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Introduction

What’s rare?
 Higgs to cc
* Higgs to Zy

* Higgs to ppu
* Higgs to ee

* Higgs to bound states

ATLAS and CMS released analyses on the full

Run 2 dataset
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Experimentally challenging:
« Small BR
 Low S/B

Decay channel

Branching fraction (%)

bb

WW

&8
TT

cc
77

Ty
Zvy
SS

HH
ee

57.63
22.00

8.15
6.21
2.86
2.71
0.227
0.157
0.025
0.0216
5 109



Motivations

B s,

* The fermionic sector is characterised by
Yukawa couplings to the Higgs boson
e Proportional to the fermion mass!

* New physics can affect differently the different
fermion generations.

e Precision mapping of the couplings is key :
to understand the nature of the Higgs boson .
* Asymmetries in the leptonic vs the quark sector o q
q
Rare decays happen also through quantum loops: gl

* Precise measurements give indications on the couplings and particles in the loop,
and therefore are sensitive to new structures and particles

Andrea Carlo Marini 4 July 2022




SM & Higgs boson production

 Comparison to Standard Model
June 2021 CMS Preliminary

-8_ 1 05 - e k i 7 TeV CMS measurement (L<5.0 fb“)1 -
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All results at: http://cern.ch/go/pNj7
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H—cc — ATLAS arXiv:2201,11428

Probing the charm Yukawa coupling. ‘SM BH—cc) = 2.8%‘
VH production: V=W, Z and leptonic (¢{=e,u) or invisible decays (v)

 Small branching fraction and very large hadronic background

* The associated V boson allow for good online selection (trigger) of the events.

Analysis of the Run 2 datasets.

e 3 Categories: 0 lepton (Ermiss >150 GeV), L

ATLAS
1 lepton, and 2 lepton (5213 TeV. 139 fb”

. e Expected
targeting Z—vv, W—d, and 2« VH, H — cC —— Observed
* 1c- and 2c-tagged categories Olepton
. - Xp.= X
e c-tagging: orthogonal to b-tagging Obs=35xSM 1 [
o e L 1 lepton
~ 80— ATLAS g Exp.= 60 x SM
=~ 60 s=13TeV, 139 fb" — Obs=80xSM1 1 N 000 |
= VH, H — bb/ct E
40 ] 2 lepton
- . Exp.=51x SM
203 . Obs.= 49 x SM
0 e U——— L S S—
_o0F = Combination
- - Exp.= 31x SM
—40F = Obs.= 26 x SM
_60:— ---Expected68%CL 0SM _: R oo o b
- — Expected 95% CL _ ] 0 20 40 60 80 100
-80 Observed 68% CL + Expected best-fit 3 .
= Observed 95% CL Observed best-fit ] 95% CL limit on vl
-100 e T VH(cT)
0.6 0.8 1 1.2 1.4 1.6
MVH(bE)
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https://arxiv.org/abs/2201.11428

HIG-21-012

H— cc— CMS

arXiv:2205.05550

ggH Analysis
 Boosted cc system in the final state

_ Q g+199
P = 8-6 1197,

45 (38) at the 95% CL.

VH Analysis of the Run 2 datasets
* Higgs to charm reconstructed both in the
boosted (pr>300 GeV) and resolved regimes

Resolved regime:

e Using deep neural network to improve rejection
of light quarks vs b jets (DeepJet)

e Dedicated energy regression

e 3 Categories: 0 lepton, 1 lepton, and 2 lepton
targeting Z—vv, W=, and Z—2 U

Andrea Carlo Marini 4 July 2022
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https://arxiv.org/abs/2205.05550
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-012/index.html

H—cc— CMS

Boosted regime

arxiv:2205.05550

* Major backgrounds are the corresponding V+jets

productions

e Charm tagging boosted region:

ParticleNet, a multiclass graph network for jet
iIdentification and mass estimation.

CMS

Combined
Expected 7.60
Observed 14.4

—e— Observed

138 fb™! (13 TeV)
LA B N B I B B B
----- Median expected

B 68% expected
----- 95% expected

Merged-jet
Expected 8.75
Observed 16.9

Resolved-jet

Expected 19.0
Observed 13.9

oL
Expected 12.6
Observed 18.3

1L
Expected 11.5

Observed 19.1

2L
Expected 14.3

Observed 20.4 T

0 5 10 15
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https://arxiv.org/abs/2205.05550

H%pp — ATLAS PLB 812 (2021) 135980

NS
700 T N BN L BN AL LI BN BN BRI L L
N - -4 ‘ -o-Data
‘SM B(H IJU) 2.2 x10 600 ys=13TeV, 139 fb" —gﬁa' ',Od';,f
5008 H — uw, In(1 + S/B) weighted By, pdf
400

large SM irreducible DY — pp background

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

Improvements to increase sensitivity: 100
e Targeting all production modes

Weighted Events / 2 GeV

2 5
. . . m
* MVA categorisation to select events at high S/B, 5 o
(U -
e.g. from VBF o 2
i 110 115 120 125 130 135 140 145 150 155 160
« y-FSR recovery to improve o(myy) m,,, [GeV]
[ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [
Signal extraction from my, fit ATLAS s=13TeV, 139 b’ H — up
Background parametrisation: FedTotal | |Stat. EISyst. | sMm Total Stat. Syst
) Com.rrllon COI’e. pdf 2 per—category VH and ttH categories } —eo— | 50 +35 ( £33, £1.1)
empirical function
ggF O-jet categories —&— -04 £16 ( £1.5, £0.3)
,U — 12 + 06 ggF 1-jet categories —eo— 24 12 (1.2, +0.3)
ggF 2-jet categories —eo— -06 +1.2 ( £1.2, £0.3)
] o VBF categories o 1.8 +1.0 ( £1.0, =0.2)
Observed (expected) significance )
Combined e 12 +0.6 ( 0.6, f8:1 )
2.00- (1 * 70_) | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
-10 -5 0 ) 10 15 20
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https://doi.org/10.1016/j.physletb.2020.135980

5%

H%pp — CMS JHEP 01 (2021) 148

137 fb (13 TeV)

Dedicated MVA to enhance sensitivity in all the

> SN SR L L UL LU R UL I
. © 800 3
production modes © p CMS ¥ Data :
. i . . @ 700 All categories — S+B(u=1.19) -
e y-FSR and in situ Z calibration & (oo S/S+B)weighted ... Bkg. component
. g . . Lﬁ » m,=125.38 GeV - +1G ]
e VBF background prediction from MC simulation 3 500 =20 E
« DNN discriminator with mass as feature S 400 '
e ggH, ttH, VH analytical fit to the invariant mass: zsoof—
* core pdf for the background estimation & 200F
137 fb™ (13 TeV) B ook
roT I L L L C d
CMS Combined i =1.197) ' S S SISl B B S B
| —— Combined best fit p = — % Sk l} | { | | | | ! E
VBF-cat. u = 1.36"5° - === SM expectation g O
- > - 680/0 CL —] 8 _5 I | | I | | | | | | I | | | | | | 111 I_:
[ ]95%cCL 110 115 120 125 130 135 140 145 150

ggH-cat. | u=0.63"7%

-0.64 my, = 125.38 GeV

— _ +2.27
ttH-cat. | w=232"""

o 1 = 1.19+044 440
- ,  Evidence for H—pp

- 3.00 (2.50)

_ +3.10
VH-cat. u=>548"_

Best-fit u
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https://doi.org/10.1007/JHEP01(2021)148

H— ee HiG-21-015

(%)

95% CL limit on B(H — ee)

Andrea Carlo Marini

PLB 801 (2020) 135148

Direct probe of the Higgs-electron Yukawa coupling
‘SM prediction for Z(H—ee) ~ 5 x 10-9‘
Several categories
Most sensitive category is VBF (best S/B)
Parametric fit to the invariant mass distribution
simultaneously in all categories
- BR<3x104@95%CcL CMS
o1oS Preliminaly =~ A 4 188 (18 TeV)
0.09 F— —— Observed --- Median expected
vosE- W osoovees [ osoopees
007 E
0.06%— —%
005 - =
0.04 ]
0.03
0.02
) R T P D T D B S T
120 121 122 123 124 125 126 127 128 r1nZHQ (Ge\1/§0
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100
Vs=13TeV, 139 fb™

80 ¢ Data

— Background model

Entries / GeV

60 — Signal B(H— ee)=2%

Data - fit
o
—I—l—i—l—l—

_.:_
_..:._
- S—

o fHTTET e :

110 115 120 125 130 135 140 145 150 155 160
Mee [GEV]

ATLAS
* BR<3.6 x 104 @ 95%CL
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-015/index.html
https://doi.org/10.1016/j.physletb.2019.135148

H—Zy

— CMS

arxiv:2204.12945

; CMS ;% CERN
=L A\
* - \_/

zWN
|SM &H—-2Zy) = 1.6 x 10-3 Z Z Z
W
[} [] [} [} [] [ q W
e Sensitivity to new physics in the difference between Hooe g1 H- w H{;ﬁi
q w
H—Zy and H—vyy 7 7 Yo
e Selecting Z—ee and Z—ppu events and an additional photon
« Sensitivity to the different production modes:
y 3 P 2.7 (1.2)c obs (exp)
VH (lepton), VBF (dijet), ggH (Untagged)
 MVA to enhance event categorisation
-1
e Parametric fit to the invariant mass CMS 1380 (13 TeV)
Lepton-tagged B 14.3"00 =
CMS 138 fb' (13 TeV) -
B 8000 14 o T T T T T T B H—Zy (m , > 50 GeV)
& - H—=Zy m, =125.38 GeV ¢ Data - Untagged 1| : M 0.18
EJ 7000 - All categories — S4B = - : « Best fit ;122
51:960005—8/(8"'3) Weighted .. B component Untagged 2 N _*_ . 1 1155
8 ool m Expected S x10 Untagged 3 |- ——— =10 4.7+19
3 Weighted 3 - | H+2o 431
S14000 =1o E Untagged 4 — : 3.2,
%3000 =20 Untagged combined | IC 2.517°
% 2000 -
= Dijgt 11 — et 0.747
Dijet 2 | g 1.157
Dijet 3 |- C — 12.37;
Dijet combined |  m— 1.8%1°
T10 120 130 140 150 760 170 Combined __ -_ 2_4+8-g
mI+I-Y (GeV) L 111 | L 111 | Iil 1 | L 111 | L 111 | L 111 | L 111 | L 111 |_I-I 1
10 -5 0 5 10 15 20 25 30
u
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https://arxiv.org/abs/2204.12945

H—Zy — ATLAS

PLB 809 (2020) 135754

e Selecting Z—ee and Z—pp events and an additional

photon
e Img-mz| <10 GeV

« Kinematic fit and muon y-FSR — mass resolution

e 6 categories:
VBF enriched, and S/B based (high, low pr) or
resolution (prY¥) and lepton flavor

e Parametric fit to the invariant mass

2.0 = O.9(stat.)f (syst ) = 2. O%%(tot)

=
|

‘2.2 (1.2)6 obs (exp)‘

Andrea Carlo Marini 4 July 2022

<2 [Cus

CE/RW
\

r
> 7
s £ amas
9 80— /s =13 TeV, 139 fb™ -
i N All categories 7
S 708 In(1+S4/Bgg) weighted sum
= | :
[~ 601 e
50 =
| —e— Data 7
40"_ —— Sig+Bkg Fit _
E ----- BIkg. | | | TS S S BT S S
2 g T | I
Z 8%_ """""""" + _+_++J|L+-L +_;
28
W_4:_IIII|IIII|IIII|IIII|IIII|II-+-II'
115 120 125 130 135 140 _ 145
m,, [GeV]
Category 7 Significance
VBF-enriched ~ 0.5%19 (1.071)) 0.3 (0.6)
High relative pr  1.67}- g (1. 0+1 g> 1.0 (0.6)
High pr; ee 4759 (1,073 1.7(04)
Low pr; ee 3.9022 (1.0 ) 1.5(04)
High pr, uu 2.9539(1.0425)  1.0(04)
Low pr; pu 0.872:2(1.03%  0.3(04)
Combined 2.040-0(1.0700)  2.2(1.2)
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https://doi.org/10.1016/j.physletb.2020.135754

H—y*y — ATLAS PLB819(2021) 136412

= e
=3 |\
m 2

e Search for H—=y*y = eey or H=y*y = puy 5 ST
SM Z(H— eey) = 7.2 x 105 v i SRR
SM Z(H- ppy) = 3.4 x 10-5 E ’:‘Z
e my<30GeV - P |
e ptv >3 GeV, prt > 5 GeV , ¥ 55_ 1252 0 vt ‘:
e ptY > 20 GeV g - :
s ot #tur |
* A collection of triggers to keep high trigger efficiencies (~97%) 4 ‘121#0115120125130135140145150155 2

: uwy [GeV
e Categories based on event topology and lepton flavor M (Y]
» Both resolved and merged ee categories e rosolved VBE-orrichod — N oy
* Dedicated ID and calibration for the ee merged VBF-entiched ~ ———w=—=—
merged ee system uu VBF-enriched o
ee resolved high-p_ ————
* U= 15+05 ee merged high-p_ -
uu high-p_ w—
30 (01 ’ ee resolved low-p_ ——— < ATLAS1
: .1)o ODS (ex | s =13 TeV, 139 fo
21) (exp) ee merged low-p, ~ —=e— - Total unc.
uu Iow-th + m Syst. only
Hley*yellly glcl)bal fit | | E—T—I p= 1.5+ (I)-5 |

8 6 -4 -2 0 2 4 6 8 10
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Higgs decays to mesons

| §5 =
 Bound states are rare final state but can give insight on couplings to running particles
» Motivate the SM origin of the mass to light, charm, and bottom quarks

> _I T TT | T T TT | T TTT | T TTT | T TTT | T TTT | T TTT | T TT I_

& 3000 + Data  ATLAS Preliminary

S © — Fit (s =13 TeV, 139 fb

E) 250—_---Y(nS) Region: GR -

c C Y'(nS) y channel ]

o - B Background —

> o B 7
Q bound state M 200 Category :

Z

Z /'y / or bound state

0
8.0 85 9.0 9.5 10.010.511.011.512.0
m,., [GeV]

 The quarkonium (J/¢, Y) decays into two muons leave a clear
experimental signature inside the detectors.

« Alternatively, tracks have a good invariant mass resolution at low pr (K<, z%). Bound
states like (p, §) in association with a Z boson, to trigger and reduce background.
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Higgs decays to quarkonium

* |n association with a photon
SM&ZH—-J/Ppy)=3x 106
SM&Z(H- Pasy)=1x 106
SM&(H- Yisy)=5.2x 10-°
SMA&Z(H- Yasy)=1.4 x 10-°
SM&Z(H—- Yssy)=10"°

* |n association with a Z boson

SMZ(H—- ZJ/p )=2.3 x 106
SMZ(H— Z Pos ) =1.7 x 106

* Two quarkonium decays

SM Z(H— J/P J/P ) = 1.5 x 10-10
SM Z(H- YY) = 2 x 10

EPJ C79 (2019) 94

H— Iy

Longitudinal

ATLAS HDBS-2018-53

.,
o
o2
0"‘ 2
0.0
o

CMS 95%CL Branching fraction limit
1.2 (14199 x 107°

Transverse

7.6 (5.211%) x 1074

@,

CMS
arXiv:2206.03525

Andrea Carlo Marini

95% CLjg upper limits
Branching fraction ed X B

Decay | Higgs boson [ 107# ] Z boson [ 1070 ] Higgs boson [fb] | Z boson [fb]

channel | Expected Observed | Expected Observed Observed Observed

J/yy 1.970% 2.1 0.670-3 1.2 12 71

v (28)y | 8554 10.9 2.9%13 2.3 61 135

Y(1S)y 2.8%% 2.6 1.5%0¢ 1.0 14 59

Y(2S)y 3.5416 4.4 2.010% 1.2 24 71

Y(3S)y | 3.1%% 3.5 1O 2.3 19 135
Process Observed Expected Observed
Higgs boson channel = Longitudinal = Longitudinal = Unpolarized Transverse
B(H — ZJ/p) 19x1073%  (2677)x1073  24x103 28x1073
B(H — Z(2S)) 6.6 x1073  (71738)x 107> 83 %1072 9.4x1073
B(H — J/¥] /) 3.8x107%  (46759)x107*  47x107* 52x1074
B(H — ¥(2S)]/y) 21x1073 (1479 x107%  26x107% 29x1073
B(H — ¢(2S)¥(2S)) 30x1073  (33%53) x10%  36x107% 47x1073
BH— YMS)Y(mS)) 35x107* (3.6753) x10™*  43x107* 4.6x10*
B(H — Y(15)Y(1S)) 1.7x107%  (1.7807)x 1073 20x107% 22x1073
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https://doi.org/10.1140/epjc/s10052-019-6562-5
https://arxiv.org/abs/2206.03525
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-53

Higgs decays to vector mesons

.
o
o, .
Q”‘ O¢
KX O
o m

SM Z(H- py) = 1.7 x 105 ATLAS JHEP 07 (2018) 127
SM g( H- ¢V ) - 23 x 10-6 Branching Fraction Limit (95% CL) | Expected | Observed
B(H — ¢y)[ 1074] 4243 4.8
B(Z — ¢y)[ 107°] 1.35%° 0.9
SM &(H— Zp) = 1.4 x 105 -0
—4 4.1
SM g( Ho Zd) = 4.2 x 106 B(H — py)[ 107% ] 8.4, 8.8
B(Z — py)[107¢] 33+ 25
o q)—}KiKi,p—}ﬂ-iﬂ-i
CMS JUHEP 11 (2020) 039
. 137 b (13 TeV) . 137 fb™ (13 TeV)
.°\:. 251 CMS *l-Observed ] i . CMS —ol—Observed i
= B Supplementary — Expected i = 1__ Supplementary — Expected H
N o [ = 68% Expected N - [ = 68% Expected -
:I/r: _ [ ]+ 95% Expected ] £ 0.8 [ ]+ 95% Expected ]|
T N I I 3 T - I I i
@ 1.5 | | : @ | | —
c - I ° c 0.6 —
S . | ] S B { | 1
£ B . £ -
- 1 — 04
o o
5 5
= 03 > 02
@) | | @)
2 | | R
g Isotropic Longitudinal Transverse 8 Isotropic Longitudinal Transverse
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http://dx.doi.org/DOI:10.1007/JHEP07(2018)127
http://dx.doi.org/DOI:10.1007/JHEP11(2020)039

S < CE/RW
umimar Yy I\
ol NS
m 2
CMS and ATLAS have a large program to CMS 138 fb™! (13 TeV)
, > i B LR B
assess the rare decays of the Higgs boson £l> 1 m-12538 Gev wz.s 3
\>> - Py, =37.5% o L
W : s
Direct Yukawa couplings: G 107¢ le
Second generation sensitivity close to the SM: & |f : . S
# 2 v & 11N
10 E ,""‘ Leptons and neutrinos Quarks E O
Hpp: CMS 3.00 (2.506), ATLAS 2.06 (1.70) R)z
Hcc: 10_35‘ u n E 8
i ’j‘" Force carriers Higgs boson E
e« 66<14.4 (7.6) x SM CMS ; BNEGE ©
e 06 < 31 (26) x SM ATLAS - 1({47,: -
D 2] T ;
| | o R ,{* -------------------- toof -1 g
First fermion generation is out reach; g 8-2;”' T AN

looking for large deviations. 10" 1 10 102
Particle mass (GeV)

HZy: Both experiments: a small excess in the Run2. CMS 2.7¢ (1.20), ATLAS 2.206 (1.20)

Searches for Higgs boson decays to bound states also probe unexplored couplings, having
sensitivity to strange, charm, bottom couplings, but also to new physics in the loop
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The CMS Detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m

Overalllength  :28.7m
Magnetic field :3.8T

Pixel (100x150 pm) ~1m? ~66M channels
Microstrips (80x180 ym) ~200m?* ~9.6M channels

SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel 4+ Quartz fibres ~2,000 Channels

\
|8
/‘ N
CRYSTAL \
ELECTROMAGNETIC \
CALORIMETER (ECAL)

~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA

Brass + Plastic scintillator ~7,000 channels

Andrea Carlo Marini 4 July 2022
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The ATLAS detector

25m \

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transifion radiafion tracker

Semiconductor fracker

Andrea Carlo Marini 4 July 2022 22



CMS Phase II upgrades

o
S
5
S
@
§
5
3
3
8
5
S

BEAM PIPE

Replaced with an entirely new one
compatible with the future tracker
upgrade for HL-LHC, improving the
vacuum and reducing activation.

CMS DETECTOR LS2 UPGRADES

PIXEL TRACKER

All-new innermost barrel pixel layert,
in addition to maintenance and repair
work and other upgrades.

HADRON
CALORIMETER

New on-detector electronics
installed to reduce noise
and improve energy
measurement in the
calorimeter.

Andrea Carlo Marini

New generation of detectors
for monitoring LHC beam
conditions and luminosity.

CATHODE STRIP
CHAMBERS (CSC)

Read-out electronics upgraded
on all the 180 CSC muon
chambers allowing performance
to be maintained in HL-LHC
conditions.

GAS ELECTRON
MULTIPLIER (GEM)

A DETECTORS

W An entire new station of detectors
¥ installed in the endcap-muon
system to provide precise muon
tracking despite higher particle
rates of HL-LHC.

SOLENOID MAGNET

New powering system to
prevent full power cycles
in the event of powering

1 problems, saving valuable
time for physics during
collisions and extending
the magnet lifetime.
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ATLAS Phase II Upgrades

ATLAS DETECTOR LS2 UPGRADES

MUON NEW SMALL WHEELS NEW READOUT SYSTEM FOR THE NSWs LIQUID ARGON

(NSW) The NSW system includes two million micromega readout CALORIMETER

Installed new muon detectors with channels and 350 000 small strip thin-gap chambers New electronics boards installed,
precision tracking and muon selection ~ (STGC) electronic readout channels. increasing the granularity of

capabilities. Key preparation for the signals used in event selection and
improving trigger performance at

higher luminosity.

TRIGGER AND DATA NEW MUON CHAMBERS IN THE CENTRE ATLAS FORWARD PROTON
ACQUISITION SYSTEM (TDAQ) OF ATLAS (AFP)

Upgraded hardware and software Installed small monitored drift tube (sMDT) detectors Re-designed AFP time-of-flight
allowing the trigger to spot a wider alongside a new generation of resistive plate chamber detector, allowing insertion into the
range of collision events while (RPC) detectors, extending the trigger coverage in LHC beamline with a new “out-of-
maintaining the same acceptance rate. preparation for the HL-LHC. vacuum” solution.
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105%

PRL 114 (2015) 191803

The Higgs boson mass

 Run | legacy measurement
« CMS and ATLAS combination of the 7 and 8 TeV data

I I I I | I I I I | I I I I I I I I | I I I I I I I I | I I I I | I I
ATLAS and CMS ——i Total Stat. =3 Syst
LHC Run 1 Total Stat. Syst.

ATLAS H—yy —— 126.02 = 0.51 ( £ 0.43 = 0.27) GeV
CMS H—yy ——— 124.70 + 0.34 ( = 0.31 = 0.15) GeV
ATLAS H—-ZZ—4] ) - | 124.51+ 0.52 ( =+ 0.52 + 0.04) GeV
CMS H—ZZ—4l] e 125.59 + 0.45 ( + 0.42 + 0.17) GeV
ATLAS+CMS yy I'—EI—I 125.07 £ 0.29 ( = 0.25 = 0.14) GeV
ATLAS+CMS 4] I—I‘E—'I 125.15 + 0.40 ( £ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l P—?—I 125.09 = 0.24 ( = 0.21 = 0.11) GeV
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
123 124 125 126 127 128 129
m,, [GeV]
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105%

Precise measurement of the Higgs boson mass using the diphoton and ZZ (4-leptons)
decay channels using 2016 data from CMS

The Higgs boson mass

my = 125.38 + 0.14 GeV

CMS
Run 1: 5.1 b (7 TeV) + 19.7 tb™ (8 TeV) —— Total Stat. Only p
2016: 35.9 fb™ (13 TeV) w
Total (Stat. Only) *
Run 1 H—yy — 124.70 = 0.34 ( = 0.31) GeV %
N
Run 1 H— ZZ— 4 —_— 125.59 + 0.46 ( = 0.42) GeV | ©
%
Run 1 Combined —_— 125.07 = 0.28 ( = 0.26) GeV g
o
2016 H—yy — 125.78 + 0.26 ( = 0.18) GeV
2016 H— ZZ— 4l —— 125.26 = 0.21 ( = 0.19) GeV
2016 Combined ———t 125.46 = 0.16 ( = 0.13) GeV
Run 1 + 2016 -i- 125.38 + 0.14 ( = 0.11) GeV
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

122 123 124 125 126 127 128 129
m,, (GeV)
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Higgs production

m ~
, m - A S
: o '
=~
=N

» Different production mode of the Higgs boson
ggH
tH
\%ZH&HWH
WH
VBF

Vector-boson fusion Gluon-gluon fusion VH associate T°|_3 quark pair_
VBF ggH production associate production
VH ttH

p P
g
--- H
g
p P
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Hpp 1invariant mass

 Invariant mass of the Hup peak in MC simulation
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- CMS Simulation Supplementary

ggH categories
- S/(S+B) weighted

%) Signal simulation

:— — Parametric Model

HWHM = 1.60 GeV
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CE/RW
\

% 0_2: I I I I | I I. I I | .I I I I I I I I I I I I I I I I :
S 0185 ATLAS Simulation | E
— - Vs=13TeV, 139 fb’ ]
& F H — uu ]
S 014 -
> 0 12:_ VBF Very High O-jet Very High 3
> F eMC ¢ MC .
= 0.1= —Signal model — Signal model
0.08~ Mgz =124.7 GeV Meg =124.8 GeV =
0063_ Ocg = 3.0 GeV Ocg = 2.6 GeV _f
0.04 —
0.02— —

v II | | | | | | | | | | | | | | | :
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H%pp — CMS JHEP 01 (2021) 148

* Resulted reported at the best mass g !
(U q
measurement mp=125.38 GeV S
N
e Strength 1.19 +0.44 45 goE E
« Evidence for H—>pp 3.06 (2.50) S\ R S/ 12
« Coupling measurement of «, E E
« With the inputs from EPJ C79 (2019) 412 Y Y 1.
10 E_ E— Observéd _E
5 35.9-137 b (13 TeV) - s Expoctdim_ = 12538GeV ]
’_'T rrrrrrrprrrprreprrrprreprrrpr e prr e et - E 1
c | CMS ’ 10320 " 127 922 123 i2d 125 126 127 128 129 130
< L _
o ?F my=12538 Gev 1 o™ (GeV)
[k, = 1.07°%2at 68% CL ] A — A AL
10r B o 10°F CMS $ Data | R
j i 107E  Post-fit Ezj-ew  [ov .
8 N 106;_ VBE-SR Run2 I Top quark [[]Diboson _
I i 105;- m,, = 125.38 GeV — VBF —ggH
6 . '
e — :
2f .
O_III|III|III|III|III III|III|III|III_ ngé_ ............................................................................................................................................ =
0O 02 04 06 08 1 12 14 16 18 2 % 1_5; _- ...................................... e i-}_-_'__l ........ E
Coupling Strength Ky S Og_ .................... I' ..... o s e o
0 2 4 6 8 10 12
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Core PDF — Hyup CMS

* The background function is designed to minimise possible
mismodels due to the choice of the analytical form

105%

100~ / ———=—==Djiscrete profile
80~ Core several functional forms
g 60- used simultaneously on data
o 40- N = I\ ==
20=
0= 1 1
110 120 150 llllO 1%0
1.20 catl 1.20+ S
1.15+ o 1.15+ s
1.10- 1.10=
_ 1.05= 5 102"
% 1.00- % 1.00=
g 0.95 = E 0.95=
0.90 = 0.90=
0.85= 0.85=
080 110 150 1_;30 1:10 1%0 o 110 150 150 1:10 1;50

mass
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Core PDF — Hpup CMS

* The background function is designed to minimise possible
mismodels due to the choice of the analytical form

105%

100~ / ———=—==Djiscrete profile
80~ Core several functional forms
g 60- used simultaneously on data
: R
20= —*
v 110 150 mlaés(; llllO 1%0
¥ X
1.20 catl . 1.20= S ol
1.1 cat 1 )=

)= 100 -

events

1 1 1 1 1 1 1 1 1 1
110 120 130 140 150 110 120 130 140 150
mass mass
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VHcc mass — CMS

Andrea Carlo Marini

138 fb™' (13 TeV)

U) T | T T T | T T T T T T | T T T | T T T | T T T | T T T
% 1000 B MS —4— Observed [ VH(H—>cC), u=7.7 |
> — [ ] Z+jets [ ] W+jets —
g B Merged-jet [t Bl single top ]
O gpopo|— All categories [] VV(other) [] vz(z—cg) _
% — S/(S+B) weighted [ ] vz(z—bb) I VH(H-bb) —
© B | $%% B uncertainty |
= 600 : =
0 o _
+ — N —
< 400f + -
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Prospects of VHcc at HL-LHC

Andrea Carlo Marini

H VH(H-sbb)
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CMS/ |
VHcc ATLAS ()
* Kappa b vs kappa c
zCD 30_| L L L | L | L L L L I_
: ATLAS :
20 ls=13TeV, 139 fb™ -
- VH, H — bb/ct -
10 :— _:
o o -
-10F- =
_20:_ Observed 68% CL 0 SM _:
E Observed 95% CL Best-fit E
— _I 1 1 | | I I | | I I B | | | I I B | | | I I | 1 1 1 1 | L1 11 | 11 |_
30 -3 -2 —1 0 1 2 3
Kp
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VHcc mass — ATLAS Post-fit

5%

% : I | L 11 | L | 11 | T 1 | 11 | T 1 | I : % 300_—| | 11 T 1 | 11 | T 1 | 11 | T 1 | L | I—_
0 35000 ATLA —e— Data ] O] - ATLA —eo— Data .
= -~ {s=13TeV, 139 fb™ Il VH(— cc) (u=-9) ] = . {s=13TeV, 139 fb™ Il VH(— c©) (u=-9) N
= 3000 I_ 0+1+2 leptons B VZ(— cc) (u=1.16) _I = 250 :_ 0+1+2 leptons B VZ(— cc) (u=1.16) _:
2 ~ 1c-tag, All SR 0 VW(= cq) (1=0.83) - 2 - 2c-tag, All SR 0 VW(= cq) (1=0.83) -
§ u B-only uncertainty ] § 200~ B-only uncertainty —
5 2500 — SM VH(~ ¢) x 26 ] S - — SM VH(—> ct) x 26 -
(7] - - ] - _
D 2000F - o 150~ 7
2 n , S n -
@ 15001 - o 100 -
: = - :
w 1000 —] w  gok —
500k _+_ - 0 -
“ ; - ~50— =
—500 | I | [ | | | I | | | | | | | | | | | | | | l__ B | | | | | | | | | | | | | | | | | | | | I | | i
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H %J/lp y — CMS Epycro019) 04

» Sensitivity to the coupling of the charm through a loop contribution v

e Many contributions to the loop (W, c)
« Non resonant (myy,) background estimated with an analytical function

* Resonant background reduced with invariant mass window (myy)

requirements

70

Events / 0.01 GeV

40

30

10

“=
§> o \\_/
m v

60 |

50 |

20 |

95%CL Branching fraction limit

H— Iy

Z(H)
e |SME(H- 3/ y) = 3 x 109
HJhyy—upy 2016 35.9 fb” (13TeV)
_ CMS + Data g
- H—-Jlyy signalx750 f
2 | i Hoy'y backgroundx150 ; Z-Jlyy—ppy 2016 35.9 fb™ (13TeV)
: >30_'"'I""I'"'I""I""I""I""I""I""I""_
- I 8 - CMS EB high R_ category
5 + N 25 b -
- + ] ; i Expected signalx50
5 + + + + ] c i Non-resonant background model
+ + + + + Lc|l>j 20 - - Expected resonant backgroundx5
LTRSS . 44t 150 |
3 3.05 3.1 3.15 3.2 :
m,, (GeV) 10 [
5L
Longitudinal 1.2 (1.4J_r8:461) x 107°
+2.4 —4 0 b
Transverse 7.6 (5:2276) x 10 70 75 80 85 90 95 100 105 110 115 120
m, ., (GeV)
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H — Jhp 7, 9(s) .Yy — ATLAS [ ll% 2

SM Z(H- P2sy)=1x 106 ||SMZ(H- Yasy) = 1.4 x 10

SMZ(H- Yisy) =5.2 x 10-°| |[SM Z(H- Y3sy) = 10-¢ HDBS-2018-53
* Sensitivity to the coupling of the charm through o et
a loop contribution in the J/{ y S 300k + pata  ATLASPreliminary |
» And to the bottom in the Yy and CP violation S [ —Fi fo=13TeV, 18017
. . i \ . %) 250—_---Y(nS) Region: GR ~
» Kinematic requirements are applied in order to S E=packgroung  [(NS)7chamel
: - ¥ T 200F B Category ]
enhance the signal contribution YT :
 Non parametric background model derived from
Control regions and validated in dedicated regions
e 2D fit in my, and my,, %,
95% CL; upper limits \%
Branchinsiyaciiy ox8B 80 85 9.0 9.5 10.010.511.011.512.0
Decay | Higgs boson [ 107 ] Z boson [ 107 ] Higgs boson [fb] | Z boson [fb] m.. . [GeV]
channel | Expected Observed | Expected Observed Observed Observed o
Ty 19798 2.1 0.670-3 1.2 12 71
w(2S)y | 85385 109 29413 2.3 61 135
Y(1S)y | 2.8%3 2.6 % ] 1.0 14 59
Y(2S)y | 3578 4 2.0%08 1.2 24 71
Y(33S)y | 3.1%5 3.5 19798 2.3 19 135
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H— Z JAy | Jhp Jhp 1YY

arxiv:2206.03525

1N%

e J/Y decays into muons T P
e /Z decays into leptons (electron or muons) ( P )=2.3x

 The P(2S) meson decays into a J/P + X, SM&Z(H— Z p2s ) =1.7 x 106
where X is not reconstructed SMZ(H- J/PJ/Pp)=1.5 x 10-10

SM Z(H—- YY) =2 x 10-°

— Q Q Q
q Z q Y q
y H | H H
_ 10°CMS S 1 N A S —
© E pp — JpJhp — 4u E
(3 N —— Data ] V\E\, z z
~ Bkg fit
2 | N e H — Jhpdhp, B=3.8x10™
§ 100 =, e Z— Jhpdhy, B=1.1:10° 3 Process Observed Expected Observed
i D U H = Jyy(28), B=2.1x10" 3
N T H—=9(@5)w(2S), B=3.0x10" ]  Higgs boson channel Longitudinal = Longitudinal = Unpolarized Transverse
10;_ _ B(H — ZJ/p) 19x1073  (26757)x1073  24x103 28x1073
: + 1 B(H — Zp(29)) 6.6 x1073  (7.1738)x 107> 83 x 1072 9.4x1073
[ i - 1 BMH = JA/p) 3.8x107%  (46759) x107*  47x107* 52x1074
15 P | 3 BH-9(29)/y) 21x1073 (1479 x107%  26x107% 29x1073
0 T80 80 100 d20 140 B(H— p(2S)9(2S))  3.0x107%  (3375)x103  36x103 47x107°
M (GV)  BH - Y(0S)Y(mS))  35x107%  (3.6792) x 104 43x107* 4.6x 10
B(H — Y(1S)Y(1S)) 1.7x107%  (1.7707)x 1073 20x107% 22x1073
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H— yp / y¢ — ATLAS

SV 11V

JHEP 07 (2018) 127 SZ
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H—7Z0 / Z¢ — CMS JHeP 11 (2020) 039
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