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THE HIGGS SECTOR IS SPECIAL

The Higgs boson is a fundamental scalar particle (spin 0) and
Its theory Is unlike anything else we have seen in nature

unlike anything we have probed
before

much like what we have seen before

the keystone of the BEH mechanism
and SM, never probed

Inspired by G. Salam’s LHCP2018 talk ROBERTO SALERNO n


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-002/index.html

THE HIGGS BOSON TIMELINE AT THE LHC
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THE HIGGS BOSON TIMELINE AT THE LHC
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Higgs boson observation Towards the precision physics era
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THE HIGGS BOSON TIMELINE AT THE LHC

Last EPS-HEP
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Higgs boson searches 3rd-generation fermion couplings
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LHC combination

If the SM Higgs boson exists, is most likely In one word “SM like 1-t, H-t, H-b observed
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Towards the precision physics era
discovery > full Run2
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THE HIGGS BOSON LANDSCAPE NOWADAYS

JORGE CHAM © 2019




THE HIGGS BOSON LANDSCAPE NOWADAYS

The H profile

exploiting H-Z, H-W, and H-y interactions

Mass and width

Coupling properties
Inclusive/Differential cross sections
Quantum numbers (Spin, CP)
Combination

JORGE CHAM © 2019
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THE HIGGS BOSON LANDSCAPE NOWADAYS

Discovery—Properties

3rd-generation fermion

H-t interaction in decay (Ht7)

H-t interaction in production (ttH)
H-b interaction in decay (Hbb)

JORGE CHAM © 2019
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THE HIGGS BOSON LANDSCAPE NOWADAYS

Rare decays/production

2nd -generation fermion
Decay to mesons
tHg/tHW

Self coupling (HH production)
Invisible decays

JORGE CHAM © 2019
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THE HIGGS BOSON LANDSCAPE NOWADAYS

BSM Searches

Additional scalars (charged, heavy, light)
Exotic decays
Anomalous couplings

JORGE CHAM © 2019
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THE HIGGS BOSON LANDSCAPE NOWADAYS

The H profile Discovery—Properties

exploiting H-Z, H-W, and H-y interactions 3rd-generation fermion

Mass and width

Coupling properties
Inclusive/Differential cross sections
Quantum numbers (Spin, CP)
Combination

H-7 interaction in decay (Ht7)

H-t interaction in production (ttH)
H-b interaction in decay (Hbb)

BSM Searches , Rare decays/production

g . .
Additional scalars (charged, heavy, light) 2Decagyetr:>er|:<ta§:nf:rmlon

iXOt'C c:ecays ' JORGE CHAM © 2019 tHg/tHW
nomalous couplings Self coupling (HH production)

Invisible decays

D) have been released in the last days
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(Almost) all the results shown today are new since last EPS-HEP conference, some (&



THE HIGGS BOSON PRODUCTION AND DECAY  ‘justareminder
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THE H PROFILE



THE HIGGS BOSON MASS gume 1101707

mu the single parameter that completely determined SM the Higgs sector

CMS 35.9 fb' (13 TeV)
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~200 MeV precision, measurements dominated by statistical uncertainties
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THE HIGGS BOSON WIDTH T 3920101200

A crucial parameter for BSM searches, in SM cty =48 fm, small width 'y =4.1 MeV

2 2
Direct measurements (on-shell line shape, lifetime) oonshell .~ gggHé;Hg
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COUPLING PROPERTIES WITH H—-Z2Z-4] Yottt

Final state has been updated with dataset
>200 signal events per experiment
CMS Preliminar + + . a e .
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(*) signal strength defined as the ratio of the measured Higgs boson rate to its SM prediction

ROBERTO SALERNO



CMS-PAS-HIG-19-001
&) CONF-HIGG-2019-025

COUPLING PROPERTIES WITH H—ZZ—- 4]

Simplified Template XS ( ) framework : measure Higgs boson cross sections per
production modes and in different regions of the kinematics phase space

From just Higgs boson production bins... ... to bins with finer split of kinematics regions
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Similar CMS results with full Run2
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TOTAL CROSS SECTION MEASUREMENTS O oo i,

CMS 35.9fb" (13 TeV) CMS 35.9 fb' (13 TeV)
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DIFFERENTIAL CROSS SECTION MEASUREMENTS oo

Finer granular measurements in specific observables

Measure a large numbers of distributions (prrv, pr#, 1Y, . IY4d, Njets, pret!, mj;, Agjj. ...) and
compare with various predictions

CMS Preliminary 137.1 fo'' (13 TeV)
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These measurements allow to constrain and
coupling not directly accessible (e.g charm-H interaction)
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ANOMALOUS INTERACTIONS SEARCH WITH EF T swrre-es

Using the 5 differential distributions (p17?, Njets.
mii, A®jj, pr'et!) measured in the H— yy analysis

Ratio to SM

I L L L L L D L L O A A L
1.8ATLAS Simulation Preliminary H — yy, Vs =13 TeV

- SMEFT (Interference-only)

1.6 —_— " = -4 - S -4 ]
B CHG_4.5><1O CHB- 2.3 x10 |
B o) _ -4 o - -4 :
1-2% —-—-—--—-—-—-——-—-—-—--—-—-—-__
- _|—|__I_'—|_—
1— _'—l_ —
06_ L L L | | L 1| L L1
O W (2« A \© R\ N \ N \ R N o i UL O 2 Q@ 2 2
23355328280 v 122 5N RRAD
O " © 0O W oW o O 2 = O O S \ ST \ R R 5
© 2% % S %O“’ © %
YY i1
p." [GeV] N My [GeVI Ay p[Gev]

The effect on differential distributions
of the four CP-even coefficients in the SMEFT basis

' Observed 68% CL
Observed 95% CL

———————
ATLAS Preliminary

- H— yy, (s=13TeV, 139 fb”
SMEFT Interference-only

ggF production

VBF/VH productions

H — yy decay rate

1 1.5

Parameter value

Constraints one Wilson coefficient at the time, the other
coefficients are assumed to vanish
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DISCOVERY — PROPERTIES



3rd—-GENERATION FERMION COUPLING : t-H s

After the single experiments independent observations — perform cross section
measurements split by production modes and in different kinematic regimes (STXS)

In the CMS 77/fb analysis: machine 77.4 16" (13 TeV)
| | u u 0 u .
learning for categorization, 90% of backgrounds with CMS T Observator
d t d - th d Pre/iminary "= SM|eXpe§E)a|§ion BR tainti
a a_ rlven me o S scale & ® as D uncertainties U
Mproc G'
' +0. (o
3 77.4 16" (13 TeV) i | = 0 Jet -0.40 7372 o
—_ . <
T | cMS m, =125 Gev 2 —— pY[ 0, 60] -0.3471 % o
o | 68% CL 95% CL z X - e Q
) . Preliminary  ---- 68% CL exp. - - - 95% CL exp. T LC')J o —— - 1 Jet pt [ 60,120] 1.26 715 l
i i e Bestii 8z E» | I PH 120, oo ] 1.80+118 =
IE-IS , ‘ Expected for 125 GeV SM Higgs T g E : T , 1o 3
i o +0.91
Z 2 CTDU,(—‘D E e > 2 Jet 0.47 " g g
= B Oz ©
| i —
_ 0xBR = 1.1120.81(stat)+0.78(syst) pb agl Inclusive 0.36 773 -
15| a
. E + VBF topology 1.00_*8'_23
1__ I? ué O — i E V(qq)H topology - 1.17?1'_2‘;
R > Zz .
g 5 8 -—E—-—- p!! > 200 GeV 1.417103
i + & 32 ' +2.75
0.5 '5-'5 ; % o ! Rest -1.06 %567
I > Z G
i oxBR =034+ 008 (stal) = 0.09 (syst)pb ™ Inclusive | 1087
0% N S N A N Y A A Y
-5 0 5

Best fit Uproc = Oproc/Osm
Highest experimental sensitivity to VBF
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3rd—GENERATION FERMION COUPLING : t-H
Only directly accessible when H is produced in association with 1 or >1 top quarks

g 1t g t g t
_____ H H N H-oWW/rt H— yy/4¢
_ o B Systematics-limited Ited
g <+t g t q t :

Low yield
neak

Hig
Low signal/background

Direct observation in 2018!
From the combination of

5.1 b (7 TeV) + 19.7 fb' (8 TeV) + 35.9 fb™ (13 TeV) ’
g ] ' Y A B B B
—— Combined 8

o §
----- SM expected 1 = 0.9F ATLAS =

_j % 0 8:— Bl Theory (NLO QCD + NLO EW)
" = Total

S91119d0.dd ~AI9A0DSIJ

L e A Zaas - o = Combined data
: J | O ) 7 - $Stat. only

signal strength

£ ttH comb (Run1+80/fbRun2) 1.32+028

< ttH comb (Run1+36/fbRun2) 1.26%05,

e
-
-

I6I ] I8I ] I1OI ] I12I ] I14I ] I16

Adding more (fullﬁHRunZ) data direct observation in most of the final states
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ttH MEASUREMENTS

Analyses improved, usage of sophisticated methods for signal identification

CMS Preliminary 41.5 b (13 TeV) - | | | |
(qp) 5III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII _| | | | | | | | | | | | | | | | | | | | | I_
g 10 = SL (=6 jets, >3 btags) Data  [signal E 8 - ¢ Data ATLAS Preliminary —
E: - t;Z'STfiffe -tEJ’”_ -Sin.glet - To) 30 Continuum Background Vs =13 TeV, 139 fo’ =
c 10*E []tt+cc [ V+jets — N | —
L‘|'>J’ : o v - ™ ~ - --- Total Background m, = 125.09 GeV :
e T %%F —— signai+Background Al categories E
: E » - In(1+S/B) weighted .
- ;_ _; % o0 n(1+S/B) weighted sum - 9
R . z 3
10 ?_ 15[ | — =
@) B _ 2
1 | | = g 10 * * } E I
o g4 TR TS D - _lU
12 — - IR b S I
D\(; . 81 %\\——k-\-#-v#—\—ﬁ-\--\ﬂ- \#\\ﬁ\*\\*\i\i\\{\\#\ i 5 :_ + + + + . é
8 0:6§_III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_§ O:I ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] I: 2
0.2 025 0.3 035 04 045 0.5 0.55 0.6 0.65 1 10 120 130 140 150 160 ~+
ANN discriminant m [GeV] a
VY
ttH(bb) ttHWW/z7)  ttH(yy) ttH(44)
umi 36/fb 36/fb 139/fb 139/fb
Msignalstrength  0.79*3% 156342 | 1.38%04 | | 1.23%}%
ms umi 77/fb 77/fb 77/fb 139/fb
#~1signal strength 1.15 +_8;§§ 0.96*.8;3? 1.7 t?,;é 0.1 3f8j?§

ROBERTO SALERNO



3rd-GENERATION FERMION COUPLING : b-H o
lef|CUlt Channel desprte large BR (58%) due to large bkg <5.11" (7 TeV) +<19.8 b (8 TeV) + < 77.2 b (13 TeV)

CMS e Observed
: : . D e H->bb — )
Coupling established with a significance >50 : o
VH production most sensitive but ggF. VBF and ttH play a role. “ PRI
Slgnal Strength ttH -—lq- 0.85 + 0.23 = 0.37
&) Hbb (Runl+ 8o/ Run2)  1.01+0.20 "
2 Hbb (Run1+ 77/fb Run2) 1.04+0.20 - "‘“ D=0 =0

0 1 2 3 4 5 6 7 8 9
Best fit u

S91119d0.dd ~AI9A0DSIJ
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3rd—GENERATION FERMION COUPLING : b-H . 12 aote 2100

JHEP 05(2019)141

lef|CUlt Channel desp“:e large BR (58%) due to large bkg <5.11" (7 TeV) +<19.8 b (8 TeV) + < 77.2 b (13 TeV)

C M S e Observed

+1o0 (stat @ syst)

. . . . " gan H—bb s =10 (Syst
Coupling established with a significance >50 o
VH production most sensitive but ggF. VBF and ttH play a role. ” I

Signal Strength ttH '—:' 0.85 +0.23 + 0.37
WH : 1.24 = 0.29 + 0.24 O
&) Hbb (Runl+ 80/fb Run2)  1.01+0.20 ™ =
EEEEEEEEEE | ‘@)
ZH == 0.88 +0.24 + 0.16
—~Hbb (Run1+ 77/fb Run2) 1.04+0.20 S
— Combined . 1.04 =014 = 0.14 2
T A . =
Best fit u l
towards measurements of differential 3
(=)
N — - (D
é — ATLAS VH, H—bb, V—leptons cross-sections: ] A; ST "' UL J [ -
o [ {s=13 TeV, 79.8 fb™ ® Observed ==Tot. unc. == Stat. unc. _ IOI EATLAS \/EX‘IHS’TI:V ?58 ! :_DII.
>0 .o —SM [ Theo. unc. N ~ o5 : ’ —
< b vew vz S e
I © — I _ -
m | — | n n B
« 17 1 ; EFT interpretation
) s - § T
e | =
- | = -
% 2- _ —- - I E LR R L
2 1k T ‘ ! * T i - “~ \~ :
.5_3 i W — ! -t ﬂ | ol 1 L L L el
5 o | L _ ’0.025 -0.02 -0.015 -0.01 -0.005 O  0.005
150« JolZ 75 150« P o _ _ C
025, g:is Gy T80 Preas C;el/50 Geyy new H-W interaction il
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RARE DECAYS AND PRODUCTIONS



2nd_GENERATION FERMION COUPLING : p-H e |

H—pp analysis, g are the easiest object to identify and measure,

e small BR(H—pp)=2x10-4 = O(5-6) evt/fb-1 > Q0TI T
S op ST =T

u n 10 S = e y _ =

e large backgrounds: Z/y* Diboson, Top < H — uu analysis [@Diboson =
o 108k 76<m, <160 GeV !;’gg 100] E

e small S/(S+B) regime ~0.2% . — VB o0 -

Data/MC
%
+

80 90 100 110 120 130 140 150 160
Dimuon Invariant Mass (with FSR) [GeV]
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2nd_GENERATION FERMION COUPLING : p-H e |

H—pp analysis, g are the easiest object to identify and measure,

e small BR(H—pp)=2x10-4 = O(5-6) evt/fb-1 > 10T T T T T

S LTy =S

. o 107 VS= eV, =

e large backgrounds: Z/y*, Diboson, Top €  E H-— upanalysis E@Diboson =

i 10s.>,§_76<mw<160 GeV !;’SE 100 =

e small S/(S5+B) regime ~0.27% F — VBF [x100]

10 3 VH[x100] 7=

Critical good 10° -
and to categorise 10° -
and select events o 10 &
H—py Simulation =

c::i 0.07—cms Preliminary Simulation 1 03

FWHM

: 2.8 GeV S y

i H ® '
0.006_— 8 *
0.004 8090 900 410 920 130 140 150 160

Dimuon Invariant Mass (with FSR) [GeV]

0.002

130 135 140
m,, [GeV] ROBERTO SALERNO m



H _> u u R E S U LT S @P(?;NFI-ZI-IZ I(GZC?-IZQO) 1092-1082081
Signal and background yields are determined through a fit to my, distribution
In ATLAS full Run2 analysis: BDT-based event classification, bkg modelling, FSR, rejection

Of plle-up Jet ATLAS Preliminary, f 13TeV 139fb , H — up > 300 T Ao LT e L AL L R
104 8 = ATLAS Prphmmary o Data 7
7 ~ a0 N pggf.  <Is=13TeV, 139 b’ — Total PDF =
(x1077) =~ = H = ui — Signal PDF =
0.01 - — S§/B(x10) ool log(1+S/B) weighted .-.- Bkg. PDF =
— SIVB g F -
0.00108 - E 1505_ _E
I > 100 —
3 0.75 = - -
o VBF 50— —
g 0.5 VH - -
% 0.25 ttH
=y
? 0.0
5 §E 3 55§ 8 55 8  § 32
r 5§ =<4 T 5 4 T 5 4 T 5 -
s £ 53235325583
g0 Y8 T 85" <% 110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]
. 7 5.0 (7 TeV) + 19.8 fb™" (8 TeV) + 35.9 fb" (13 TeV) ()
® ECMS - oObserve * I
i; 6: =4 g:pectej(background, 68% CL, 95% CL) Obs(ex-p ) UL On O/GSM ObS(eXp) p ObS(eXp) Slgn
§ 3 " Expected (SMm, =125 Ge &) 24 (full Run2) 1.7(1.3) 0.5+0.7(1.0+0.7) 0.80(1.50)
=N S— ) L
©) C :
% 2p (Run1+36/fb Run2) 2.9(2.2) 1.0+1.0(1.0+1.0)  0.90(1.00)
2
1

Results statistically limited

0
120 121 122 123 124 125 126 127 128 129 130

m, [GeV] (*) background-only UL, no H—pp included —mmo SALERNO




2Nd—-GENERATION FERMION COUPLING : c-H

charm-Higgs coupling Ac~A.. .
® BR(H—cc)~0.05xBR(H—bb) e 85917(13TeV)

> Teme T
e H—bb is background oz CMS
e large (hadronic) background S 107
 charm jet ID is highly challenging =h
1072

------- SM Higgs boson
— (M, ¢) fit
+ 1o

Complementary approaches exist :
® Direct search for H—cc decay
® Extract constraints on Ac from kinematics
® Searches for charmonium decays: H—J/Wy

+ 20

—h
— O
. |

Ratio to SM
=
|'__ ﬁ: "1 X

* Total width / global analysis 1o 1 Pa:t(i)de mass [GeV]

102
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DIRECT SEARCH H—cc

Events

Obs / Exp

First direct H—cc search in CMS target the VH production
* Three exclusive channels to capture V decay modes

* Two approaches to explore the H—cc decay topology

* Advanced charm-tagging techniques exploited

35.9 fb™' (13 TeV)
T T T | T T T | T T T T T T | T T T
n CMS ¢ Data [ ]VvZ(Z—co) R
| R / d_. t B +CC
I P Le “‘;O V)e I-;/Z h Vep [] Zz+bb/be [ ] z+bric
N i M:;:z _ T [ ]Z+udsg B VH(H—cC), u=41
| Slgnaiegion I VH(H—bb) %% S+B uncertainty -
— VH(H—cC)x100

A B
0.8 1

BDT output

Events

16
14
12

10

o N O~ OO 0

-1
35.9fb (13 TeV)
: T | T T T | T T T | T T | T T T | T T T | T T T | T T T :
— CMS —4— Observed I VH(H—bb) —]
- Preliminary [ Jvzz—co) [ w(other) =
- Merged-jet I single Top [t -
. (ce) [ ] Z+jets [ VH(H—>cc), u=21 _7
u High purity —— VH(H—cc) x 100 % S+B Uncertainty
%3 - .
—t— ]
— s 25 < OB o |
1 | iz I Wy
[ Y R N e | D } """"""" s
0 S o + %
I —— Y XLLQEOPOCRIRRKS S KA A
e e e e el el e '<>< >®e
60 80 100 120 140 160 180 200

Higgs candidate mass [GeV]

J CMS-PAS-HIG-18-031
PRL 120(2018)211802
ATL-PHYS-PUB-2018-016

obs(exp) UL on o/asm

110(150)""
70(37)

&) VHce (36/tb Run?2)

EEEEEEEEEE

~ VHcc (36/tb Run2)

Results are significantly improved

UL on o/osm < 6.3

In the absence of syst unc.
by extrapolating ATLAS Run2 results

(*) only Z—=& + H—=cc channel analysed
e Roserro saeno 3




PROBING THE HIGGS BOSON SELF-COUPLING

Essential in EWSB, need to measure the Higgs boson trilinear coupling (AHHH)

g VOO
tv>-
Y

g VOO

AHHH
_I_I_.‘\

[@13 TeV, NNLO + NNLL with top mass effects]

2500CMS 35.9 fb™ (13 TeV)
...3 ° B 1 95% CL upper limits : : :
: : % | — Observed
T 3000[— @i === Medianexpected i ii..j
I H I 68% expected
1\ B [ ] 95% expected ; :
Q S W
\% 21010 U
5 % SR
2000 T . - A
1500F W N
1000
5001 | | A;,::.‘FF‘ b
-i- | | i | i || | i | || i |
-20 -15 -10 -5 10 15 20
Ko = Mgy

Presented a full Run2 VBF HH—bbbb analysis, strong constraints on the VVHH vertex

- H g ~<eo---H
Y A

N qg > ®___ H

o(gg—HH) =335fb

HH— bbt*r
HH— bbbb

HH— bbyy

HH— W'WW'W
HH— W'W yy
HH— bbW*™W

Combined

PRL 122(2019)121803
arXiv:1906.02025

95% CL upper limit on OyoF (pp — HH) normalised to o

LN ' L | ' L ' L L |
ATLAS —e— Observed
: 4 meeee- Expected —
\s=13TeV, 27.5-36.11fb S Expected = 10
OgévlF (pp — HH) =33.5 fb Expected = 20 _
Obs. Exp. Exp.stat. |
125 15 12
129 21 18
20.3 26 26
160 120 77
230 170 160
305 305 240
6.9 10 8.8
Ll Ll s a0 aaaal L L
10 10° 10° 10* 10°

SM
ggF
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PROBING THE HIGGS BOSON SELF-COUPLING

Single Higgs boson productions, decays, and I B
Kinematics are sensitive to the self-coupling VH o tH | @ @---#

through EW corrections

Reinterpretation of the combined measurements
gives some access to kinematic information

Measurement sensitive only under strict
assumptions on other Higgs boson couplings

ATL-PHYS-PUB-2019-009

AHHH!

[ ---Stat. only

- —— Stat. + Exp. Sys.

~ —— Stat. + Exp. Sys. + Theory Sig.

- —— Total = Stat. + Exp. Sys. + Theory Sig. and Bkg.

- ‘ —
- \ / N
[ \ ! —
I ]
.............................. ‘\l el — 20

\ ! —

\ 1

\ 1

1

ATLAS Preliminary
(s=13TeV, 36.1 - 79.8 fb™
my, = 125.09 GeV B

N A 1o

15
AHHH/ASMHHH
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TOWARDS HL-LHC
Couplings Higgs boson self-coupling
(s = 14 TeV, 3000 fb™ per experiment
""""""""""""""" ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV)
Total ATLAS and CMS 12 — 7
—— Statistical ) — 5t . aps .
—— Experimental HL-LHC Projection = [ SM HH SIg nificance: 40 | —— Combination
— Theory Uncertainty [%] = 10l 0.1 < ks < 2.3 [95% CL]
Tot Stat Exp Th Q! i a - bB
Ky = 1.8 08 1.0 13 ' : 0.5 <Kk1<1.5[68% CL] ; L8
Kw =— 1.7 08 07 13 99.4% CL 8:—_ _ , ________________ J bbtt 4
K, = 5 07 061 . , _ =
7 = 1.5 0.7 06 1.2 I “ bbbb M
Kg = 2.5 0.9 0.8 2.1 6 _ =
Ky B 3.4 09 1.1 3.1 : ‘ / | bbzz(4h ‘ g
K, 3.7 1.3 13|32 95% CL 4 :—j_ - “f ———————— /—"’—"——'—W e bbVV(lviv) P
K, B=_ 1.9 09 08/15 ; | | | '
Ky BE— 4.3 38 1.0 17 2:— s
68% CL e - & _‘:\_ R i M _ el ]
KZY —— 9.8 7.2 1.7 64 i N FmmmmnTTTY
0 B 002 | 004 | 006 | 008 | ‘0.1. | 012 | 0.14 QQ -1 0 1 2 3 4 5 6 7 8
Expected uncertainty
K2
In addition for Higgs BSM searches a substantial amount of parameter space (and
masses) to be covered
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OUTLOOK AND CONCLUSIONS

The Higgs boson is “really” new physics.

A broad Higgs physics program is ongoing within ATLAS and CMS using the LHC Run2
dataset (<5% of the final HL-LHC integrate luminosity)

o Start of the In the gauge sector (towards <10% uncertainties)
® Switch using the 3rd-generation couplings
* Focus on

evidence/observation of 2nd-generation coupling using LHC data
probe charm-H interaction and Higgs self-coupling towards HL-LHC

e Extensive

ROBERTO SALERNO m


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-15-002/index.html

OUTLOOK AND CONCLUSIONS

The Higgs boson is “really” new physics.

A broad Higgs physics program is ongoing within ATLAS and CMS using the LHC Run2
dataset (<5% of the final HL-LHC integrate luminosity)

o Start of the In the gauge sector (towards <10% uncertainties)
® Switch using the 3rd-generation couplings
* Focus on
evidence/observation of 2nd-generation coupling using LHC data
probe charm-H interaction and Higgs self-coupling towards HL-LHC your attention
e Extensive

/(,’
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EPJC 79 (2019) 421019
CONF-HIGG-2019-028

THE HIGGS BOSON COMBINATION

35.9 fb™ (13 TeV)

The H Profile
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To Y 2 Q ]
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> 2 R _
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A 1 > %)) || _ku.
ﬂ_\_u T v Q 1o
L € —
> 3 | E
o n o TThmmmmmmnBenenenees o
= s I ]
= 2 3 -
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-— m o — 5
g 719
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Parameter value
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QUANTUM NUMBERS SPIN

5.1t (7 TeV) + 19.7 b (8 TeV) + 80.2 fb™ (13 TeV)

CMS Supplementary

The H Profile
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, 2///// 7
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c-H COUPLING FROM KINEMATICS

ptH shape and cross section are dependent on t-H, b-H, and ¢c-H couplings

Effects from charm, mostly at

A

I_I_I..LI:I.J—I .

do/dp_’ [fo/GeV]

—
<

A

Ratio to SM
(-

) S,

I L L
ATLAS Preliminary
Vs =13 TeV, 139 b

[ NN NN (N NN I
----------

oII

100

120 140
p.' [GeV]

BRs(Kc,kn)
CMS 35.9 b’ (13 TeV)
a 2r= 7
~ | — Combination
1.5H—H->2zz s
C|—H =y
1 —5
0.5 ]
o- .
~0.5[
N —2
—1-
- 1
—1.5[+Bestfit .. *SM 26 —1o B(K K,
‘...e|'.l..|...|...|...|...|...|..b. !O
-8 -6 4 -2 0 2 4 o6 8

-2An L

PLB 792(2019)369
3@ CONF-HIGG-2019-046

BRs as nuisances

CMS 35.9 b’ (13 TeV)

o 40 -7
Z - |— Combination <
30H—H—=2Z | e —6 §
| —H-w
20 —15
101 4
o -3
=10 —2
-20F |,
_ |4 Best fit *SM --20 —1o B unconstr. .
_30_ o v v by v b b b b Ly O
-60 -40 -20 0 20 40 60

Ke

obs. (exp.) 95% CL on k¢

EEEEEEEE

NT

5| be+yy (36/fb Run2)

[-18, 24] ([-15, 19])")
[-33, 38] ([-31, 36])"

(*)BRs fixed to their SM expectations
(**)BRs as nuisances
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H—])/Y J/Y AND H-YY

SM BRs inaccessible by many orders of magnitude.

Four-muon final state

® Experimentally clean with very small SM backgrounds
® Excess at H or Z mass would be sign of BSM physics

,CMS 37.5f" (13 TeV)
> 10 :_ T T ! | ! ! ! | ! ! 1 _:
3 = =
Q) - pp — Jp Jp — 4 u

N —— Data

€ —— Signal + Background

S 10 N4 | 00 e Simulated signals —
0 = =
L

M,, (GeV)

- | | | | | :.I | | “ | | | | L | :‘ | | ]
40 60 80 100 120 140

Events / 3 GeV

37.5fb" (13 TeV)

PP—=YY—=4u
—¢— Data

—— Signal + Background
------- Simulated boson signals _|

arXiv:1905.10408

60 80 100
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Q WA = Q
Z c,b q c,b
Al H <
s Q O=a
= 95% CL Upper Limits
: Process Observed Expected
BMH—J/yl/p) 1.8x1073  (1.8797) x 1073
BH — YY) 1.4x1073 (1.4£0.1) x 1073
B(Z = T/pJ/p) 22x107%  (2.8752) x 107
| B(Z — YY) 1.5x107% (1.5£0.1) x 107°




SEARCH FOR tHq/tHW PRODUCTION

Process Is highly sensitive to the absolute values of the Higgs-top Yukawa

coupling, the Higgs boson coupling to vector bosons, and to

H - H
b
. _
o(gb —tHqg)=0.074 pb o(gb —tHqg)=0.003 pb o(gb —»tHW)=0.015 pb
t-channel s-channel W-associated

< 1/500t of ggF production

—2AIn(L)

For a SM-like value of guv, the data favor
positive values of y;

40 T

35

25
20 |
15

10 |

CMS

PRD 99(2019)092005

35.9fb~' (13 TeV)

5 1

i\t
pp — tH + ttH

_ H—WW/ZZ/77/ bb /~~

| | T
- ky = 1.0, resolved
30 F =

O—.......

Observed

Expected (SM)
Observed (Multilepton)
Expected (Multilepton)
Observed (v7)
Expected (77)

Observed (bb) /50
Expected (bb) "
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PLB 793(2019)520

SEARCH FOR INVISIBLE DECAY

4.9 " (7 TeV) +19.7 fb" (8 TeV) + 38.2 fb™ (13 TeV) 4.9 " (7 TeV) + 19.7 b (8 TeV) + 38.2 fb™ (13 TeV)
| | 8IIII|IIII|,II'

I

SM

III,| | I | | I | L

CMS

—o— Observed

O
©

O
o

--©-- Median expected

-2 A Log(L)
~

0.7 - 68% expected
S
95% expected
4 y
—— QObserved
0.4 3
- - - - Expected

O
w

o
(@)
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

Combined 7+8+13 TeV

95% CL upper limit on o x B(H — inv)/o
o
@)

O
\S)

Combined 13 TeV

Combined 7+8 TeV

O
—h

0 | | 0
Combined 7+8+13 TeV  Combined 13 TeV  Combined 7+8 TeV 0 c1 02 03 04 05 06 0.7

B(H — inv)
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BSM SEARCHES

Variety of searches for additional Higgs bosons and exotic decays of H(125)
So far no excess or evidence and only exclusion in theory parameter space

tang

CMS Preliminary

35.9fb" (13 TeV)

60
50 F
40 -
30
20
10— P
- ) / Observed exclusion 95% CL
7 _ \\ ' % Expected exclusion 95% CL
& ) h(125)
6 [ "0 &
S » W EPJC 79 (2019) 79
5L D : AHIR =
CMS-PAS-HIG-18-010
B A/H — bb
4 JHEP 1808 (2018) 113
A/H/h — 1t
3k p JHEP 1809 (2018) 007
I H— WW
/ 2 1‘ CMS-PAS-HIG-17-033
4 . '.; H — hh (bbtr)
oL [/ ,,‘l PLB 778 (2018) 101
1 \ H — tt
¥ CMS-PAS-HIG-17-027
Z 2 A — Zh (Ikt)
/’ . CMS-PAS-HIG-18-023
% ) )
/ ! \\ hMSSM
1 R | 3 I o] |
130 200 300 400 1000 2000
m, [GeV]

-------

10

60

m, [GeV]

More material shown in the Higgs parallel sessions
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ATLAS Preliminary

Run 1: s =8 TeV, 20.3 fb™
Run 2: {s =13 TeV, 36.1 fb™

2HDM+S Type-I1, tanfy = 2

== expected +10
observed

Run 1 H— aa— uutr
Run 1 H— aa— yyyy
Run 2 H— aa— uuuu
Run 2 H— aa— yyjj

_ Run2 H— aa— bbbb

Run 2 H— aa— bbuu




HH RESONANT SEARCHES

105 CMS Prellmlnary 35.9 fb'1 (13 TeV) @ CMS-PAS-HIG-18-013
— — Fr T Fr T N Fr T N Fr N Fr -
fo) — | | | | | | | 3 CMS orelimi 1
(- — ' N — preliminary 3591 (13 TeV)
~ —AssumeSSMnggSBR _beVIVJHEP1801(2018)054 - II|IIII|IIII|IIIIIIII|IIII|IIII|IIII|II
T [ B _ 0B s ghiaved
L B — bbtt PLB 778 (2018) 101 | SO M S A S - Median expected .
1 - g ZﬁZIIZZﬁﬁiIIZIZZZﬁﬁf‘ﬁ-ﬁ.;gﬁﬁgﬁﬁﬁﬁﬁﬁﬁﬁIZZZZIZEZIZZIIZZZIZIIZIZFZIZZ -~ Median expected (Iljj) -
>/F 10% —— bbbb JHEP 08 (2018) 152 _ = I e~ Median expected (Ivv) -

— —] I e : :

m - = | EE T T — [ 68 % expected _
S E N bbyy PLB 788 (2018) 7 - NS e 05 % expected
~ ' < k=
© - —— Combination PRL 122, 121803 (2019) | &
5 — x

~ !

208 = —
c 100" — Observed = =
) - --- Expected — S
O L Spin-0 - E
° L : o
X 2
(@)) 102 — - 8

N = T e e e R s

| | | | | | | | | 300 400 500 600 700 800 900 1000
| 1 | L 11 1 [ . [ [ . [ [ . [ [ . | 1 m Ge
X,aﬂno[ \[

300 400 500 600 700 800 900 1000 1100
New HH—bbZZ analysis

m, (GeV)
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CHARM-TAGGING TECHNIQUES

10 1.0
Resolved tagging | :
0.8
Fully connected DNN providing P(b), P(c), P(light) & ..
: : .. ks 0.6 &
combined to create two discriminants S 3
CvsL = P(c) / P(c) + P(light) 5 3
CvsB = P(c) / P(c) + P(b) g C
Calibration done using via a simultaneous fit to the .’
2D plane CvsB / CvsL in 3 background regions
108 0.0
10
Merged tagg'“g _ N I |35|.9|fb'1l(1:|3T|eV? ) I | | I35|.9|fb'1l(1f|3T<|eV}
_ _ & | g“’,i - S eater  ESnge on ﬁ gzoo:— CMS éfjf:other EZ:ZI::)
Complex DNN architecture for top, W, Z, Higgs decays, "o rcic’ &b S5 1 % el 57w
further splitted based on flavor content of decay mode  wo} ™™ Qi miin 1 1 e Lo

score(Z — cc) + score(H — cc)
score(Z — cc) + score(H — cc) 4 score(QCD)

CCdiscriminant —

Calibration done using proxy jets, gluon splitting to cc
with similar characteristics as signal jets




