Fit introducing cross section modifiers for ~ *=%%-e| |
tt+Zandtt+W -1-050 05 1 15 2 25 3 3.5

Best fit u(ttH)
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ttH results overview

LHC Run1

JHEP 08 (2016) 045

CMS Run?2

Preliminary |

VY

HIG-16-040, 36 fb™

4]

HIG-16-041, 36 fb™"

bb

HIG-16-038, 13 fb™

multileptons

HIG-17-004, 36 fb™"
T, + X

HIG-17-003, 36 fb™"

Valeria Botta (DESY)

ttH production

S o W— 0.7

+0.9

° 2.2 5

s +1.2
R = 0.0 %
* _0.2 iO8
— 1.5:05

B +0.6
1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1

1 0 1 2 3 4 5

Signal strength relative to SM prediction
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Targeting H(WW) with 2 or 3 W bosons decaying leptonically

Also includes contributions from H(tt) and H(ZZ)

Upper limits on tH+ttH cross section x BR as a 35.9fb"" (13TeV)

........................

function of k,/ky ol ﬁlpjvtv'j,\,*/;; PR E:’pttgl':mjf o)
For k,=1 (SM-like) o fj e o
& X BR < 0.56 (0.24 exp) fb I T Emeie
2.7 (1.5 exp) o for tH+ttH signal, p = 1.8 £ 0.7 g% | s
For k,=-1 :
& X BR < 0.64 (0.32 exp) fb
1.7 (2.5 exp) o for tH+ttH signal, p = 0.7 £ 0.4

Ki<—1.25 or k,>+1.60 excluded at 95% C.L.
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SUMMARY

The latest results of the H(125) measurements performed at CMS have been presented
on the full 2016 dataset @ 13 TeV

Inthe H = ZZ and H — yy channels, precision measurements are being performed
Important milestones reached regarding the 3rd generation Yukawa couplings
Observation of H(tt) decay mode by a single experiment
Evidence of H(bb) decay mode in VH production
First attempt searching for inclusive boosted gg = H — bb
Analyses searching for ttH and tH are becoming more sensitive

So far, no deviations from the SM are observed, but it is only 5 years after the Higgs discovery
Still a long way to go towards a precise picture of the Higgs

There is still room for deviations pointing to new physics

19
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BACKUP - ADDITIONAL MATERIAL
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HWW)

Final state: H & WW — e u (0S) + neutrinos

WH3l
SSSF

WH3l
OSSF

Targeting ggH production mode, but also [ J
categories for VBF and VH ® — ™ * )
Categorise by #leptons, jets and lep. charge D ) [ Ky rome | o) (o)
(charge symmetry for signal but not for W-jets) |Sem| B | S| S| s
Irreducible bkg. is WW production (b) Signal and background.

lower m,, for signal than for WW or top g e
Main bkg. is W+jets and tt+jets, with 1 jet faking ‘ :ZZ: E
a lepton, estimated from data 5002— mee for events—;
Other bkg. from MC with corrections o with one jet
Signal extracted from ML fit to 2-D distributions in o
m,,-m,;; (only 1D for VBF and VH categories) : .
Including background control regions in the fit a

Valeria Botta (DESY)
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S/B weighted Events bkg subtracted

H(WW) CMS-PAS-HIG-16-021

Results for 2015 (L=2.3/fb) + 2016 data (L = 12.9/fb)
Excess of events compatible with HWW) signal, 4.3(4.1 exp.) o

Signal strength p = 1.05%0.25 st&t & 0,03 theoy + 0,07 syt

Signal strength
Analysis limited by stat. uncertainty modifier scan for prod.
modes dominated by
NS Preliminary L1380 3TN | category significance | ¢ /ogu .
ok = 27@9) | 0004 fermion and boson
150 Do | 1et 2125) | 11794 couplings
C ] CMS Preiiminary L=1521b" (13 TeV)
100 2| 24et 2.0 (1.0) 13700 | =
b _ - tos | 2 °
7 / VBF 2-jet 22(15) | 14798 |4 .
0 ¥ . +2.3 !
. | VH2jet 1.0 (04) | 21723 6
e B %f WH 3-lep 0.0(05) | -1.47112 .
O a0 e e0 - 00 3
m, [GeV] 2
combination | 4.3 (4.1) | 1.05 037 :
o o5 1 15 2 25 Y
I'ngH
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ttH, H(zz)

Final states with hadronically decaying t

CMS-PAS-HIG-17-003

Sensitive to ttH, with H(zz), HHWW) and H(ZZ).

1£+ZTh OS CMS Preliminary 35.9 fb' (13 TeV)
2055+ 1 Solgm  ER
LU - [JfH H-Ww/2zz  [JRares
32 + 11, 102 e Euf,ie;:mty
Irreducible background (tt+V and VV+jets) from fop \\\\\\\\\\&&
simulation &&\\

Reducible bkg. data-driven with fake-factor method NN

ML fit to a discriminating variable

BDT discriminants, different in every category, to AT

Data - Expectation

maximise signal vs. bkg. shape separation

Valeria Botta (DESY)
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ttH, H(zz)

CMS-PAS-HIG-17-003

Significance for SM Higgs signal of 1.4 (exp. 1.8) o

Best fit p = 0.72%062 53, upper limit p< 2.0 (exp. 1.1)

CMS Preliminary

— Best fit
....... SM Expectation

-2 0
Best fit u = G/OSM

Valeria Botta (DESY)

35.9 fb' (13 TeV)

2

11+2t,
= -1 20+1 .50
W= e

2Iss+1r,

_ +0.79
W= 0'86-0.66

3l+1r,

_ +1.33
W= 1\'22-1 .01

‘Combined

11427,
u<2.6 (3.4 exp)

2lss+1r,
u<2.4 (1.4 exp)

3l+tr,
u<4.0 (2.7 exp)

u<2.0(1.1exp

I

CMS Preliminary

35.9 fb' (13 TeV)

-@- Observed

- Expected

. +10 Expected
+20 Expected

0

5

10

95% CL upper limiton u = O’/OSM

Measurements of the Higgs H(125) Boson at CMS

24

ICNFP 19.08.2017



ttH, H(bb)

CMS-PAS-HIG-16-038

Targets lepton+jets and dilepton tthar decays

Categories according to number of jets and b-jets

Higher jet and b-jet multiplicity for the ttH(bb) signal

Use a combination of BDT discriminants and MEM weights.

Analysed dataset = 12.9/fb @ 13 TeV

Results

Valeria Botta (DESY)

Dilepton

Lepton+jets

Combined

11.4-1291" (13 TeV)

CMS Preliminary

w  tot. stat. syst.

| +1.50 +1.05 +1.01
= -
#— -0.04 i3 096 -106

+1.02 +0.51 +0.88

-0.43 -1.02 -0.52 -0.87

: +0.80 +0.45 +0.66

= : -0.19 -0.81 -0.44 -0.68

1 | 1 1 1 | 1 i 1 | 1 1 1 | 1 1 1 | 1
-2 0 2 4 6

Best fit u = o/c__atm, =125 GeV
SM

Dilepton

Lepton+jets

Combined

11.4-12.917" (13 TeV)

CMS Preliminary

=== Expected 10
------ Expected +20
------ ttH(u=1) injected
—— Observed

1

10

95% CL limiton u = O/GSM atm, =125 GeV
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