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The Standard Moadel INFN

-

T

4 1 )
Ly =——=F, "+ gDy Precision Electroweak and QCD
2 . .

+|D,D| Gauge interactions

+ V(D) Higgs potential

——l/jl.yl.jl/jjcp Yukawa interactions (fermion masses =>
proton, neutron masses), CKM matrix
and CP violation

\_ N

LHC program is to study profoundly the validity of the Higgs and Yukawa
sectors of the Standard Model

Look for possible existence of new physics phenomena directly (new

particles: ), or through breaking of SM predictions in any term of -/,

new
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5 The H; lential
Wd £20 INFN
20T T A\ 2 Higgs
V(®) = -y 0'®o+A(P'D) Btontial
I 2 172 3 I 4 Our Stable
=V.+—m H+AvH’+—1H vacuum
0 H
2 4 ?
Metastable
S~ \
feld
 Responsible of the EWK symmetry . y -
breaking and W/Z masses ' Instabiy | SRR
» Characterizing the Higgs potential s 1
means measuring the H boson mass (u) ™ ¥ //
. . —~ [ 108, '\ _
and the strength of its self coupling (A) 3 |~ / [l M
e V(®) and top mass determine the ol g ] 10" =
stability of our vacuum 2N\ o
I o __~ - . Absolute stability
el .
120 125 130 135 140
MH,GGV
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s LHC Run-1 and Run-2 INFN

CMS Integrated Luminosity, pp, Vs=7, 8, 13 TeV
* Excellent performance of pata included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

o //...// IIIIII //..//....//....//...
the acceleratorin Run1 & 2 200 /1 { F—~f = f———] [-——200

I LHC Delivered: 192.99 !
e CMS has recorded:

1 CMS Recorded: 178.16 fb*

150 1150

- 178 fb1 at 7, 8, 13 TeV data, of

Total Integrated Luminosity (fb ')

which ~90% certified as good | |00
for physics analysis /
e Run-1, 7 TeV: 6 fb- > L |*°
e Run-1, 8 TeV: 23 fb~ .
) ‘ [l et [ 0 4 / // PRI A .// | M .// // RIS )
AARNO ARWKYARTIWIINS ANRDQ0 OGN WHIT BB
e Run-2, 13 TeV: 151 fb- M‘k&g% m‘»@%@\‘a@%&& \%%30*&%%&&%1‘\0“\%

Date

e Pilot Beam Test done in
October 2021 brought CMS

back to life: ready for Run-3

eeeeeeeeeeeeeeeeee , CERN /VTS
Data recorded: Tue Oct 19 06:01:24 2021 PDT C

nnnnnnnnn : 345881 /17244 [

>
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= The LHC //W@ factory INFN

g , About 8 million Higgs bosons produced

oM b Dmee H gluon fusion by LHC during Run-2

g o Formy ~ 125 GeV a wide range of

G ey g production and decay modes accessible
3.8 pb vector boson e Establishing each production mode and
50k v fusion (VBF) studying its properties

q > q

.9 1:_II T | IIIIIIIIIIII | TTT IE T TTT | IIIIIIIIIIIIIII I_: §
T o A 12
. )] B . 3
W,Z associated £ pww e
. C 10 a9 |3
production A e ——
a0 |
. cC : N
102p “4 E
- w i :
10_3M
O [pb] ] w| | | | : | | | | |
#Higgs produced during 10; 26' 121 122 123 124 125 126 127 128 129 130
Run-2 M, [GeV]
E. Di Marco 24/01/2022 5



Higgs mass and width

V(D) = — 1120 D + J(DTD)?

| 1
= Vy+ Emlez + AWH? + Z/lH4



CMS

Higgs mass (NN

®* Measurement done in H—=4¢ and H—yy only

o precision dominated by statistics and experimental systematics (e.g. small
non-linearities in photon energy response, muon momentum scale)

LCMs 35.9 b (13 TeV) H — yy, Ik 5 4F

— . .
= :H—>yy + H— ZZ— 4] Combination — H—yy CMS
a k — — Stat. Only _ p 4
o 5 - Hos 77> 4] Run 1: 5.1 fb_1 (7 TeV) + 19.7 b (8 TeV) —— Total Stat. On|y
B 2016:35.9 fb™ (13 TeV)
u — = Stat. Only Total (Stat. Only)
B — Combined Run 1 H—yy —— 124.70 = 0.34 ( = 0.31) GeV
S — — Stat. Only
- Run 1 H— ZZ— 4| e —— 125.59 + 0.46 ( = 0.42) GeV
4: Run 1 Combined f— 125.07 + 0.28 ( + 0.26) GeV
B 2016 H—yy ——t 125.78 = 0.26 ( = 0.18) GeV
3_
B 2016 H— ZZ— 4 —— 125.26 + 0.21 ( = 0.19) GeV
ol 2016 Combined ——t 125.46 = 0.16 ( = 0.13) GeV
_ Run 1 + 2016 .-i-. 125.38 + 0.14 ( = 0.11) GeV
1
— II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II
B / 122 123 124 125 126 127 128 129
B | | | | | | | \ | | | | | | | | mH (GeV)
124.5 125 125.5 126 126.5
m,, (GeV) My = 125.38 = 0.14 (i 011) GeV

precision on my: 140 MeV = 0.1%

E. Di Marco 24/01/2022 7



CMS : '
Higgd bodon lolal widh INFN
o WM =41 MeV (& lifetime goff—shell
w—H—
7, ~ 1.6 x 107%?s) too small to be gon—shell x I'y
VW—I1—

measured directly:

= o0 WW, ZZ, 7y,
* Tu<1.1GeV from on-shell Higgs, limited by Vv =88 V1Y

detector resolution EMSSimulation - 1:|3Te\§/
: : 10* -
e Textbook use of Heisenberg uncertainty 1835 9g9—212v (I=e, u) :
principle: AR — SM H signal (IHF) 7
: s < b —— SM contin. (ICP) ]
* finite particle lifetime => off-shell o 10F ( 3 E
duction must exist s Tl — SMiotal (HCE)
r : -
pro £ b | i -:---IHI2+ICI2 §
e Higgs width can be extracted from E§ 102 | E T ' .Qﬁ shell nggsé
o -3 2 = = ML B
the ratio of on-shell and off-shell S 10 3 = E
yields 8 107°E P T E
0% lOn-shell (135 GeV piak)
. Nn-sneil. e e
* Interference between amplitudes: 106% “““““““ 5LEVP
-7 : “““““
pp 9 H % ZZ % 4f 10 ““““ ""‘:::‘ | | ] ] ] ] 11 |
‘‘‘‘‘‘‘‘‘ 10
pp—>ZZ—>4c My, (GEV)

same initial state, same final state => interference between ZZ and off-shell H

E. Di Marco 24/01/2022 8



CMS

/’/W width meadieement

INFN

° Combmatlon of H - 4¢, H — 2¢2v analysis of full Run2 data

- H — 4¢ analysis on full Run2, using on-shell + off-shell events

- H — 27£2v analysis on full Run2, with £ = e, u final states

CMS Preliminary <138 b (13 TeV)
30 B I I I I | I I I I I I I I I I I I | I I I
i - R?,tfl;She"=1
— RY™"" unconst. '
Observed |
i Expected |
20— —
— ~ 7
c | '_
<
N - i

95% CL
68% CL s
1 2 3
U off —shell

4 5

first evidence for off-shell
Higgs production at 3.66

-2AInL

CMS Preliminary <140 b (13 TeV)
F T T T T | | T T T I
| — =0 (SM-like)

20— — f,, unconst. —
- — f,gunconst.
| — f,;unconst.
i Observed

15—

{% Expected
10—

95% CL
ooncL
5 1|0 — 15
', (MeV)
- +2.4
I'y=3.27%7 MeV

G(FH) ~ 50 % : most precise measurement up to now:

Lifetime of the Higgs boson: 7,; = 2 X 10™%%s

E. Di Marco
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-013/index.html

HQZZQZﬂZUﬂCWZm INEN

(GNPl CMS Experiment at the LHC, CERN
Data recorded: 2018-May-14 14:38:36.044544 GMT

Run / Event / LS: 316240 / 1062964357 / 755

pp = H = ZZ( — 2u2v) + 2 jets, VBF candidate

E. Di Marco



Higgs boson couplings
with SM particles

35.9-137 fb™' (13 TeV

>|> ||| | | L III | | LI II| I | LI II|
& 1E oy .2
e = CMS Preliminary wZ
i P
o L m, =125.38 GeV
E“'|>10_1 = p-value = 44% L E
L N e ]
. o
10_2 E_ T ¢§”

Leptons and neutrinos Quarks

¢
’,
’
L 4
-’
L 4
L 4
L 4

10 n Ilﬂz
:;2' Force carriers Higgs boson -
10—4:_ .E.. e
:Ill | IIIIIII| IIIIIII| IIIIIII|
c% 1_5:II| | IIIIIII| | IIIIIII| I IIIIIII| I :
O R S P .:
9 L1k St Y& --------------- % .
CU :Ill | IIIIIII| | IIlIIII| | IIIIIII| | :
o 05507 1 10 10°

particle mass (GeV)



CMS

3
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A
\
]

INFN

® Couplings to vector bosons in H—=ZZ, H>WW and

indirectly in H=yy well established since Run-1

Three Generations
of Matter (Fermions)

gluon-fusion production measured indirectly (15% uncertainty)

VBF production observed at 5.46 (ATLAS+CMS)

H—>ZZ*—>4f

137 b’ 13 TeV)

¢ Data
7] H(125)
1 q9—-2Z, Zy*
+ BN 99—Z2Z, Zy*
Bl EW
i Z+X

mass —
charge -
spin -
name -
%J 250
O
N
0 ~~
= &2 200
© c
3 3
L
150
100
) 50
S
7]
~ 0
CM S — H(125)
W

I _adl

1NN 12N 114N 1 60
; GeV
137 fo'' (13 Tev) «(GeV)
wrw~ tT+HW ¥ Nonprompt
Other background ' Uncertainty —e— Observed

S/(S+B) weighted events / GeV

137 fb (13 TeV)

v

—l||||||||||||||||||| |||||||||||||||
- H— vy, mH—12538GeV

AII categorles
S/(S+B) weighted
¢ Data

— S+B fit

B component

1o

|:| 20

= 600 N, =0(py >20GeV) JF N, =0 (py <20 GeV)
O 1E ] |
>I< ; ] 100 110 120 130 140 150 160 170 180
H_> ” ” g ] m,, (GeV)
LE .
I T |
E. Di Marco 24/01/2022 12



Ci\\/fs [MW ﬁé deere INFN

e Couplings to 3rd generation fermions:

- H — t1: 0bserved at > 50

Three Generations
of Matter (Fermions)

| i - H — bb: observed in the associated VH(bb)

mass - ®
charge - prOdUCtlon at > 50
spin -
name -
)] + _ —
4
: H— 'z H — bb
& 35.9 b7 (13 TeV) 77.2 " (13 TeV)
(7]
> 1 800 [—1 1T 1 1 I LI I LI LI I LI I LI 'q_)
[} B CMS .- a0k ] = - CMS ¢ Data
© 1600F 1 = [ Bl vH.H-bb
(2 S N 30 1 2 [ ]vzz—bb
CICJ 1400 serve 20F - 210001 23] S+B uncertainty
S - — H—tt (u=1.09) o . =
. g 1200 = 4 @
é _9 1000: .vov;fsult'iet = ° . @
o __ m 1 — CD
B -g) B Others -10f ] I
) " [ ]Bkg. unc. ] 500 -
2 8oop-Eesune ™ 0 50 100 150 200 250 300 i
~ - GeV) A
C_e 6001~ —e O-et:T,T, M (GeV) 7
n C VBF: 1t ]
- C ﬁ * “h’h _
) 400: B Boosted: 7,t,, ut,, e, ew
000k . E O R
- — r
-IIIIIIIIIIIIIIIIIIIIIIIIIIIII- 60I I I8IOI I I.loloI I |12|0| I I14I-0I I I-|6O
0 50 100 150 200 250 300 (i) [GeV]
m(jj) [Ge
m,, (GeV)

E. Di Marco 24/01/2022 13



= [dl‘dé&dﬁm% the dcene INFN

o Top quark Yukawa coupling y, ~ 1:

- can be inferred indirectly from loops in ggH production and
Three Generations H —_ }/}/ decay

of Matter (Fermions)
I [l

. - observed in
charge - . . . . .
in- combination of different channels, and also in a single
e channel mode (H — yy)
= titH H—> WW, /7,17 FH H
% w 70 CMS 137 b (13 TeV ” — }/}/
€ [ 21SS+0r, tiH node, u(ttH, tH)=i 1 CMS 137 b (13 TeV)
q>‘) L ¢ Data Misid_ leptons WFIips - > ' L L I B
L 60:_ [ ]Conversion [_]Rare Bzz _: () B + Data _1 60p— e ey
- Wwz I Ew(w) mez 4 O 6o . — Stat+Syst 17
50— B tiH Total unc— ~ - — S+B <150: — Stat only 1
- : : ] _fé) 50:_ ....... Background C}l40& - SM expected _:
y 40:_ up ew ee_: C|>J E - o 2 E
o - ] Ll - +2 O ]
g 30f- \ 4 o 40F ’ .
- - . 2 - ) ]
20 | -57 30 0051152253354 45 5
9 ¢ i--""- g | Mt'EH ]
Vi TR o —~ 20 -
----- H AT TS @ F ]
+ I~ .
k3 E 10F } -
‘ " 5 R
_I 1 11 | 1 11 1 | 1 111 | 1 111 | 1 1 1 }l I“I 1 1 | i I | | | I_

= E ?OO 110 120 130 140 150 160 170 180
0 5 10 15 20 25 30 m,, (GeV)
Bin number

Data - Expectation
Expectation
o
o o
LI.p.LI.Ll
——
——|
——
—o—
——
e
——
- ——
~o—
-
——
——
—-—
——
——
——
——
——
—o—+
—“o—
——
—“o—
———
. —
——
——
jusJunndBll
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= [dl‘dé&dﬁm% the dcene INFN

e Couplings to 2nd generation (small BRs):

- Evidence of H — uu at 3.00, challenging H — c¢c

Three Generations
of Matter (Fermions)

+ —
mass - %
charg:_. H ﬂ //t
spin - 137 o' (13 TeV)
name - % 800 :I LI | UL | UL I L I UL | UL I LU I LI I:
o CMS ¢ Data :
- @ 700F  All categories —— S+B (u=1.19) -
& § soof O/(S+B)weighted ... Bkg. component 1
L ®  m, =125.38 GeV l+1o ]
E 500 20 .
. :
g 400 -
é — 300
3 +
- @ 200
? joob
0 B I | | | | | | | I 1111 I | | | 1111 I | I | I | | i
. -_I | | L I 1T I_1 I | I L | L I | I | I_—
o Or .
0 L + + $:
..-‘IU 0
© y
D _5 -_I | . | | | | 1 111 I 1 11 1 I I | | 1111 I 1 111 I 1 11 I_-
110 115 120 125 130 135 140 145 150
m,, (GeV)

E. Di Marco 24/01/2022 15



CMS /|

/ \‘\\ ‘ \\

Going differential. STXS

INFN

* Differential production with Simplified Template Cross Sections (STXS) approach

- Minimize simultaneously experimental and theoretical uncertainties on Higgs cross
section measurements

- Split production modes in gen-level bins in pr, N(jets), m;

e Assume within each bin acceptance is only weakly depending on SM kinematics

- Allow re-interpretation of results in different models

- Look for BSM in extreme bins of the phase space

Stage 1.2 _
. | | A
N(jets) > p 0,200 | QCD jet scaling pf [200,00] |
— 4
) g L= = et a0 High pr: probe EFT
PT, Myjj 5 operators,
10 = pH i 450 |BSM contributions
v 0 b0 650
60 )0 50
0.15
120 ?0( pr’/py )
200 00 .
> modelling of ggH
bkg into VBF
E. Di Marco 24/01/2022 16



CMS

Compact Muon Solenoid

ST in H — yy

INFN

oON MO O =

e H — yychannel well suited for STXS measurement:
- high yields, efficiency and S/B across whole phase space
- robust background estimation from m(yy)
= reaching first ttH differential measurements
o,
CMS p-value = 70%
-1
CMS P 137 fb™' (13 TeV)
—_
S L o Observed ]
~ 10° E 58" =
R 954*3-9 e I +10 (stat @ syst) 3
@ 240 1372 14 .
bo 10 ?T | o 37324 g e M -1o (syst) —
E sots | N v O R ~ SMprediction -
— —+ s 1153 ks s 0710 | con =
1= l "i“ 7 b T oesrt | 0wty e os00x +=
— 016972 | : s i | +U-19ﬁf3 0.24°27 =
— H— 1y, |yH| <25 0.109% | : ~pe ‘I’ _I_o.1zlﬁsi odee T edem0a 12y _E
10" = STXS stage 1.2: mihimal I ! T A ong__
; m, = 125.38 GeV, p_ & 70P% : : | ;
10—2 : H :::
s 25F : =
wn 2F | I =
O 15F I ' I =
= 05F | | ' P E
g oo A AN A A ; 3
g\; AN AN ANRN AN N ANRN AN AN ANIN AN NONN NN AN ANAN AN AN NN\ AN ANRN AN \\g
IFIFI-I-Tr i;r - T g% §§ §§ - - EF- T+ ég 5% 238 8 éi S 8 g% g% g% L
= © =z T < T < = v — T v T
2 f? 2 g i? = g :E? ka-£vh IAF ES E? ES E% EE gg o >yk->AF EE o IYP IYP £VP fAP
S - 2 5 - Q - 0o o a o =L o= g 4 a a O o o o
S 2290 ddvvsEEEETTE Vg E VvV V V T
55355t zz88%88%3825° eI 888 °©
s) S O 5 o O N ® o — £ £ = 4 = r — «
©S 9 s s 5 X 2 Qg e 3 E I T
n N o T = = X T - =
rx S85 4 2
5y -28%

S/(S+B) weighted events / GeV

S/(S+B) weighted events / GeV

250

200

cws VBF

137 fb' (13 TeV)

s L L I L L L L L L IO

L H— vy, m, =125.38 GeV

150

100

50

L L L LA
All VBF categories
S/(S+B) weighted

¢ Data
— S+B fit

B component

[l+1o

[ ]#20

p=

e Ty
0 111 1 I 111 I 111 1 I 111 I 111 1 I 111 I 111 1 I 11 | I7
80 F 1T I L I L I L I L I L I L I 1T ]
60 £ B component subtracted
40 =
20 3

0 —
20 - =
_40 :I 11| I ] I 1111 I ] I 1111 I ] I 1111 I 11 | I_:
100 110 120 130 140 150 160 170 180
m,, (GeV)

CMS W;Z + H 137 fb' (13 TeV

|| ~—

180 H — vy, m, = 125.38 GeV

All VH categories

s F S/(S+B) weighted ]
- ¢ Data ]
1 + — S4B fit E
12008 e B component
100 - REK 3
soF- [J=20 E
60 |- —
40 |~ 3
20— ]
ok ! ! ! !
50 L ‘ L ‘ L ‘ 1T
40 B component subtracted
30

20
10

‘iHH‘\H\‘HH‘HHJ

-10

ik

‘HH‘HH‘HH‘\HJ

130

120

140

I TR B
150 160
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http://dx.doi.org/10.1007/JHEP07(2021)027

-

/o

2l Intermeggo.: FCAL in Run2 and éW INEN

o Seeing tiny signals as ttH( — yy) depend

crucially on the performance of the ECAL

detector
- huge work to maintain the excellent performance of
Run-1 with high radiation and pileup of Run-2/3

¢ Rome group on ECAL since the foundations:

- construction, commissioning, operations, energy
reconstruction, calibration and corrections

0 / — e+e_ with CMS Preliminary Run1 (8 TeV) + Run2 (13 Te V)
ﬂ ) yy m 0_06_ T T |L| T |B T | T |t T I‘lII T T T | T T T | T T EI | T T T | L
= Oow bremsstraniun : .
machine learning corrections™, | 2" 555 ? : :

CMS Prellm/nary 2016 (13 TeV) 60— o 0.05— o 9016 e
rrr 1 1Tty N __ With machine-learning I ——— 2016 -
® 18000F ECAL Barrel —+- data g - cgrrection . - ———— 2017 N
S 16000: 2;_}%03 » jg;;?;del 50— ::Wh :r;t::ng 0.04 i_ —— 2018 ]
g 14000 [\ Background - I~ 7]
@ 12000 o 40:— :_ _:
'gmooof 2 0.03F 5
E: sooof .2 30:— .
8 6000_ g 0.02 ]
3 5 1 i = I SR, o e e S -
g 4000 e Z 20+ . . ]
S b N |
Z  2000f ] 0.01 ]
e ~1.5% resojution for best photons -
$08 01 012 014 016 018 02 o . 5
vy invariant mass (GeV) O N R R T RO T A T T N N N | [T R NN NI T H NN N S N BN

. O 02 04 06 08 1 12 1.4

50 60

Mass (GeV) Supercluster nl
E. Di Marco 24/01/2022 18




CMS

STXCH — ZZ* - 4¢

INFN

* Veryc

ean ﬁnal State, bUt IOW event yleld: <~ —CIMlsl LI | LI I | L I L | L | LI | I I1I3I7|flb:1l(l1|3l-ll-el\l/—)
o 25 _|
. . e e — - 118 <m,, < 130 GeV ¢ Data i
- group STXS bins to improve sensitivity, 2 [ Niets)>2 R
o - , other .
] > 20_ j— * —
i - [ da—-ZZ, Zy i
especially VH and ttH processes E I anc A
) N B EW i
- use DNN (ATLAS) or matrix element (CMS) s} |z 3
to define categories C I :
10— —]
C | i
CMS 137 fb~' (13 TeV) N | 1
o f 5= _
é + Observed (statdsyst) H->ZZ = !
g el T SM prediction my=125.38 GeV !
S 46?1‘90 STXS merged Stage 1.2 - |yy| <2.5 0
o ptasge o 01 02 03 04 05 06 07 08 09 1
145145 _ A, 1248 DYBF
, 595 7841 56138 2jet
07 53133 44 43+
: { G 1298 15 . CMS 137 b (13 TeV)
f « Observed H—ZZ 4
10' T -+ o + 1o (stat @ syst) m,=125.38 GeV
i Il + o (stat)
F l’LtthH
%3_— * l ’
2%F . } Han :
S 4t ;
Sop ¢ | 4 ¢ 1 | | | | I 1 Higpy |
ER- B B 5 5 B BB u -
T T 1 T 1 z 1 IR TR R B I | ol
° 7,5 N S 0 1 2 3 4 5 6 1
E. Di Marco 24/01/2022 19


https://link.springer.com/article/10.1140/epjc/s10052-021-09200-x
https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9

> H- 45sz&a5mo&a’zw¢aé INEN

* single- or doubly-differential distributions measured, consistent with SM

e Fiducial x-sections measured with 10% precision:

Measured [fb] SM prediction [fb]
+0.23 +0.24
2 73 —0. 22(Stat) —0.29 (SySt) 276 i 014
differential o vs Higgs p fiducial o
CMS 137 o' (13 TeV) 5.1 fo™ (7 TeV), 19.7 fo™' (8 TeV), 137 b (13 TeV)
N | T T T | T T T T | T T T T | T T T T | T T T T ] ~~ _I L | T | T I L | LI | L | L I L | T | TTT I_
% 1k t Data (stat ® syst) | é 6 — CM S ]
S Systematio uncertainty 2 [ % LHCRun1data(stat ® syst) i
< B SN g H (NNLOPS) + XH i 5 f y i
0 ] Yl ggoH (POWHEG) + XH s 5F ¢ LHCRun 2 data (stat @ syst) —
:E-/l_ 10 E_ [ ] XH=VBF +VH + ttH (POWHEG) (85 3 B Systematic uncertainty ]
_8- | (LHC HXSWG YR4, m =125.38 GeV) SF 45 SR Standard model (minloHJ, m_=125.00 GeV) ]
\U 102k o = [ 2 Standard model (\NLOPS, m,_=125.38 GeV)
o} x 3 \% 7
N
© 107°¢ - \%\\%\\# ]
: 2 .
n 1.6F : \\é;\@;- :
5 12, TS £
pd 1R IPEY i
< o08f B ]
o 8'2IﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁIIiIiiiIiIiiiIiiIiﬁiiiiiiiiiiiiiiiiii{Iiiiiiiiiiiﬁ . pp - (H—-4l)+X
g Og_l ...... - - - | || ..... | ..... | ..... | ..... - - - . | || 44444 | 44444 | ..... | ..... - III_ OT— |||||||||||||III|I||||||II|II||||||I|IIII|II_.I_
0 50 100 150 ?_IOO 6 7 8 9 10 11 12 13 14
p- (GeV) /s (TeV)
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http://dx.doi.org/10.1140/epjc/s10052-021-09200-x

CMS

§IX§3MW:H — 1T

INFN

e Bring sensitivity to region of the phase spaceless  cMS Preliminary 137" (13 Tev)
. 4-0bs. [ |ttbkg.[]Z— ee/uul tt + jets
well measured by H — yyand H — 47, i.e. ggF e msnBoters une. W (055
high pTH and especially VBF: E ool -
- gluon-fusion: Higgs pt > 300 GeV £ soo; -
>

- VBF: mj > 700 GeV o O ]
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-010/index.html

Ratio to NNLOPS

b H - TTW&/MWW INFN

* Dedicated measurement of differential cross sections complements the

ones in yy, ZZ,bb, WW channels in the high p# region and high jet
multiplicity:

- 120 < pf < 600 GeV, Niets>2, pl! > 120 GeV

doy/dp_(H) (fb/GeV)
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http://arxiv.org/abs/2107.11486

CMS

3"“%@%@&% H — bb

INFN

0 Probes the Yukawa coupling of the Higgs with d-type quark

e Challenging channel because large jets background => associated
production VH, H — bb with highly boosted regime very sensitive

- boosted jet analysis targets pr(V)>250 GeV

pp—ZH

Js =13 TeV (2017)
b-jet

b-tracks
b-tracks

\\eﬂﬁacks
=

2017 (13 TeV)

—_
o

o
T

1071

QCD misidentification probability
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<
N
|

- CMS simulation

| 450 < pr < 1200 GeV
| 40 < mgp < 200 GeV

DBT, AUC = 93.0%
- DDBT, AUC = 97.3%

‘\\\\‘\\\\‘\\\\j

(\ Large — R jet
/ X \

Anti—k; R=1.0
/ N

I \\3 pr > 250 GeV

' " 2VRtrack — jets
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CMS

STX¢in H — bb

INFN

S/(S+B) weighted entries

* Observed inclusively WH and ZH at 5.60. Measured o/0g,, = 1.04 = 0.20

- Differential cross-sections sensitive to pr>250 GeV, probing pr>400 GeV

— measurements beginning to be systematically limited

2 b-jets mass 7721w (13Tev)

differential H — bb in Higgs p,
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http://dx.doi.org/10.1007/JHEP12(2020)085
http://dx.doi.org/10.1103/PhysRevLett.121.121801

= Coupling to 2 ' INFN

o Raredecay: BR(H — up) ~ 2 x 10_4,

with large non-resonant background from u=12x04
DY - uu significance: 3.06 (2.56 exp.)
- all production modes used: ggF, VBF, VH, 137 b (13 TeV)
ttH Cate Orized to im rove Sensitivit > :_I LI I L I UL L I L I LI I L I L I—:'
’ & P Y (aDJ 800; CMS ¢ Data :
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CMS,/| +,.., -
b H- utyu céal[my&i INFN

T

e S/B~0.1% for inclusive events at 125 GeV

e Strategies to increase sensitivity:

- improve o(myy) with FSR recovery, constrain tracks to beam line JHEP 01 (2021) 148
-1
- use dedicated DNN/BDT in each 1 T ———— 3?9 197 Tb...(.1.|3Te.V)
£l 1 t
: i o g
- very accurate DY bkg modelling . [ m, =125.38 GeV ]
1L et _
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gluon-fusion and VBF with similar sensitivity

Particle mass (GeV)
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CMS

Within tanget:

H — cc INFN

o H — ete™ far from LHC reach.

 What about 2nd generation Higgs c-quark couplings?

35.9-137 fb"' (13 TeV)

II| I I I T TTTT I I L IIII| I I L IIII| I
E 0"_5
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bt Within We&‘ H — cc INFN

e Very challenging channel: large backgrounds from multi-jets

- c-tagging central to discriminate H — bb: Deep NN

algorithms play crucial role

o (W,Z)H — cc associated production categorized in

* 1,2,3leptons and # c-tagged jets

CMS 35.9 fo! (13 TeV)
' pp— VH(H—> cd)
. - OL
8 I PR R SO SN SE U O S - i 8 Obs.=83xSM
o - DeepCSV PN S
O I : O
o [ NS ° L
P 0.8 © Exp.=72xSM
c | AR N e o Obs.=110xSM
o
=
o
) 0.6 oL
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(@] 1018 Obs.=93xSM
>
O PAVEEE—————————t s e e e
E‘ 04 ) ] = Observed
% ECX?)TSBTS?\FO” ----- Median expected
: -+ - 1 Obs.=70xSM I 68% expected
- VH(H - cc) [ ] 95% expected
Working Point Y-y Ty~ ————
Ml 0.2 0 50 100 150 200
95% CL upper limit on
° PP " VH(H—>cT)
1072 0.0 TR : .
102 10! 10° sensitivity still far away:

b jet efficiency

b-jet and light-jet misID at fixed c-jet efficiencies

olc°™ < 70 (37 exp.)
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Searct for H — Ly

INFN

e SU(2)L symmetry relates the HWW, HZZ, Hyy, HZy interactions

- if heavy new physics respects SU(2)., correlated effects across the four

o (ategorizing by production mode: ggH,VBF,VH and ttH

T
y
N

CMS Preliminary
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https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub

CP and anomalous
couplings (AC)
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HW in H->22 [ and 202U) (neN

o After Run1 excluded spin-1 and spin-2 hypotheses, analyses with full
Run2 investigate CP structure in a vast program of measurements

.

* HVV couplings tested with H—4¢ using production and decay

- production categories: untagged, boosted, VBF 1/2 jets, VH H hadronic/
leptonic

ggHVW—40 qd—=VW—H—=W  gg(qq)—ttHottvwW

1 KYVq%/1+K¥Vq%/2 KXV(QV1+QV2) B . 1 v e2(1) px(2).up 1 vV (1) 2%(2).uv
A(HV,V)) - ‘M“YV\+[ (AVV)2 + (AEV)z j mV1€V1€V2—|—;a2 fu fr@ ‘*‘503 fu O

a;: SM New Physics at a
scale A > Apwk as: CP odd anomalous coupling
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052004

i H — 4fa/zoma(”omcoa,a&/zg4 INFN

* Dedicated analysis for anomalous couplings to probe 3 independent HVV
and Hff couplings

- includes SMEFT interpretation in the Higgs basis

- constraints sensitivity dominated by production information

CMS 137 b (13 TeV) CMS Preliminary <140 fb" (13 TeV)
................... L s s s B B I I I I | I I I I | I I I I | I I I I
. _1TSM
— Observed, fix others B=lh Observed
102t 1 20 — I'y, unconst. Expected
- ---- Expected, fix others — Only on-shell 4|

4 on-shell H—40 +
off-shell H—=202v .,

— Observed, float others

---- Expected, float others

_I —]
£ i
< i
10 et
| : N W 95% CL _
0...|...|...|...|.:.‘..I J...I....5..I...I...IH_.I... - 68°/oC|__
-1 -0.8-0.6-0.4-0.2"--0.02....0...... 0.02-- 0.2 04 0.6 0.8 1 - T T —— = .
fa3 —%.01 -0.005 0 0.005 0.01
f
Vv 2, (2€2u) vy o
: : A% a " |"a;; : @;
Example: fractional effective  f7% = o2, S18N
Vv |2, (2e2u a
CP-odd cross-section fa;3 Zj ’aj | of T .
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-013/index.html

CMS

Vikawa ttH coa,a&/?ga INFN

Lagrangian with CP-odd component K can be tested also in Higgs-fermion
couplings via ttH and z7:

A(Hff) = _%V_/f(’(f + ikeys )y
- CP mixing angle @, = arg(x,/Ky)
ttH CP MVA in multiple categories, using Matrix Element as input: Do.
-~ Combined multiple channels: ttH H — yy, H — 47 and H — 17

CMS 137 b1 (13 TeV) 100CMS 137 b (13 TeV)
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http://dx.doi.org/10.1103/PhysRevD.104.052004
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-007/index.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802

= Vieawa Z‘Oﬂ cotw&/zgd INFN

e CombinettH in H — yy and H — 4 with uncorrelated signal strengths
and interpret them as top couplings k, and k,

CMS Preliminary 138 fb' (13 TeV) CMS v 137 b (13 TeV) o 10
_I 16 _I L | L | [ | LI | L | [ | LI | L | [ | L I_ 9
= A Tt + 4l + vy
< 14 —— Observed i 8
o A i
I 12F = 7
10 ;_. ,E 6 -
Y i . f=
sl — ° S
: E 4 O
ot - 3
4ERCL o = 0
21 ] 1
“e8%CL ~ /T
O _| LI | Ll | | L1 | L1 | | l I‘~I“.| "' | | L1 | | L1 | | L1 | L I_ O
-1 -0.8-0.6-04-02 0 02 04 06 0.8 1 ”
gHt t
CP Phys. Rev. D 104 (2021) 052004
CP-odd fraction in the top-Higgs coupling gluon tfusion pointlike couplings
using H — t7,4¢, vy Cgq- Coo Profiled

E. Di Marco 24/01/2022 35


http://dx.doi.org/10.1103/PhysRevD.104.052004

a.u.

= CF ({/wm Vukawa H — 171 INFN

e Full Run2 analysis to measure CP H—TT TTPP

. ° ° Z
odd/even mixingin H — 77 peph
e
— Use ~70% of the T BR: H—=ThTh, TyTh, &
TeTh With Th decays to mt#, p* (Trme),
—
a1%(TTTOTTO), A (TTEmHI-) o
- estimate the t plane from multiple L.
. LTt
tracks or from the the track impact ; e’
parameter vector and momentum for
1-track decays CMS . 137 fb~! (13 TeV)
£ E 035,049 | (04506 | (0607 1 ©0708 | 0509 | (0910
- Use the distribution of the angle & T d T E Observed
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1 1 h
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CMS

H — 11 CP resutts INFN

o l\/\ost sensitive final states: up, pp, mp

CP-even (k) vs CP-odd (k)

-1 N
. EMs L 1RTHI3TeY) T Yukawa coupling
- 1.4—_—+—Obs.—Bkg. PP+ TP + up + €p -
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Higgs self-coupling
V(D) = — 120 O+ (D' D)?

| |
=V,+ EméH2+/1vH3+ Z/IH4

38



51 HH production
= L2/0 INFN

)

e Di-Higgs production at the LHC is dominated by the gluon-fusion
process, followed (1/20) by VBF production

ggF: G(ggHH) =31tb» 1 /1500 X G(ggH) HH production at 14 TeV LHC at (N)LO in QCD

g t H [TRp My=125 GeV, MSTW2008 (N)LO pdf (68%cl) |

Q00 p——@--" 7"
___‘;\ ‘
g 0999 A H

self-coupling A Higgs-top coupling 4,

destructive interference makes /=" > ¢

MadGranhS5 aMC@NLO

VBF:0 = 1.72 fb =~ 1/1500 X o(ggH)

HHVV quartic coupling

self-coupling A HHH and HVV single H coupling «; only in VBF production
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.

. HH — bbyy INFN

)

o Phase space of 2 photons and 2 b-tagged jets, with m,, around 125 GeV

4
- both CMS and ATLAS also look for aresonant X - HH — bB}/}/

- bkgs: yy + jets from data sidebands and single Higgs from MC fullsim

o cross section upper limit=7.7 (5.2 exp) X Gg\f

, CMS 137 fb' (13 TeV)
¥ °I Observed
4 CMS 137 b (13 TeV) 1 5:
.:§ - 95% CL upper limits = ~L H
- n Observed HH — yybb 3 . °
Q 39F ...... Median expected B 1 b
- — I 68% CL expected ] - :
3 95% CL expected 7 050
£ -E\ — — Theoretical prediction /7 ~t
2.5 — =
:\E/ E\ / E o] =
M n . e
T 2F \ / ] g
T — ] g = e
@) : \ _ -0.5+—
1.5 - Y% SM
~ e HH cat. Best fit
-1 — HH cat. 68% CL
E HH cat. 95% CL
05 _1s5f ¢ HH+itH cat. Best fit
' s
E: tth cat. °
OI — — |\II%/| — — — m— __Iilllll-Il-Illlil!llli|IIII|IIII|IIHI|II!I
6 <4 -2 0 2 4 6 8 10 12 %20 15 10 5 0 5 10 15 20
VY 2D constraint y
A
Constraint on trilinear coupling at 95% CL: self-coupling «; vs Higgs-top coupling «,
-303 < KA/ <8.5

E. Di Marco 24/01/2022 40
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s | HH — 4b INFN

e Early Run 2 results focused on ggF production in the context of EFT using the three most

sensitive channels: bbbb, bbrt, bbyy with non-boosted topology:
e Still far to be sensitive to SM process: ¢/ /o' < 7.3 (10 exp.)

°* VBF HH — 4b also targets the extreme kinematic of i,y # 1

- Two boosted H — bb candidates (two large-R jets)

- VBF topology, tf and QCD bkg discriminated with convolutional NNs

138 fb' (13 TeV) 138 fb™ (13 TeV)
~— E T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 3 > 1—I LI L I IIIIIIIIIIIIIIIIIIII I LI I LI L —
S | | | | | E > °f i
= I C MS —— Observed ~ ----- Median expected ] C CMS JICvet L 102 &
(o) - - i - ™ st —
g - Preliminary — Theory prediction - 68% expected - 1.5 Pre[lmlnary et seag e - <
41 ] “\\““:—"' ‘_-" ‘‘‘‘‘ — Al
Q10" E = =1 95% expected 3 C s 2T o T m '
1 Y A : 1L —= 10
I | “““‘;“ o* 2 “:‘:‘“‘\\ E
\:F/ : ‘\“\‘;‘o' et .
@ 10° [ e ]
% 0.5 N — 1
s C
2 o
1\ 1 O E L 1 0—1
o F C
£ [ -
= 0.5 e,
& 10 - s, RN ] 2
= : e, 105 10
é C _1 __ ",,:::... ~~;’:’: ''''''
= [ 68% CL T e L, ]
S 18 —1.5f 95% CL e R 10
3 C - ¢  Standard model e
('3 _2 I—I 11 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1
o — -1 -0.5 0 0.5 1 1.5 2 2.5 3
e -1 -0.5 0 0.5 1 1.5 2 2.5 3 Koy

Koy

k  #0excluded @ >99.99% for ky=1
-0.6 <k <1.4 @ 95% CL 0.6< iy, <1.4 @ 95% CL
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-005/index.html
https://cds.cern.ch/record/2776802?ln=en

CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-13 15:04:59.113664 GMT
Run / Event / LS: 278802 / 7164845 / 11
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T2 Run 2 combination. signal sbrength U INFN

* Higgs physics in the era of precision (6% on p):

- ems: p = 1.02775] = 1.02 + 0.04(stat.) + 0.04(exp.) * (th.)
35.9-137 fb™ (13 TeV) 35.9-137 fb™ (13 TeV)
® Observed serve
CMS m— 10 (stat @ syst) CMS ; S:j (statd® syst)
.. B =10 (syst) L +10 (sys
Pfe/lmlnafy +10 (stat) Prellmlnary -i::O'ES:latt))
B — +20 (stat @ syst) +20 (stat @ syst)
| Pg, = 54% B ; pg,=57%
Mo —— ' ——o——:
72 -
Uyee == ! B
- o =
Mov . -
5 ue —E=—
Y21 = — i E
; ubP =
W — == e ——
A B R B B A B A B
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5

Parameter value Parameter value

o'/ agM by decay mode
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html

CMS

Run 2 combination. K and EFT

INFN

35.9-137 b (13 TeV)

Combination in the k-framework for the coupling modifiers CMS s oy 0 oo e o
—_— 1o - +1o0 (other C,- =0) |
e assuming decays to SM-only particles, the same « Preliminary —..  szsnerc -0
Py, =89% _
parameter scales cross section and partial width o
2 SM 2 _ SM | T
o K:] 0]/ 6] ” ] ] ] (¢, ~ C) X 10° ..-.
o : difference from yu: accounts for interference i
"“ 35.9-137 fb™' (13 TeV) . 10_ - _-._
“" C M S ® Observed L
* | Preliminary T e 0, x 10" v
' +20 (stat @ syst) — ’.“
P, =72% cy x 10° =.. s,
.l — 7% < sensitivetorelativex, N -
KW_ o 14%!-_ ............... and Kt Sign Via ggZH _26 . _1|5 . _1|0 » '_|5' . 6 . 5| . |10““‘
B ) interference Parameter value
K, M%
el 12% — Or EFT for BSM at a scale A > VEV!:
iy 7% — constraints of Wilson coefficients of the higher-
| 0% order operators derived from STXS signal
| 9% — strengths y; in each bin-i:
b, +?8 7% o GEFT ..... Rt
T L T ( ) _ L e
25 -2-15-1-050 05 1 15 2 25 H; Cj — T SM
Parameter value O:
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html

% Run-3 0 LHC and beyond (N

° Evenif HL-LHCis so far in time, we are entering Run-3.
B e me o wmess:ar Back in business: Nov. 2021 Beam Test:

Run / Event / LS: 346509 / 28321286 / 30
Test oo collisions at 900 GeV - Nov 2021

o - A candidate J/y—pp event in the CSCs
S —_— 1 3 6 TeV ~_ - Invariant mass of the two global muons = 3.1 GeV
— — ° . N - +RPC rechits on one muon;
S
-

- +GEM segment on the other

- high instantaneous luminosity TN e s =900 GeV
with levelling: A

ZL =2x10%cm 257!

- pileup: 50-60 collisions / crossing

RPC rechits

(near muon track)

o Expected integrated luminosity:

- 30 fb'in 2022, and 80 fb'/ year in 2023-2025

= total Run-3: L = 270 fb-1

* LHC commissioning ~ April 2022

°* HL-LHC beyond 2029 foresees a big jump: 3000 fb' by 2041

e One of the goals for the experiments important for Higgs physics is reducing
the luminosity uncertainty down to 1% level (now ~1.6%)
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arXiv:1902.00134 g H
Single H couplings: Self-coupling 4 LI
precision to few % from HH production; N

......... S = 14 TeV, 300 5 "per experiment ATLAS and CMS  3000f0” (14 TeV)
] Tota ATLAS and CMS sf-i | HL-LHC prospects

Current —— Statistical HL-LHC Projection +| -—bbbb ~bbtt

precision —— Experimental - —-DbbVV(Ivlv)  —=-bbyy
— Th Uncertainty [%] i . - bbZZ*(4|

. o Tot Stat Exp Th AN ( --)- ----------------------- 95%

6% Ky . i 40/0 1.8 08 1.0 13
................................................................ oo T L e

6% Kw B=— i 1.7 08 07 13 3
................................................................ O,

6% Ky = i 1.5 07 06 1.2
................................................................ l

7% Kg = i 25 09 08 2.1 2
................................................................ I

11% Ki = I 3.4 09 1.1 3.1
................................................................ oot e e e n e sre e |

11% Kb=: i 3.7 13 13 32 1 68%
................................................................ B eeeee et e e e e e e e e e ———eeeeae——aaaaaas

8% K = " 1.9 09 08 15 ,
................................................................ Koot e et e et r e s eeenneens [ P NG

= ] 4.3 38 1.0 17 92'"‘_'1“‘90w N RN
2y BDB—=— : ,,,,,,,,,,,, 98 72 17 64 Current estimate:
0 0.02 004 006 008 0.1 0.12 0.14 ~ b t.
Expected uncertainty 40 observation
Year: 2041? e measure k,; with 50% uncertainty
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The LHC Run2 provided data for a lot of results from CMS characterizing
the Higgs boson

- mass measured with 0.1% precision, and width measured for the first time with
50% precision

- the production cross section are now measured differentially in many STXS
bins, in several production modes

- fiducial cross sections and coupling modifiers measured at 10% level, allowing
interesting EFT interpretations

- with H — u*u~, next challenge is
H — cc
- studied in many channels, including rare ttH

- searches for HH production for H self-couplings impressive

The LHC is going to have new collisions in Spring 2022 with

and 450 fb are expected per experiment for Run1+2+3

- a unique opportunity to continue characterizing the Higgs potential: entering
the precision era for the Higgs field!
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= VEBF H— invisible

o Part of Higgs width could be due to decays to not
detectable particles: searches can be interpreted within
Dark Matter models

o 2 forward jets with high M;; and high | Ar;;| + MET

-~ Dominant backgrounds: W — v and Z — vv +jets

- systematically dominated by V+jets modelling

CMS Preliminary 101 b (13 TeV)
> E e~
8 Jof L MTR SR  —§— Data Z(vv)+jets (strong) 7]
? = Postfit Z(vv)+jets (VBF) W(iv)+jets (strong) = 138 b (13 TeV)
C : 1 : 6 T T T T T T LU T T T T T T 1T
o 10° W(lv)+jets (VBF) Other ewk. - o : \bms I \ :. \ \ \
w = HF noise || QCD multijet S - . ;
102 = —— Tot. bkg. (b-only fit)==== Tot. bkg. (s+b fit) = 10E_ 51 rel mlnar.}f ]
= — - qqH — = Other prod. modes = \ | ;
10 = B(H— inv.)=0.07  — i
= 3 4r _
== E [
= Events/1500 GeV 3 =
» ——_— . -
10 r _L _ll— - _ ?E B
= 3 B — Observed ]
wes L eY—m—_ 21 ---- Expected
-3 B B
10 EI I U T S S T Y N T | 11 | e p—— —— p—— _2016
c 16— _ — : iy — 2017
S 1.2— —+4- B-only fit 4 S+B fit \\ BKkg. uncert. — Fitted (S+B)/B 5018
% .}:g_ ] 07 ‘QO' L | 1| L1 I | \\\\7
e Tk _ _ 02 01 0 01 02 03 04 05 06
T et e e e TR T R R :
g 0s[ — - B(H — inv.)
S - . SN

500 1000 1500 2000 2500 3000 3500 4000 Icljo(% ef/c;oo BR(H -— iIlV) < O. 17 (eXp 0.1 1)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-003/index.html

CMS

o Rare decays predictedbythe SM: H — Z J/y, JiyJ/y, Y Y

- in the SM: BR(H — ZJ/w, Zw(2S) ~ 107°,
- even smaller BR(H — QQ)

- new physics in loops can increase this

e Same search also for Z decays to QQ:

—12
10 New result
Jan. 2022

leading order

loop-induced

- inthe SM, BR(Z - Q0) ~

H—Z Jly H-YY
CMS 138 fb (13 TeV) 133 fb™ (13 TeV)
> 40— I [ = T 1 T 1
8 . pp — ZJ/w — 2e 2u ] 8 102 pp — Y(nS)Y(mS) — 4u .
35 —+— Data — < - —— Data =
2 - —— Sig + Bkg Fit ] - N —— Sig+Bkg Fit ]
2 30'— -------- H— ZJnp, B=1.9 107 - 2 - H— Y(nS)Y(mS), B=3.5 10 -
S : H— Zy(2S), B=6.6 10° - S M 0000000 e Z — Y(nS)Y(mS), B=3.9 107 A
20 ‘ ‘ —I - .
15 f_ : I i”“\ -::‘:: ]
: E b3 P P S
10 — - \ P .
5 = I \ P T
E perttt e LT | ) _ 10-1 | I I I | A! I I "\ | I I I l: | I :' I I
0 120 130 10 40 60 80 100 120 G \} )40
m GeV my, (G€
BR/BRM < 826 ™M@V BR/BRSM <58 ™
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s Mulli HH dearch
p. 1 INFN

)

o Double H decays into 4W, 41, 2W27 in final states with £ = e, u and an hadronically
decaying 7, cover ~7.7% of the HH decays 1

bb B(HH — xxyy)
I D HH — Multilepton 01

e dedicated categories for 7 channels and 2 CRs ww

[ other CMS searches

e background estimates from data as ttH multileptons Pt
)

o Sensitivity ~ 20 x USM
g H A/
rY
35CMS _HH — Multilepton _ 138 fb' (13 TeV) ) bb WW g8 77 Z7Z 7
g' ! ' . H — zx
= - 68% CL expected @ —— Observed i 8 H
T 3 . . MS — Multi 138 fb"' (13 TeV
:IT: [ 95% CL expected  ------- Median expected : g 10_(':' B |HH ' |Mlljlplle[pm R ( o )
o 2 5F = Theory prediction ] 8:— Excluded (observed) ------- Excluded (expected)_ﬁ
E -+ Bestfitvalue - 68% CL expected
o 2 - ]
.E 6: ¢ Standard model - 95% CL expected
o
Q.
Q.
=)
-
O
2
Vo)
(o)

R T TR N T R ' ] | T T T TR R T T R
-10 -5 0 5 10 15
Ky

Constraint on trilinear coupling at 95% CL:

N

N | C,
%:; 7 <K <M 2t-2H coupling ¢, vs H-t coupling
—>7 Marco 24/01/2022 52




= H - yy. dfferential and fiducial (NF\

S/(S+B) weighted events / GeV

e Inclusive fiducial cross section measurement has precision of 10%:

- 054 = 05.2 = 4.5(stat) = 5.6(syst) £ 0.3(th) tb (ATLAS)

" = pA(H
- 0gy = 63.6+3.3 fb . p; = pr(H)
;‘ E T T T T | T T I.I .l T T T T | T T T T | T T T T | T T T T | T T T T E
3 F ATLAS Preliminary  H—yy, Vs=13TeV, 139 fb™
103(:|\I|S 137 fb'1 (1 3 Te ) _E - -¢- Data, tot. unc. ' syst. unc.
><6O—|- T T T | T T T 1 | T T 11 | T T T 1 | T T T 1 | T T T 1 | T T 11 | T T i \+
- - = & —H default MC + XH
- H— vy, m =125.38 GeV All categories ] Q1Y = gg—H default MC + ]
n : S/(S+B) weighted N ~ BB NNLOUET ® SCET NNLO @ N°LL + XH ]
E ¢ Data E g “ =" XH = VBF+VH-+ttH+bbH '
40 | — S+B fit _: 10_1
. N L B component -
30 :_ - +10 —: \\\\\\
- [ ]+20 ] ey
o0 - ] 10%g 0
10— — _
B i 5 2
n - o
— Q- -
0 | | | | | | | Eg 15
3 1
o
2 0.5
3]
o N

~50 100 150 200 250 300 350
P [GeV]
o Unfolding key variables:
150 160 170 180

m,@ev)  pr(H),y(H),N(ets), pr(j)), m;, A,

o

_500I+III|IIII|III
100 110 120

i I
130

i R
140
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bt S7TXCin H—> WWH* INFN

)

* H-202v challenging channel where backgrounds needs to be
modelled with data accurately

o Large signal yield allows granular binning for differential cross sections

Measured [fb] SM prediction [fb]
ATLAS ggH 12415 104+ 0.6
ATLAS VBE 0.79__F8:}2 0.81 £0.02 137 fb (13 TeV)

~
- % gooF — Observ.ed . =
CMS fiducial 86.5+9.5 825+472 &) W VBE —rsegl{la§1zelltlon =
tatistica 1
D W zHawn L Stast s
.................................... E - [ Experimental
T T T T T T T T T B dH [] Theoretical
ATLAS Preliminary red Total S =
» [ Statistical Unc. = = 3
Vs=13TeV, 139 fb B Systematic Unc. g - .
H—- WW* — evuv I SM Prediction B N
p-value = 52% Total (Stat. Syst.)  SM Unc. |
g0H-0/, " <200 Gov 120 "8IS (0% w0y o 10 €
ggH-1j, p" <60 GeV 0.85 “oor (0% ‘o) | =0.14 E
ggH-1j, 60 = p' < 120 GeV 073 03 (9%, ha) 1 =016 L
9gH-1j, 120 < p* < 200 GeV 146 700 (0%, Toa) 1 =021 2
H-2j pH <200 GeV +0.79 +0.41 +0.67 : 10
99h-2), p < e 1.53 _079 ( Zoa1r —og7) ! +0.21
ggH, p!' = 200 GeV ety 217 0% (0%, fow) | =028 5
EW qgH-2j, 350 = m, <700 GeV, p¥ <200 GeV | || 2020 0% (00 03y 1 o3 (é
EW qgH-2j, 700 = m, <1000 GeV, p <200 GeV F=e—Y{ 0.50 0% (oM. oSy 1 sot1 S % 1.5
EW qgH-2j, 1000 < m; < 1500 GeV, p* <200 GeV 1.07 0% (Toa. Tok) 1 =010 wbm 1
EW qqH-2j, m; = 1500 GeV, p'' < 200 GeV 0.96 0% (0%, Tois) | =008 o
! N
EW qqH-2j, m_ =350 GeV, p" = 200 GeV 143 047 (108 1 +018 T L 009 0.5
i r —0.41 -038' -0.15 ! 9
—
PRI T T N T T RN S N S T N T T SN S AN T N S S NN T T S S N T SN T T [N S S T S AN SN SO S é 00
-1 0 1 2 3 4 5 6 7 8
SM
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W H — 47 smerr ccms) INFR

e Same analysis framework for anomalous couplings fits also SMEFT
parameters

- fits up to 4 parameters simultaneously, in the Higgs basis
* Cgg and Cge included and profiled away

* cyy and czy set to zero, assuming tightly constrained by BR(yy), BR(Zy)

CMS I |1|37|f|b'1 (13 TeV) 5 1CMS _137fb'1(13TeV)
1 M e N
iz iy N
—10:] zo;;H :
g
—6 _05* --.“.‘..T..."""-~~.f.________./ :
N — 2y
il | =
. . R | i T ] -h | —| 1 I — | I — — 1 .O
04 -03 -02 0.1 0 0.1 0.2 -04  -03 -02 01 0 0.1 0.2
o C, 0 C,
: 6c —0.031 52 0.007997: results in Higgs basis can be
e, i 3 &8
. +0. .
Cur 00101 09006 translated
c, _0 11+8,§,? 0 OO+(())6633 IN vvarsaw Dasls
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» Use the LO coupling modifier (“x-framework’”) to probe deviations
from the SM

e assuming decays to SM-only particles, the same k parameter scales cross section
and partial width

2 _ SM 2 _ SM
ki = ooy, K =1/

o(K
(K) , with:

'y
'y KI%I

o the total width 1 given by rsM ~ 1—(BR e + BR..,)
undaet. 1mv.

=> 0, - BR/ =

2 _ J 2
and k= ) BRI
j

* BRinv =signal BR to invisible particles from direct H—invisible searches

*  BRundet. = BRinto any final state not directly detected by analyses
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e (Contrary to signal strength model have interference effects in some
production and decay processes.

- exambple: k. and k.. effective couplings vs resolved k’s after interference

Effective
Production Loops Interference scaling factor Resolved scaling factor

Gluon fusion production can be
scaled by an independent effective
coupling parameter: interference
allows for contribution of BSM Kb € Ki
particles in the loop > g
Resolved in terms of t and b couplings

Partial decay width
I‘ZZ

FWW

Similar for H=yy. When
resolved into scaling by k: and
Kw we are sensitive to the
relative sign: [yy/TyySM = 2.3
when Kwek; = -1

Effective coupling Resolved in terms of t and W couplings
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gz/%l”e,aa/z&c(/ecoa,a(m%

INFN

Fit done in terms of 2 parameters (M, €):

- where the SM value is:
e =0, M =246 GeV

Result visualized in the plane (M, €) or
as coupling modifier k vs particle mass

(mp or my)
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= Higgs @ HELHC progectiond

INFN

o Sensitivity for Higgs boson physics at HL-LHC evaluated back in 2018 in
the context of the European Strategy update

- Mostly based on knowledge from early LHC run 2 analyses (2016 data)

Cross section

(s = 14 TeV, 3000 fb™' per experiment

| Total ATLAS and CMS
Statistical HL-LHC Projection
—— Experimental
—— Theory Uncertainty [%)]
12% 4% Tot Stat Exp Th
: 1 o
Oy = I / 1.6 07 08 12
| I
[— |
O-V|3|: — . 3118 1.3 21
o
o — 1
WH———— I 5.7 33 24 4.0
.
Oy 3 ﬂ 4.2 26 1.3 3.1
Ot —' n 43 1.3 1.8 37
| |

0 002 004 006 008 01 012 0.4
Expected relative uncertainty

Branching ratio

Vs = 14 TeV, 3000 fb™' per experiment

| Total ATLAS and CMS
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Uncertainty [%]
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B B | 7 26 1.0 1.5 1.9
- o
27 —. | .
B ! 29 12 15 22
|
WW = @
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—— 1
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j :
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; I | | 1 1 L
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b/GeV)
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Differential do/dpt(H)

CMS Projection 3000 fb ' (13 TeV)
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s H — 47 ac unag) INFN

* EFT interpretations: BSM contributions at a high scale appear at low scale

as deviations of Wilson coefficients ¢; of the higher orders operators
~EFT

. l
pic j) ~ T SM

o Signal strength for STXS bin parameterlised at LO in Warsaw basis

- fit HVV couplings in production (VBF, VH, ggH, ttH)

- acceptance effects estimated from signal full simulation and parameterized as a

function of anomalous couplings c b1 .

60> - _ £ | ATLAS Simulation :
o 55 ATLAS = g 5 H—>ZZ*—4l .9/ %% ]
L LE HoZZs4 E S L.JealideY o -Bo-B), - ]
=) [ Vs=13TeV, 139 b (% I._f‘jz_"_"i‘l'\_/?f; """" (c-B-A)c-B-A),
o BF ¢ Dat Cyg = 0.004 E o 4K ~
~ *F s--cy=-75 -===Cpyy = 0.85 . - - =
2:_ "1t Cyg =04 Cwg = 1.0 *" .“ r__-l E § : -

- l_.,_l__ ¢ = 3 ]

L [ ® ] o] e .
1---+ ----- % ......... f{ .-:....:T.-:TT.-:::E%T_::':T YT IO Y Y A 1.?._.': g : :

: * "l l'. - o B 1

OF ? - < 2r N
=y S 1:_ -
oy Vo, o Coy Co, Bo Co, Bo, By, Ry, g, W i 1

% % L L F O R, o, o 7% - i

RN N : ]

v 9% v S W% © -6 -4 —2 0 2 4 6

Particle-level production bin
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https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9

% H — AL ST anias)  (Gne

o SMEFT interpretation of the results for CP-conserving parameters: ¢,

A TLAS Expected: Stat+Sys A TLAS Expected: Stat+Sys
H— ZZ* — 4l m—— Observed: Stat+Sys H—Z7" — 4l m—— Observed: Stat+Sys
Vs=13TeV, 139 fb Vs=13TeV, 139 fb
SMEFT | Observed: Stat-Only SMEFT ] Observed: Stat-Only
Best-fit  95% CL Best-fit 95% CL
Chw . m 05 [-3.4,2.1] Coi = . +06  [2.4,2.4]
Cog . 003  [0.62,0.59] Cr . 000  [0.56,0.56]
Chwi . 0.1 [-1.1,1.0] C i .,. 0.0 [-1.0,1.0]
Cc .|. 102 -0.001  [-0.008,0.007] C. - 102 0.000 [-0.029,0.029]
Cin n n .5.102  -6,18 [-18,30] C.y - - .5.102 + 21 [-50,50]
R P R N S SR P T (N S R B
—2 0 2 4 6 -2 0 2 4 6 8
Parameter Value Parameter Value
CP-even 'I CP'O%d,
Wilson coefficients Wilson coetricients
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