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INTRODUCTION

| After the Higgs discovery in 2012, the emphasis shifted towards
measuring the properties of this new particle

- The mass, the width, the spin and parity

- Couplings, several models for physics beyond the SM predict (small)
deviations in the couplings for the Higgs boson.

I This talk will review the latest results using the Run 2 CMS dataset .

- Increased collision energy (13 TeV) means an increased cross section for
signal and background, with the most signibcant gain for processes
Involving heavy particles like multiple top quarks.

- Most of the Run 1 results have been reproduced using 2016 dataset
(35.9 fb-1) and combined increasing the precision on couplings
measurement.

- New results with the 2016 dataset and brst results with the 2017 data
results (41.5 fb-1) will be discussed
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HIGGS BOSON

I Given the mass of 125 GeV, we know the branching fractions from
theory.

I Several production modes of the Higgs boson possible at the LHC,
sometimes with associated particles.
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
http://dx.doi.org/10.1007/JHEP08(2016)045

CMS DETECTOR

de Louvain

! Multipurpose detector at Large Hadron ..., )
Electron
Collider T Neuattadron (s Newtron

----- Photon

! Excellent performances of both CMS
and LHC so far in Run-2 (

' CMS has recorded ~110 fb-1 of 13 TeV
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Run 2 - Coup
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I Higgs boson discovery via the benchmark H ! ZZ! 4l and H! !
channels the legacy of Run 1

! Focus in Run 2 is making precise measurements of its properties to
assess compatibility with the SM

I High precision measurement of the couplings essential as BSM physics
can manifest as percent-level deviations
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

! Analyses used for combination cover
all main production and decay modes

on 2016 13 TeV dataset (35.9 fb-1)

- VH( ™) missing

! Total of 250 individual categories
(counting signal and control regions)
and ~ 5400 nuisance parameters iIn
the combined bt

I Signal strength measurements

- Parameters scale cross sections
and BRs relative to SM

g o= — uf = BR
I SM f
R BRsw
ff | 4BR' f
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

! Signal strength measurements

Production Mode

CMS Preliminary ® Observed
35.9 fb™* (13 TeV) = +1" (stat! sys.)
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Decay Mode

CMS Preliminary
35.9 fb™! (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

I Use the LO coupling modiber or "kappa" framework to probe
for deviations from the SM

- Parameters scale cross sections and partial widths relative to SM

I Option to consider decay to BSM patrticles via BR gsm term
which also scale total width

: : | é.'
12 — uw_m SM 2 — _ SM A4 f _— 1 Af
A2 S22 SM 1 aBR" =
! .
e e e e e e A A A e e e 2 J 2
: : Ky = BR oy ki
: 2 Al SM : H SM ™)

BResm =BRinv. + BR unget.
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

BRinv =0, BRynget =0
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sign via ggZH interference
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CMS Preliminary o Observed
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' Add direct H ! inv search channels
and allow 3oating B iny and Bynget

| CMS+ATLAS Run-1:
BRundet+inv < 0.34(0.39 exp.)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

' In Run-2 CMS and ATLAS will make consistent Pducial cross section
measurements (arxiv1610.07922)

(EW qqH) (H + leptonic V')

o ] Vi | [ [ o

tH

(Run1-like)
— i Stage 0 bins

I Contrary to signal strength
results, VH split

! One parameter for each cross
section, with 3oating ratios of
the decay BRs

I First STXS results using
combination of 5 decay channels

! Inclusive theory uncertainties

uncertainty on SM prediction instead
C.CAPUTO

CMS Preliminary

35.9 fb™ (13 TeV)

— gg# H

"

e Observed

m— +1! (Stat.%sys.) -
— $2! (stat%sys.) A

= 1]l (SYS.)

10" 3

H+V(qa) SM prediction
3 VBF E
- H+W(l
- (%) ttH+tH
. ' H+Z(l/$$) * 2
_ Stage 0 Simplified Template Cross Sections _
Iyl <25
bb
* WW
' 7
&&
}

not included in the bt, shown as

ICNFP 2018 -


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

UCL

Université
catholique
de Louvain

Run 2 - ttH
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ttH Observation

! ttH production rare in the SM (~1% of ggF cross section)

! pnal state characterised by multiple jets, b-tagged jets and leptons
allows for discrimination from background and increased sensitivity
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http://dx.doi.org/10.1130/PhysRevLett.120.231801

' Combination of Run 1 and 2016 CMS data:

7TeV (5.1 '), 8 TeV (19.7 fb 1)y and 13 TeV (35.9 fb' 1)

-1+ —» e'+“-e+" 1 +! h++“-!
» bW-— b+! +™

| Independent analyses of several bW+—>b+q+qC I jet
<+

Pnal-states topologies: b-jet

jet Mo
g

b-jet *

H! WW', zz' 1" *"" b

! For 7-8 TeV analysis, Higgs boson mass
updated to 125.09 GeV, signal, normalisation

and uncertainties updated to latest values % k. o~
from LHC Higgs XS WG s ® 1 \6'

I Correlations between Run 1 and Run 2 |yt
studies, experimental uncertainties largely
uncorrelated
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http://dx.doi.org/10.1130/PhysRevLett.120.231801

5.1 o (7 TeV) + 19.7 fb™ (8 TeV) + 35.9 fb™ (13 TeV)

CMS 2 Chets syst
. . L mmm +1%(syst
| 5 independent signal strength I g s sysy
modibers for the decay channels -
considered, all compatible within ~ "¢*| %
uncertainties tEH(#4) ———
L tt(H! Zzz,1) still dominated by =~ HC™) —e————
statistics uncertainties fH(B) _,_
7+8 TeV -—-_-—
: Mte i 13Tev —-..-.—
. compatible with SMwithin1 $: .., .

E 0.17 0.14 0.15, . :
M = 1.26:’0():%(15 = 1-26T°oii2(8tat-).+o15(exp.)!+ 0_13(bkg.th.)!+ 007 (sig.th.)
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http://dx.doi.org/10.1130/PhysRevLett.120.231801

5.1 fb™(7 TeV) + 19.7 fb™ (8 TeV) + 35.9 fb* (13 TeV)

5. 1 fb Y TeV) +19. 7 fb (8 TeV) +35. 9 fb (13 TeV)

) : o 35—
c - CMS ¢ Observed - CMS — Combined
O 10°F o nnlementan,  [JBackground | [ UYL S d ; ]
2 1 supplementa e o Znwe™ )
10° [ ttH (u=1.26) - : _ ! -
: ttH (u=1.00) — e Tey 51
10°F 25 ST
103;—
102 ¢
10 :
R e e
%’ 2.5F *
= 20F E
©  15F BN
O C e e 3
O 10— oo oo
13.0 125 12.0 '1.5 1'1.0 10.5 0.0
IOglo(S/B) ttH
I 88 event categories combined. Excess best seen in the distribution of all
events as a function of log 10(S/B).
I Clear excess in the most signal-sensitive bins
! Observed signibcance is 5.2! (4.2$ exp.)
i First observation of the ttH production
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http://dx.doi.org/10.1130/PhysRevLett.120.231801

Run 2 - HH Com
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I Double Higgs production is the principal way to extract info about the

Higgs trilinear coupling ( %nn)

9 wo000) ,H g . -___H
AQ —I—_I—-(:/ AQ Y
g 00500° “H g «—2t----H

i 1 oM = 33.45fb% 37 (scale unc.)+ 3.1% (PDF + " g unc)

! Run2 will not give us enough
sensitivity to measure %

—
-
-
-~
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I Many BSMs are in agreement with
the measured HiggsO properties,
although they predict a different

T T T T T ]
HH production at 14 TeV LHC at (N)LO in QCD 1
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)

MadGraph5_aMC@NLO

" hhh

l BSMs could lead to an
enhancement of non-resonant di- | | | | = |
Higgs production S

[1] LHCHXSWG Yellow Report 4
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https://cds.cern.ch/record/2628486?ln=en

HH Combination LS BASHIG]

I Four bnal states used for the non-resonant combination
! Analyses performed using the full 2016 dataset (35.9 fb 1)

1
| bb bb : higher BR, high QCDI/tt

10" contamination

10 I pb WW : high BR, large
103  Irreducible tt

_ BR(HH— XXYY) o

_
L
(&
2
|||||||| | |||||||| | ||||||||

104 | bb #i#: relatively low background
195 | bb $$ : high purity, very low BR

10° Channel SM

1077 bb " 24 (19)

10 bbtt 31 (25)

HHZy vy zzocc 7T 99 WW  bb bbWW 79 (89
‘ BR(H— XX) (89)
bbbb 75 (37)
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https://cds.cern.ch/record/2628486?ln=en

HH Combination

I 450 nuisances
I 30% improvement on bb +yy result alone for SM.

I The&upper limit observed (expected) at 95%&CL on the
production cross section IS

e e S e
CMS preliminary gg%HH 35917 (13TeV) _ 500> Preliminary | | 35910 (13 Tev)

bbVV

Observed 78.6" SM Observed

Expected 88.8" SM 3000 . e e Median expected R
| H I 68% expected
bbbb - |:| 95% expected

2500 4_ """""" : | Theoretlcal Predlctlon

Observed 74.6" SM
Expected 36.9" SM

B 2000 P b
bb$s
Observed 31.4" SM
Expected 25.1' SM 1500 | R N\
bb##
Observed 23.6" SM 1000 == s el 8\

95% CL limit on $(pp# HH) [fo]

Expected 18.8" SM

Combined —+— Observed 500(. : AN e e R S
Observed 22.2" SM - —- - Median expecte L : : " P : : v E
" s 68% expected L
ExpeCted s 1 95(y% eiBeCted | | T 111 1 | 1 1 1§ 1 | 1 1 :I | | 111 1 I I | | 1 11 ;I | 1 1 1} |
6 7 8910 20 30 40 50 6070 100 200 300 400 "20 "15 "10 "5 0 S) 10 15 20
| SM —
95% CLon ! JI B8 k HHH/ SM
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RUN 2 - MHJ
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! VH production allows directly and independently probe WH and ZH
couplings

The H! "™ decay Is the second most sensitive channel to establish VH
production. It is the last missing piece for 2016 grand combination

Multiple Pnal states depending on decay mode of vector bosons and
tau leptons (I= e, ')

I WH semi-leptonic: | %#, ##

L ZH: lle% lle#,, 1%4#, [1##,, q H
ZIW =

| Data-Driven technique for estimation

of fake contribution q

-+

ZIW
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-007/index.html
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~~ p— -
B Uncertainty ﬂ N = \/H, H# "" (u=2.5) Uncertainty .
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§ Low L EH|gh L q>) 30 —
LL] 30 LL] - .
20 ~
20 . .
10 —
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0)
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2 2
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. L
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-007/index.html

35.9 fb* (13 TeV)

T T T I T T I T T T I
L Preliminary
L 0.53 _
ggH  p=1127)¢
qgH p=11372,5
WH n=339 158
L
ZH  w2sly
B Combined w=12402 .
1 1 1 | 1 | 1 1 1 | 1 1 1 | 1
12 0 2 4 6

Bestfitp="/" M

I The best-bt signal strength for VH
L =254 (1 =1.0]yg; exp.)

I Combining with ggH( ##) and VBF-
H(##H) observed signal strength is

L= 1.24"5

35.9 fo™ (13 TeV)

“— 2
18]
L Preliminary
16
14—
12—
1_
0.8 -
06 B - 68% CL - Combined, H# ""
"+ [ 95% CL - Combined, H# ""
oal T 68% CL - ggH + VBF, H# ""
f -=---- 95% CL - ggH + VBF, H# ""
02 + Best fit
i ’ Expected for 125 GeV SM Higgs
0 i 11 1 | 11 1 | 11 1 | 1 1 | 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

I
"

' ky-kescan for my= 125.09 GeV.

! Combination VH, ggH and VBF
with H(#8)

! ggH+VBF dashed lines

| Better constrain on k v
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-007/index.html

H ZZ*4| (2017 da
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I Low signal rate, but very clear signal topology
over a small, Bat background (mainly gqqZZ,
Z+|ets)

| 4 isolated leptons in Pnal state combined in 2 Z pairs

I Kinematical information (matrix element KD
discriminants) to separate signal and backgrounds
and categorised the events

CMS sSimulation Preliminary 41.5fb* (13 TeV)
I ooH
Whiicle[olTelM 50.38 exp. events B VBF
. B WH, w! X
VBF-liet g exp. events . WH, W
tagged ZH, Z! X
VBF-2jet B ZH, 2! 2
taqaed 3.77 exp. events ttH, tt! 0l+X
99 _ B tiH, ! 1+X
MERES > 00 exp. events B ctH, ! 21+X
tagged I bbH
] i tqH
VH-leptonic 0.47 exp. events
tagged

ttH-hadronic EYETESY.
tagged

} _ —
tagged : : : : : : : : .

0O 01 02 03 04 05 06 07 08 09 1

Signal fraction

\_! IIIII | TTTT | TTTT | IIIIIIII | TTTT | TTTT | TTTT | TTTT | IIIII
S - i
- ¢ Data A
E 30— IH(125) 118<m, <130 GeV  —
c C [Cao" 2z, 21+
Q - Moy 2z, 7!+ -
L 250 mmz+x ]
20 .

ARl

CMS Preliminary 415 fb* (13 TeV)

00 01 02 03 04 05 06 07 08 09 1

kin
I:)bkg
. -1
F! 4,5 S:'I\/IISI |PIrIeIIIrT“|nIaII’yI T | TTTT | IIIIIIIIIIII | T I4;]-I? Ttl) T (I1|3I Telv_)
O - —
C ¢ Data .
; Ak 118 <m, <130 GeV [IH@25), VBF  —
'E - VBF-2jet tagged category [ ]H(125), other ]
Q 35F Mg 2z, 20
L - Moo 2z, 21+ .
3 :_ B z+X _:
25F =
21 —
15 _
1:— [} [}
0.5 ] |
5 = 1 —
Oi ||||||....||||||||||||||||||||_
0O 01 02 03 04 05 06 0.7 08 09 1
DVBF+dec
bkg
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-001/index.html
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CMS Preliminary 2016 + 2017

% 220 — " ' |
0 - ¢ Data ]
< 2000 H(125) =
— u qq" £z, Z'* =
o 180 mmoy" 7z,21* -
4 _
= I Z+X -
T 160 =
> Channel 4e an 2eu 4 —
T q@! ZZ 2365 | 44335 | 5723 | 1250°19; T
140 o 27 wify| iy | 1idich 2oty T
Z+X 17.1; 61 35.4" i 47.8.: 155 100.3 295 =
120 Sum of backgrounds 30173 | 560053 741 % 1602 ;50
Signal (my = 125 GeV) | 13.9'57 | 28.9°52 | 35.8+ 3.3 | 78577  _|
Total expected 315 55 | 58973 77787 | 1681 I35 ~
1 O O Observed 307 602 797 1706

80

60
40

20

N A A A A AN AR
—o—

HBH

30 100 200 300 400 500 700 900
m, (GeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-001/index.html

CMS Preliminary 77.4 b (13 TeV)

| !—L_I 1 | L L L | L | L
=11507 P He zz#» & | ' Improvement for VBF
agn, I
075 *—"' —— 35.9 fb12016: JHEP 11 (2017) 047
IJ-VBF = 0-69! 0.57 _.__5 —¥— 41.5 fo1 2017: CMS-PAS-HIG-18-001 | The measured S|gna|
=@= 77.4 fb™t Combined . .
116 strength modiber IS&
Koy =0.00, ;4 =11 +0 .19
| H=1.1U 017
e, = 1251750 .~ | Signal strength modiber
combining 2016+2017 is:
20,0008 g
ttH, tgH i e e N T

- o +0 .15
u=1.06"0% 1‘ M = 1 06 0.13

10.13

0 1 2 3 4 5 6 7
U
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! Measurements of signal
strength modibers associated
with fermions and vector
bosons are performed

| Better coverage in the 2017
analysis

! Improvement performing the
combination

C.CAPUTO

CMS Preliminary

77.4 0™ (13 TeV)
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> L _
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Conclusio
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Conclusions

! From the Run 1 data , all Higgs boson properties  are consistent
with the expectations from the standard mode

' A combination of all the results in the various Higgs boson

channels can be used to determine the Higgs boson couplings to
other particles.

! The Run 2 data signibcantly improve the precision of the Higgs
measurement performed during Run 1 and the sensitivity on the
MOst rare processes.

! ttH production is the channel that gains the most from the
Increased collision energy (Observation)

I With the Run 2 full dataset (around 150 fb -1) the sensitivity of the

analyses dominated by statistical errors will signibcantly
improve .
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Thank you for your attention
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1

I Summary of how all production and decay processes scale as a function
of the k parameters:

Effective
Production Loops Interference scaling factor Resolved scaling factor
o(ggH) v b—t Kg 1.04 - k7 + 0.002 - k2 — 0.038 - Kk,
o(VBF) - - 0.73 - i3y + 0.27 - k%
oc(WH) - - Ky
0(qq/qg — ZH) - - K7
o(gg — ZH) v Z—t 246 - k% + 047 - k2 — 1.94 - k7K
o(ttH) = - KZ
o(gb — WtH) - W —t 2.91 - k7 +2.40 - k5 — 4.22 - Kekwy
o(qb — tHq) - W —t 2.63 - k% + 3.58 - k& — 5.21 - Kk
o(bbH) - - it
Partial decay width
[44 - - K%
rWww — — Ky
Ty v W—t K2 1.59 - k3, + 0.07 - k7 — 0.67 - kyyke
[T _ _ K?(
[bb — - K2
[HH — - KI?;

Total width for BRggy = 0

0.58 - &% +0.22 - Ky + 0.08 - K5+

I'y v - K% + 0.06 - k2 +0.026 - k2 +0.029 - k2 +
+0.0023 - k2 + 0.0015 - k7, +
+ 0.00025 - x5 + 0.00022 -«
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UCL

Université
catholique
de Louvain

| The measured signal strength modiber is& W =1.10 13

I Measurements of signal strength modibers associated with fermions
and vector bosons are performed

CMS Preliminary 415 fb™ (13 TeV) CMS Preliminary 415 fo" (13 TeV) 4 CMS Preliminary 415" (13 TeV)
TT 1T IL-I TT I T T 1T I TT 1T I T 11T I T T 1T I LI T T 1T | T TT | |||||||||||| | T T TT | T T TT I | T T T T | T T T T | T T T T T T T T | T T T T | T T T T ]
_ +0.23 " . " o > - 4N *
ntagged [ = 1.21!0_21 H" zZZ 4 u = 1_14!+8:§g . H" ZZ 4 %-,5 - / \ H! Zzx! 4 +
m, =125.09 GeV | 99HbbH m,, = 125.09 GeV 23.5F / \ m,, = 125.09 GeV ]
BF-1jet 0=102°% e = C | \ ]
t d T T . _ 40.19 _ +0.19 - i
agge o | Hotobal = 10,037 _ +1.19 | Hgiobal ~ 10,03, 3 | \\ — 68%C.L ]
BF-2jet 0507 Hyge = 1121055 1 - ' \ ——95%CL ]
=1. — . - -
tagged M 10.49 2.5 : \ + best fit =
- \ ¢ s™m ]
VH-hadr. _ +0.67 _ +1.54 - | _
tagged W= 0'33!0.33 Homhad ~ 0 00 ¥ 2 :— | \\ —:
- | .
VH-lept. "= 1 97285 - 1.5 | \ =
tagged 11.52 +3.95 - \ 5
uv,_"ep - 3! 212 = N ‘\ \ ]
tH-hadr. U = 0.00-%y 1- o+ \ -
tagged 000 i \\ \ :
. ~ 0.007°% 0.5 :— | —:
i -oonyy : ‘ | :
o oAb b b by b v b a g Ll | Ll | L Ll | Ll | L | Ll | Ll O C 111 1 | A | | | | | I 1 | | I I | | I I | N
o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7 0 0.5 1 1.5 2 2.5 3
H M ggH,bbH,ttH,tqH
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1

I signibcance of 2.3 standard deviations (1.0 expected)

I Combining this analysis with the analysis ggH( ## and VBF-H##)

observed signibcance Is 5.5 standard deviations (4.8 expected)
35.9 fb! (13 TeV)

*(2105§||||||||||||||||||]|-2||I|-|-|-! -I-I-I-I.I-I-I-I-I.I-I_IIE
GC) - CMS iE —— (Obs.-bkg)bkg. 1 1
= B Pre”minary 0.8F —— (H# "")/bkg. (p=2.5) 1 7
4 SRl [

Ll 10 —+— Observed 8:2 [ B, unc.kg. . T ?
I WH channels o2 E -

10° L ZH channels _=

E e _ | 04 '|2 ............. ' 0|5 E

- H# ™ (1=2.5) log, (S/(S+B)) ]

107 Bkg. unc. _
I

10 =

10'*
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