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A fundamental question

How do
elementary
particles
get mass!




This is not a QFT lecture...

All microscopic phenomena seems to be well described by a remarkably simple theory

(that we continue to call “mode

ESM — »Cgauge (%, Aa) =+ »CHiggs(

massless particles interact by
exchanges of forces carried by
massless gauge bosons. QFT
describes free fields, interactions
generated by gauge symmetries
(thus renormalizable)

mass terms cannot be directly
added without breaking theory

gauge invariance

(i.e. mass is not a fundamental
property, rather an emerging
phenomenon)
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Twelve years with the Higgs boson

only for historical reasons...)
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Theory would not make sense
without a Higgs field (or something
similar) responsible for spontaneous
symmetry breaking and mass

GAUGE BOSONS

generation...



An idea
from 1964
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What's hot in in physics in 1964?
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FIG. 2. Photograph and line diagram of event showing decay of Q.




Observation of CP-violation

What'’s hot in in physics in 1964?

VoLUME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 JuLy 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*f
J. H. Christenson, J. W. Cronin,} V. L. Fitch,¥ and R. Turlay?$
Princeton University, Princeton, New Jersey
(Received 10 July 1964)
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The Brout-Englert-Higgs mechanism is also proposed...

|
|
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| ¥ AND THE MASS O
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“ . ’

F. Englert and R. Brout

(Received 26 June 1964)
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Received 27 Tuly 1964

PHYSICAL REVIEW LETTERS

19 OcTOBER 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs

Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland

(Received 31 August 1964)
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, PARTICLES*
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It would take |0 more years to become “mainstream”...

PHYSICAL REVIEW VOLUME 155, NUMBER 5 25 MARCH 1967 |967

Symmetry Breaking in Non-Abelian Gauge Theories*

T. W. B. KiBBLE
Department of Physics, Imperial College, London, England
(Received 24 October 1966)
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Electroweak Symmetry Breaking Caseisa i aner e

inc orporate d into A. Salam, “Weak And Electromagnetic Interactions,” Originally printed in ”N.

Svartholm: Elementary Particle Theory, Proceedings of The Nobel Symposium Held

Standard Model 1968 at Lerum, Sweden” 367-377 (1968).
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A closer look to
the SM Lagrangian
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“This equation neatly sums up our current understanding of fundamental particles and forces”

understanding understanding

knowledge’? = hypothesis?

arco Delmastro
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This equation neatly sums up our
current understanding of fundamental
particles and forces.

ve years with the Higgs boson

Gauge sector

This part is very well known (one could even say since the
discovery of Maxwell equations in 1880), elegant and very
well experimentally verified!

b N

Xis any fermion in Xis electrically charged.  Xis any quark.
the Standard Model.
D v 9
L
v 9
Uis a up-type quark; Lis aleptonandyv is the

Dis adown-type quark.  corresponding neutrino.

W W
V\T:\é\ﬂf WE
X Y
X
Xisa photon or Z-boson. X andY are any two

electroweak bosons such
that charge is conserved.

understanding = knowledge
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This equation neatly sums up our
current understanding of fundamental
particles and forces.

ve years

Electro-weak symmetry breaking

Still a gauge interaction (nothing new, one might be
tempted to say...), only this time between bosons and a
scalar field!

Nothing like this directly observed before 2012 (but tested
before by precision electroweak interactions)

Experimentally observed in 2012 with Higgs boson
discovery...

v
2
H 2mys,
v

...this term
V could not exist
without a v.e.v.

with the Higgs boson 15



Fermion masses via
Yukawa interaction

Before 2012 this term was almost a conjecture... and even
dfter the discovery in 2012, it remains an “anomalous” term
(it's not a gauge interaction, and no interaction with this

+ I % \
structure has ever been observed in nature)
‘t’ , = Is the Higgs boson
>Z" \ﬁl) %'5 ¢ *L\ <_ responsible for the

EW symmetry
f breaking also
responsible for the
I:I L my mass;s of
—_ fermions?
()

Is the Higgs boson
responsible for the
masses of all

This equation neatly sums up our |
: fermions?

current understanding of fundamental

particles and forces. s e e o

|

understanding = hypothesis




Higgs potential
V(®) = —p2®Td + \(DTD)?

It defines all characteristics of Higgs field and defines Higgs self-
interaction properties. Nothing like this has ever been observed in

hature

,t. %( kﬁ %' L\ Is the shape of
: I / the Higgs
: t) J ¢ 1 - potential that
v postulated by
D the Standard
+ Mg = Model?
4 N /
. - H < 7 3my N 3m?,
This equation neatly sums up our N v RERN v?
current understanding of fundamental S H H’ ‘g

particles and forces. o



A couple of things about the Higgs potential...

V(®) = -2 0Td + \(DTD)?

The potential is symmetric under
rotations in @ space

u? <0
A>0

[t has @ minimum
which is not at
<M>=0 known as
the vacuum
expectation value
(vev) v that defines
the electroweak scale

The mass of the
Higgs boson is not
predicted by the
theory!

= W 946GeV my = V2u = V2
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A textbook

discovery
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Higgs boson production at the LHC

g q = o =
49 pb .
69M A oo H 520k voso

9 q N

gluon-gluon fusion:
main production mode at
LHC

Vector Boson Fusion
2 well-separated forward
jets

VH
tagWand Z
boson decays

ttH
tag 2 top quarks

Marco Delmastro Twelve years with the Higgs boson
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The Higgs boson is an unstable particle
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Almost exactly |12 years ago...
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o

... June 2012..
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Summer 07/2011
CMS Prel. [20]

—— ATLAS Prel. [21]

Spring 2012
CMS [25]
= ATLAS Prel. [28]

1Is=7TeV
Jldt- 10"

1Is=7TeV
Jldt-5m"

1
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110

Council/ICHEP 07/2012 7

n TeV
CMS Prel. [23] and 8 .‘e
— ATLASPrel. [22] Jldt-10f

7 and 8 TeV
Jldt=25m"

HCP/Council 2012
w CMS Prel. [24]
— ATLAS Prel. [23]

115 120 125 130 135 140 145 150
m . IGeV]
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Fabiola Gianotti revealing the :
combined significance of the ATLAS
Higgs searches on on July 4 2012
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ATLAS: PLB 716 (2012) 1-29
CMS: PLB 716 (2012) 30

Higgs boson discovery channels

91.2 GeV/c?
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ak z
-

W
H() W+
g

0
0 +1
1 1
. photon . Whboson '

Twelve years with the Higgs boson

27



Higgs measurements

Twelve years with the Higgs boson
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A long way since the discovery...

‘ T
e Data
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L
Mass Limits for the Standard Model Higgs
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J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012)
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https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub

A long way since the discovery...
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https://link.springer.com/article/10.1007/JHEP07(2023)088
https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20201015

A long way since the discovery...

PDG 2022

HO

J=0

Mass m = 125.25 4+ 0.17 GeV (S = 1.5)
Full width T = 32728 MeV  (assumes equal
on-shell and off-shell effective couplings)

HO Signal Strengths in Different Channels

Combined Final States = 1.13 + 0.06
WWw* =119 £+ 0.12

Z7* =1.01 £ 0.07

vy = 1.10 £ 0.07

¢ Final State = 37 £ 20

bB = 0.98 £ 0.12

ptp= =1.1940.34

- +0.16
Tt =115 2015

Zv < 36, CL=95%

~v*~ Final State = 1.5 + 0.5
ttHO Production = 1.10 + 0.18
t HO production = 6 + 4

p
HO DECAY MODES Fraction (I';/T) Confidence level  (MeV/c)
ete” <36 x1074 95% 62625
Z p(770) <121% 95% 29423
Z $(1020) <36 x1073 95% 29417
J/by < 35 x1074 95% 62587
J/pd [y <18 x1073 95% 62548
P(2S)y <20 x1073 95% 62571
T(1S)y <49 x1074 95% 62268
T(2S)y <59 x1074 95% 62224
T(35) <57 x1074 95% 62197
T(nS) T(mS) <14 x1073 95% -
p(770)~ <88 x1074 95% 62623
#(1020)~y <48 x1074 95% 62621
e LF <61 x1072 95% 62625
er LF <22 x1073 95% 62612
ur LF <15 x103 95% 62612
invisible <19 % 95% -

H® Production Cross Section in pp Collisions at Vs =13 TeV =

56 = 4 pb
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R.L. Workman et al (PDG), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
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|2 years with the Higgs boson, and the next |2+ years...

Schedules are meant to be adjusted...

HL-LHC

L 1s3 | Runa.s. |

| o | s | s | o 2

Large Hadron Collider (LHC)

[ Run1 st | Run2_ |

7 TeV—— 8 TeV—— 13 TeV

Run 2 Run 3 HL-LHC
e Loty ~140 fb! ~150-300 fb! ~3000 fb-!
| @ 13TeV @ 13.6TeV @ 14TeV
expected expected
Higgs ©
discovery TODAY
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do we know
the “basic”
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Higgs boson mass and width
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How well do we know the Higgs mass?

mH:\/i,U

Marco Delmastro

® my Not predicted by theory

¢ All Higgs coupling properties depend on my
®  Excellent measurements by ATLAS and CMS
v Precision depends on energy (photons, electrons) and momentum (muons) calibration

ATLAS e Total Stat. [ | Syst. | Combination
Run1: /5 =7-8 TeV, 25 fb—1, Run 2: \/5 = 13 TeV, 140 fb!
Total Stat.  Syst.

Runi1 H — yy F——— 126.02 +0.51 (+ 0.43 + 0.27) GeV
Run1 H — 4¢ F——e— 124.51 + 0.52 (+ 0.52 + 0.04) GeV
Run2 H — vy e 125.17 + 0.14 (+ 0.11 £ 0.09) GeV
Run2 H — 4/ e 124.99 + 0.19 (+ 0.18 + 0.04) GeV
Run 142 H — ~y l-o 125.22 + 0.14 (+ 0.11 + 0.09) GeV
Run1+2 H — 4/ 124.94 + 0.18 (= 0.17 £ 0.03) GeV
Run 1 Combined ——1 125.38 + 0.41 (+ 0.37 + 0.18) GeV
Run 2 Combined I*I 125.10 + 0.11 (+ 0.09 + 0.07) GeV
Run 1+2 Combined 125.11 + 0.11 (+ 0.09 + 0.06) GeV
P IR RN RSN RT R [ (SR SRS AT SN NS SR S SR

123 124 125 126 127 128

LyvSive years yiun

=

LnggEs vusun

mu [GeV]

110 MeV
(0.09%)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802

Higgs width: a problem difficult to tackle directly!

Total Higgs natural width in SM is small!

v Too small to be accessed experimentally at
LHC from resonance line-shape in analysis
where peak can be reconstructed...

FSM dominated by

N.g2m?
D(H — bB) o DeGuMmur

327rmW

" = 4.07 MeV

Marco Delmastro Twelve years with the

Direct measurement severely limited by
detector resolution! One (old) example:

Higgs boson

19.7 b (8 TeV) + 5.1 fb™' (7 TeV)

. CMS

T

T

\)
<
<

—— Observed
- Expected

I'; <2.4 GeV (obs.)

T, <3.1GeV (exp) 2 95%CL

0 1 2 3 4 5 6 7

I, (GeV§3
[h <24 (3.1) GeV obs. (exp.)
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http://dx.doi.org/10.1140/epjc/s10052-014-3076-z

The Higgs boson as propagator: width from off-shell Higgs

ggf as an
example

g A
H
1

g (m? 2+T2m% 7

¢ Interference impacts both total cross section and m(VV) line-shape

¢ Assuming on-shell and off-shell couplings are equal:

VU = gg
w=WW,ZZ,Zv,vy

Marco Delmastro

o)

Hoff-shell

Hon-shell

on-shell
vv—H—4/¢

2 2
ggluongV

'y

[

I'sm

off-shell
vo—sH—40 X ggluongV

Twelve years with the Higgs boson

g A
g Z
CMS simulation 13 TeV
na _
183 gg—212v (I=e, u) E
102; —— SM H signal (IHP) 7
< rol. SM contin. (ICF) 3
8 i — SMtotal (IH+CP)
£ - IHP+ICP ]
S 102
S -3
S 10
L 10
10°°
10°°
107

L L L L L L ‘
500 1000
m,,, (GeV)
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https://arxiv.org/abs/2202.06923

Measurements of the Higgs width from off-shell production

Measurements in 4/ and 2I2v final states and for different production modes

— 7\\\\‘\\\\‘\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\

\(é ZO_ATLAS — - Obs-Stat. only

~N —— Obs-Sys

y 181 On + Off-shell combined — - Exp-Stat. only
16013 TeV, 139 b — Bxp-Sys

 Obs-Stat. onIy 1 1 os

14*Obs -Sys: 1. 1

-—
o
T T_Y*‘—T_Ff‘ L

+0.6

Exp-Stat. only: 1.0 %%

Exp-Sys: 1 Ojgg

-09

[
CMS 12
M4=3.2 *25 MeV
o 10f
-
~3 O evidence for £ 8
off-shell H production «
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15 2 25 3 35 4
r/re

ATLAS
[4=4.5 )2 MeV

Twelve years with the Higgs boson

al gt
5% CL 7
2 N
8% CL 0
% 5 10
T, (MeV)

CMS

<140 fb' (13 TeV)
T ‘ T T T T

212v+4| off-shell + 41 on-shell
— 212v off-shell + 41 on-shell
— —— 4l off-shell + 41 on-shell

B Observed
Expected

140 fb' on-shell 41
78 fblofshell 41
138 fb! offshell 212y

S | | ‘ | | | ‘ | |
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https://arxiv.org/abs/2202.06923
https://authors.elsevier.com/sd/article/S0370269323005579

How well will we know the Higgs width!?

® Combined ATLAS + CMS width sensitivity with 3000 fb-!, based on the off-shell measurement
VIig=4.1x 08 MeV

* More conservative assumptions on theoretical uncertainties than Run 2 results
— i.e. signal and background k-factors

arXiv:1902.00134 3000 fb (13 TeV)

TTTT[TTTT[TTTT[TTTT[TTTT[TTTTL

. CMS Projection ]

157‘................. —
.------------------51.—w/YR183yst.uncert.:fai=0)

¢EEEEEEEEEEEEEEEEP

o w/ Run 2 syst. uncert. (f =0)
“YRI8” systematics: uncertainties - a /]
reduced wrt Run 2 according to L 77w/ Stat. uncert. only (f =0) .
the improvements expected to be 107%
reached at the end of HL-LHC o
e.g. theory uncertainties generally

halved. See

95% CL

68% CL

—_——_— —_— —_—— ]

[
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCCommonSystematics
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCCommonSystematics
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCCommonSystematics

Studies of the Higgs CP properties

Spin is property of the particle, CP of the coupling...

coupling to EW vector bosons

) t - -
9
Htt @----------- H . Hrt Hgg | 8¢  >%-----
9
g QQQ&QQ&Q_QSL—<—E 7 0 - -

Marco Delmastro Twelve years with the Higgs boson
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SM Higgs spin and CP properties

® SM Higgs has spin 0 and positive (even) parity
(F = 0++)

® At the end of Run | we knew Higgs had spin 0...
v~ Spin | and 2 hypotheses excluded at > 99.9% CL

using H>yy, H>ZZ* and H>WW*

NN

NN
AN

Example:
J=2 model
exclusions

with 03
H>ZZ 02

AR
A

AMhNnik

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII %

jO-Bestfilzla *('\]E ?\]—(\:I t\? ‘E\i: JE\]—O 4&2 46\;5 .N;: '(\1% \
7/ Excluded at 95% CL

Expected at 95% CL

roduction
[ Expected at 68% CL gep
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Events /0.1

Example:
H->yy spin
analysis

Events /0.1

250 e

T T ]
- ATLAS H—vyy —— J"=0"Expected
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ok
= T3
o b b b b b b a b ba oy [
0O 01 02 03 04 05 06 07 08 09 1
Icos 6%
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- ATLAS H—yy —— J"=2"Expected
200[ Vs =8 TeV _[Ldt=2o.7fb‘1 * f=2"Data
r Bkg. syst. uncertainty |
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C T | ]
C —— ]
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i —— | ]
0 L
T
oo b b b b b by by s by w g e 4
0O 01 02 03 04 05 06 07 08 09 1
Icos 0%l
. Y1 .72
* Slnh(n)q - 7772) 2pT pT
cos@ = = 5
YY myy
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yy polar angle 9* with respect to Z-axis in Collins-Soper frame
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https://doi.org/10.1016/j.physletb.2013.08.026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.012004

CP properties of Higgs-top coupling with ttH

Effective Lagrangian for Yukawa coupling to top quarks parameterized by

CP-Even and CP-odd components

Liig = —K,y: oY, (COs @ +iys sin @)y, g e

Ksin(a)

-1.5

F ATLAS
F Vs=13TeV, 139 fb"

- Best fit X sM

.....

Clov v b v b v v b v v by wa
<15 -1 -05

Two examples:

ATLAS ttH
H->vy

pure CP-odd
coupling
excluded at 3.90

|a| > 43 deg excluded @ 95% CL.
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CP

CMS ttH

H->ML
+ Hoyy
+H>Z7Z

pure CP-odd

coupling

excluded at

~2
Hit _ "
’?tz‘*"‘t2

cms

- s
¥ 151 [ H — Multilepton
FCIH—yy/zz

1~ [JH — Multilepton/yy/zZ

0.5
o
05
[ c68% CL
[ o 95% CL

“L + Bestfit
r 4 SMexpected

-

| N R B

-1 -0.5 0

mg _ i~
A(Hff) = 71/’f(’ct ‘i‘mt’)’s)l/’f

|fHee| = 0.28 (< 0.55 at |o)
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How well
- do we know
== the Higgs couplings?

[

aaaaaaaaaaaaaa




Couplings to...

... gauge bosons

... fermions
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STXS: Simplified Template Cross Sections

Stage 1.2 - Stage 1.2 = V (— leptons)H
[ |
H H
P — — o
\4
p
—om] [ ] f,
pT 300
[ m;10,350] | [ 350, 00] | 1450 75
PT mj;
60 700 o
0.15
; 250
120 1000 P?J/Pg
1500
2000 v . 400
o0 pTJJO 25 OOOO 0o
0-jet 1-jet > 2-jet 0-jet 1-jet > 2-jet O-jet  1-jet > 2-jet
Stage 1.2 = VBF+V(—qq)H
®  Cross sections per production mode in
| :(;-jet = 1|_jet | Stage 1.2 different regions of phase space
Py v" Reduce dependency on theory
0 :
m  Allow MVA anslyss
60 v Exploit sensitivity of each channel specific region
| o} [0 200] 120 of phase space (designed for combination)
:;Jé v Inclusive in decays (for now)
200 - .
- v Binning defined to allow better estimate of
300 theoretical uncertainties, and easier merging
pi1ii ™ 1000 150 when insufficient experimental sensitivity
1500 v Largely model-independent approach to test for
BSM deviations in kinematic distributions
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STXS at work: H — yy !
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Differential measurement of p;" in ttH

arXiv:2207.00348

g TEoo—>——
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STXS at work: H — vy
H b

arXiv:2207.00348
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H — vy as an example: Run 2 vs HL-LHC

®  While STXS measurement remains main current goal, traditional “production-mode” results (a.k.a. “Stage
0” STXS) still measured by more powerful decay channels and in combination

¢ Already at Run 2 some measurement limited by systematics: more and more true in the future!

T T 7T I T T 7T I LI I | I LI I | I LI I | I LI I | I T 1T T 7T I T 1T 1T 7T T T T T ﬁ T T T T ‘
. ATLAS Preliminary
ATI_'AS Prellmlnary_1 je- Total Stat. [ Syst. | SM Projection from Run 2 data
Vs=13TeV, 139 fb Vs =14 TeV, 3000 fb™
H—yy, m =125.09 GeV _ ; Total ~ Stat. Syst.
1My Total  Stat. Syst. H—>yy, IyH|<2.5 |
| ggF+bbH H=—H 1.00+0.04 (+0.02,+0.03 )
ggF + bbH el 1.02£0.11 (£0.08,= )
VBF HEs=H 1.34= %8 (2018, 010) VBF H . H 1.00 "2 (20042008 )
WH I E I 2331 0.55 (i 0.53 , 0.13 )
o T oo VH [ e —— 1004009 (2008, *0°°)
ZH  —— 064 05 (= g%+ 005 )
top t ° ! 1.00 %% (1005, +0.06 )
H + - 092+ 0% (= 03,2 0%) |
}e4 Total Stat  [] Syst | SM
v b b by by by by by L T T T Y e N A M
-2 -1 0 1 2 3 4 5 6 0.8 0.9 1 1.1 1.2 1.3 1.4
SM oxB)/(oxB
0,/cS ( )/ ( Dam

ATLAS-CONF-2020-026
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Z00Mm on

Higgs coupling to fermions

PDG 2012

possibly seen

possibly seen

Twelve years

with the Higgs boson

PDG 2022

cC Final State = 37 £ 20
bb =0.98 + 0.12

'u+lu,_ =1.19 4+ 0.34

+ ., - _ +0.16
1 =1157 s

Zv < 3.6, CL = 95%
~v*~ Final State = 1.5 £ 0.5
tTHO Production = 1.10 + 0.18
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Why is Yukawa interaction important?

In SM Yukawa interaction between Higgs
and fermions gives fermions their mass...

®* Why is elementary mass important? Two ideas...

v" Mass of quark u and d is responsible for difference of mass between
neutron and proton, thus of proton stability, thus of existence of
hydrogen atoms...

proton (up+up+down): 2.2 + 2.2 + 4.7 + ... = 938.3 MeV
neutron (up+down+down): 2.2 + 4.7 + 4.7 + ... = 939.6 MeV

v Mass of electron determines Bohr radius, thus dimensions of atoms,

thus all chemistry 5
471'80 h h

apg) = ———— = ——
mee> Me C O
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Coupling to top quark: direct observation of ttH in 2018!

=173.07 GeV/c? g g 500000 —>— ¢
23 49 pb Eoy 0.5 pb
12 M A oo H 70k | _)'_ """ H
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top g g TOOO00—<—— ¢
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ATLAS

EXPERIMENT

Run: 331742
Event: 1873900334
2017-08-04 21:48:42 CEST




Coupling to bottom quark: observation of VH/H-2>bb in 2018!

¢ Difficult channel despite large BR(58%) due to large backgrounds

v" VH production most sensitive > Observation in 2018!

* ATLAS: 5.40 (5.50)
* CMS: 5.50 (5.60)

77.217" (13 TeV)

1]
(]
'% F CM S ¢ Data -
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£ r [ Jvzz-bb
21000 -
o
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25
) I
500 -
0
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m(jj) [GeV]
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ATLAS: arXiv:1808.08238
CMS: arXiv:1808.08242
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Coupling to 34 generation leptons: H2>tt

JHEP 08 (2022) 175
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Is the Higgs boson
responsible for the
EW symmetry
breaking also
responsible for the
masses of
fermions?

Is the Higgs boson
responsible for the
masses of all
fermions?

Marco Delmastro
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Coupling to 2"d generation leptons: H->uu evidence in 2020!

® H->pp very rare (BR ~ 2 104) with large resonant background from DY-=> ppu (S/B ~ 0.1%)

105.7 MeV/c?
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The next frontier: coupling to 2"d generation quarks H—>cc

™ . . . .
Very challenging channel: large backgrounds from multi-jets «) K>
. . HvH(ce)\Ke) = SM 2
v c-tagging needed to discriminate H — bb 1+ By, (k&= 1)
Eur. Phys. ). C 82 (2022) 717 Phys. Rev. Lett. 131 (2023) 0&d 8013 Tev)
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Will we observe H—=>cc in the future?

128 GV ® Extrapolations to HL-LHC luminosity
213
. G v Sensitivity to k. (and k,) from ATLAS VH/H->cc and
VH/H->bb analyses Sensitivity to k. and k, from CMS p;
charm differential measurements
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One for all,
all for one!
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The Standard Model rules (over 3 order of magnitudes)!
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Nature 607 (2022) 52
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How well do we know the Higgs couplings?

. . —1
* Higgs couplings known to ~6-15% cMS 1387 (13 TeV)
v" Some channel not included yet, or with partial statistics ® Observed ] #1s.d. (stat)
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How well will we know the Higgs couplings!?

® 2-4% precision expected with 2 x 3000 fb-!

(s = 14 TeV, 3000 fb™' per experiment

| Total ATLAS and CMS

— Statistical HL-LHC Projection
—— Experimental
—— Theory Uncertainty [%]
2% 4% Tot Stat Exp Th
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O
Can the

Higgs boson
tell us something
about new phenomena!?

Twelve years with the Higgs boson
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Marc

Can Higgs properties constrain BSM phenomena today?

® Most recent approach: Effective Field Theory (EFT) interpretation

& G a6, S bi )
/
LSMEFT = L3M+Z — O, -I—ZFOI. + ...
J

O,™ affect rates and kinematics
STXS measurements and Higgs BR reparametrized in terms of dimension-six Wilson coefficients ¢; in Warsaw basis
v" Correction for modified acceptance in H — 4l and H — Ivlv
v" U(3)5 flavor symmetry assumed, linearized in Wilson coefficients contribution (linear contribution & A2, expected to be leading)

o Delmastro Twelve years with the Higgs boson
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Can Higgs properties constrain BSM phenomena today!?

Marco Delmastro

Twelve years with the Higgs boson

Wilson coefficient  Operator definition Example diagram
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EFT interpretation of Higgs couplings: ¢, impact

Measurement
uncertainty in STXS
bin / decay channel

Marco Delmastro
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EFT interpretation of Higgs couplings: ¢, impact
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EFT interpretation of Higgs couplings: ¢, impact
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EFT interpretation of Higgs couplings

¢ Simultaneously constraining all coefficients impossible
® Fit performed in sensitive directions

v linear combinations informed by principal component analysis
¢ Examples

v 'l ugun: linear comb. with strong impact on gg — H

V" w1 HWE HDDuW,uBW: Strong impact on H — yy
v c®)yq: unique impact on VH

ATLAS Preliminary /s=13TeV, 139 fo~*

@ 1
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The SM

missing piece
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Can we access the Higgs self-coupling at the LHC?

¢ Main avenues toward self-coupling measurement at LHC dgviH g:]>;' o "
v" Direct: HH production ; "

v Indirect: constraints from single Higgs measurements
¢ HH production
v" Very low cross-section (~1000x smaller than single Higgs!)

v Destructive interference between gg->HH processes
200 300 400 500

g 2000000009000 —p— M- --------- H g 2009099099999

gluon-fusion
Oggr(pp—HH) = 31.05 fb 4

g 0009900000099 -

VBF v
over(pp—HH) =1.726 fb Vv
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How to measure di-Higgs production!?

0.33% 0.069%

0.10% 0.028% 0.012%
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0.0005%
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Closing in on di-Higgs production!
Nature 607 (2022) 60

cMs 138 fb- (13 TeV)
T T T T
A TLAS —— Observed limit K =K =1 —e— Observed ~ ----- Median expected
Vs =13TeV, 126—139 fb-" Expected limit Ky =Koy =1 B 68% expected
T =0 hypothesis) | | L. %
OSQ/IIHVBF(HH) -3271 (MHH y.p . ) 95% expected
[ Expected limit £10 — —
[ Expected limit +20 -
Observed: 32
Multilepton
Obs.  Exp. Oveerved 21
i bb vy
bbyy[~ * 4.2 5.7 Expected: 5.5
Observed: 8.4
b5T+ T * 4.7 3.9 Expecte?i':a;;
; . Observed: 3.3
bbbb|- * 5.4 8.1 bb bb
Expected: 4.0
Observed: 6.4
Combined~ ¢ 24 29 Combined
TIN5/ S T T YT T [ Y M M [N T N N SO S N gzzz:&:g gi
0 5 10 15 20 25 30 R I Lol
1 10 100

95% CL upper limit on HH signal strength uyy 95% CL limit on ofpp —» HHY:
¢ Theory

® Limits on k, are improving dramatically, and there is more to be exploited (VBF production,
combination of all channels and between ATLAS and CMS; ...)

® Di-Higgs studies will be a central aspect of the Run 3 (and of course HL-LHC)!
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Closing in on di-Higgs production!

CMS Nature 607 (2022) 60 138 fb! (13 TeV)
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® Di-Higgs studies will be a central aspect of the Run 3 (and of course HL-LHC)!
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https://arxiv.org/abs/2211.01216

When will we finding the missing piece of the SM?

arXiv:1902.00134

ATLAS and CMS HL-LHCp

Statistical-only Statistical + Systematic
ATLAS CMS ATLAS  CMS A word of hope...
HH — bbbb 1.4 12 06l 0.95
HH — bbrr 25 16 21 1.4 We often do
HH — bl_ry’y 2.1 1.8 2.0 1.8 better than our
HH — bbV'V (i) - 0.59 - 0.56 R
HH — bbZZ(4l) -~ d% - 0.37 projections!
combined 3.5 2.8 3.0 ] _2.6 ) .
Combined Combined
4.5 4.0

-2AIn(L)

L L B

99.4%cL 8

95% CL 4

2 ‘\
68% CL
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[ T.L-F T 11

T

———————
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SM HH significance: 40 — Conbinelion
0.1 <K1<2.3[95% CL] -
0.5 <x1<1.5[68% CL] ===~ bbyy
______________ " bbrr
** bbbb
bbzZz*(4l)
e B e “= bbVV(Iviv)

= 10 T :
= ATLAS Preliminary ---- Expected limit (95% CL)
T V8 =14 TeV, 3000 fb~"' [ Expected limit +1c
y HH — bbyy [ Expected limit +2¢
'5-'3 Projection from Run 2 data B Theory prediction (proj.)
a ﬂ( SM prediction
[T
S
© 102
Expected: «) € [1.1,4.3] Baseline scenario
101 ‘ ‘ ‘ challenges!
2 0 2 4 6
K\
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... and one of caution
Sometimes projection are
optimistic, and HL-LHC will
present formidable
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-001/

Twelve years with the Higgs boson

v

\k_é/ Im(¢)

Re(¢)

79



We have a formidable tool to understand particle physics...

° In 12 years we have measured with great precision many Higgs boson properties

V" Mass, width, CP properties...

V" Coupling properties and differential distributions...

V" Closing in on coupling to 2"d generation, rare decays, self-interaction...
v" Higgs as a tool to constrain New Physics...

® The LHC has restarted in 2022 for its Run 3 and will operate for a long time...

v A unique opportunity to continue characterizing the Higgs sector!

<3 Eveay problem of the SM_ owginales

& L= AHYF +pt HE-H - Yo

flovour netwrelhese shbilts C.c,

K ’ _/ > e

Re(¢)
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More material
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The Standard Model

Marco Delmastro

mass - =2.3 MeV/c?

charge - 2/3
spin - 1/2

=~1.275 GeV/c?

o

charm J top

=173.07 GeVI/c?

2/3 [
12

up | [ gluon
\

~4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0
n
! -1/3 -1/3 0
m 1/2 1
< |
3 down strange L bottom photon

0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?

-1 = |

1/2 1/2 1

electron J muon tau j Z boson

m <2.2 eV/c? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?
= o0 3 0 ¢ +1
E 1/2 1/2
& electron tau W boson
- neutrino neutr no p neutrlno
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=126 GeV/c?

0

. H
Higgs
boson

GAUGE BOSONS
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Why is the electroweak interaction
so much stronger than gravity?

® Are there new particles close to
the mass of the Higgs boson?

¢ |s the Higgs boson elementary
or made of other particles?

¢ Are there anomalies in the interactions of
the Higgs boson with the W and Z bosons?

Why is there more matter than
antimatter in the Universe?
® Are there charge-parity

violating Higgs decays?

¢ Are there anomalies in the Higgs self-coupling
that would imply a strong first-order
early-Universe electroweak phase transition?

¢ Are there multiple Higgs sectors?

What is dark matter?
¢ Can the Higgs boson provide a portal
to dark matter or a dark sector?

¢ |s the Higgs lifetime consistent
with the Standard Model?

® Are there new decay modes
of the Higgs boson?

What is the origin of the vast range of quark
and lepton masses in the Standard Model?
* Are there modified interactions to the
Higgs boson and known particles?
® Does the Higgs boson decay into pairs of
quarks or leptons with distinct flavours
(for example, H — u*17)?

What is the origin of the early
Universe inflation?

® Any imprint in cosmological observations?

Twelve years with the Higgs boson

An alternative
potential
Standard Model
potential
Higgs field value
in our Universe
Current

experimental
~ ——— knowledge

-l _.((
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Knowing the Higgs mass values...

... allows to make precision predictions

5 L R e s s e e p e B LA e s
[ [ 68% and 95% CL contours m, comb. + To b
4] - ) - m, = 172.47 GeV -
— 80.5— I Fitw/o M,, and m measurements il -- 6 =0.46 GeV 7 —
E; L Fit w/o M,,, m and M, measurements |} — = 0.46 © 0.50,,,, GeV
C [ Direct M, and m measurements -
80.45 —
80.4 —
[~ M, comb. = 1o
80.35 [— w1, - 80379  0.013 GeV / ) ]
80.3 — —
E o8 ]
80.25 — .~ —
O W Wy ] ]
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140 150 160 170 180 190
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o, 10F . 10 £ T T T 3
F L E i E L E|
9F r 9E 33
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43 E SM it wio My, and M, measurements 8 SM it wio m, and M,, measurements 3
7= Lom-ep {ariv:1302,8415] 7 % -8 ATLAS [ATLAS-CONF-2017-071] 2
6F § 4+ Tevatron [arXivi204.0042) 6 - CMS [PRD 93, 072004 (2016)] El
5E L -8~ ATLAS [Eanc 8, 110 (2018)] E| 5 E = DO [PRD 95, 112004 (2017)] 4 3
E 3 El E ~#+- CDF [CDF 11080 (2014)] PAE
4E : R 4E 7320
3 \ / ER S E
2 . E 2F E
1E h 1 . EP 4 E —e—t El ;
E & 3 E| E El
T 0% s03 w04 w042 bt e T ‘ :
- : : . - 170 172 174 176 178 180 182
M, [GeV] m, [GeV]

... but current my precision has little impact
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... questions us on vacuum (meta) stability

V(®) = —p20Td + \(PTP)?
mg =V 2\

Running of the Higgs self coupling,
assuming SM only at high scale

0.10 r
A 008 L 30 bands in 200 L
M, =173.1 +£ 0.6 GeV (gray)
a3(Mz) = 0.1184 + 0.0007(red) > t
~ 006 Mj, =125.7 £ 0.3 GeV (blue) ° r
o o 150
= = L
g o004l =
9 vy I
2 = [
§ 0.02L § 100 Stability
Z =
é‘) 0.00 é‘ [
50 -
-0.02
~-0.04 |- 0 ; ; ; ;
102 10* 10° 10% 10 10'2 10" 10 10 10% 0 50 100 150 200
RGE scale p in GeV . .
Higgs mass M), in GeV

Vanishing quartic coupling at the Planck scale? Potential not bounded?
... but interpretation more sensitive to precision on top quark mass
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https://arxiv.org/abs/1205.6497
https://doi.org/10.1140/epjc/s10052-018-6131-3

a.u.

CP properties of Higgs-t coupling with H2> 1T

Effective Lagrangian for Yukawa coupling to tau leptons parameterized — ______ Hrr
by CP-Even and CP-odd components

Ly = —&/@T (cos ¢ TT + sin ¢, TivysT) H
v

*
Ycop

CMS Simulation 13 TeV
[ T T T ‘ T T T ‘ T T T T T T ‘ T T T ‘ T T T ]
| = CPeven ==== CP odd i
0.1 == CP mix - V4 —]
i 20 i
=h st o
008 v, R
L f“‘ "' .
0064 %, -
Le . 5 j
SRR Y AR SRR AR
L i &
0.04|- =
0.02— —
Tttt — ot . P} >33 GeV 7
IR BRI BRI ERTETR B AR B

0

60 120 180 240 300 360
¢CP(degrees)

< (CMS) = ¢, (ATLAS)
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T

e
ATLAS ] ?ata (best-it)
W Z— (best-i

fs=13TeV, 139 fb” Misidentified ©
ThagThag HIGN

Boost_0 Boost_1

T

Events

.. ®®

Data / Pred.

H- 11t > atnr +2v

¢* = arccos(fi}" - A7)

Uses either the impact parameter direction for single-
prong taus (&%) or BPEmomentum for t — B BP p v,
(also for 3-prong decays with p —BERERR

Twelve years with the Higgs boson 88


https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y
https://doi.org/10.1007/JHEP06%282022%29012

CP properties of Higgs-t coupling with H2> 1T

CMS 137 b~ ! (13 TeV)

k} 12 O T T T | T T IAH | T T T | T T T j _|: rfrrryrrryrrrprrrop ot T T T B
o0 - — Observed: &7 = —1+19 °(68.3% CL) . 1= <E ATLAS Observed: ¢ = 9x16° (68% CL)
g 10 _— - EXpeCted: ﬁég(’g[ = 0 :I: 21 0(68.30/0 CL) —_ 4? E vg =13 TeV, 139 fb-1 ______ EXpeCted: ¢9Xp. = 0+28° (68°/o CL) E
| 9.7 o ] 6= ! —
sk ] - ]
i ] o N 30 7
6 _—‘ ] 4t =
i NS e N N A0S ] 3 E
L : 2 :_'Z:::: ............................................................ -.2-.(:7 -
2 . - ]
I U § e N S fo 3
0 l : : : 0|: ol e e b ey Iy ]

—90 —45 0 45 90
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¢, = -1 £ 19° (21° exp) ar(CMS) = ¢, (ATLAS) &, = 9 * 16° (28° exp)

pure CP-odd coupling pure CP-odd coupling
excluded at 3 o excluded at 3.4 o
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https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y
https://doi.org/10.1007/JHEP06%282022%29012

H-2>7t decay CP

Impact parameter

directional distance of closest
approach of charged particle’s
track to reconstructed PV of the
event

4-vectors boosted to the rest
frame of visible di-t Zero
Momentum Frame (e.g. two
decay charged particles)
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H- 11t > atn +2v

impact parameter

@* = arccos(fi]" - fi]7)
* — A¥— Ak A k—
cp=a - (0 XA

) ¢ if0L, 20
$cr= o _ . a icoe
360° - ¢* if O, <0

Twelve years with the Higgs boson

0

H-o 1t 5atni%r 2% H-o1tt - atava vy
impact parameter +

p decay plane
p decay plane

¢* = arccos(§ - 417)
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CP properties of Higgs-gluon coupling with ggF+VBF

. . . . . e . -« Heo At Seeae- H
Study ggF+2 jets events: jet kinematics sensitive to Hgg coupling CP properties Hgs
% . . . )
ATLAS: A®;. ggF+VBF H>WW CMS: A®; or MELA discriminant ggF+VBF H> 11 ’
i i - > ,
- 5500 CMS 138 fo' (13 TeV)
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06 E afssect N\ £
0.4 3 af: A
L ] 2k E
a parameterizes CP- 0.2~ — e s
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ol b b W e e e R I T N e S T S f,388" parameterizes fraction of
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https://arxiv.org/abs/2109.13808
https://arxiv.org/abs/2205.05120

CP properties of HVV coupling (mult. prod. + H—>4l)

HVV couplings parameterized by tensor structures in scattering amplitude

VV o VV »
K 41 +% q;

()

AMHVV) ~ 2]V +

2
My,

|“3|2‘73

*(1) rx v
€V1€V2+a2 fy( )f @m 4

fa3:

CMS 1371b (13TeV)
+ data HVV H—>4I VBF 2jet D >02
[ zz/zy* 15
B z+X r

Total VBF+VH

Events / bin

0.2 0.4 0.6 0.8
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o (5)
|a1|207 + |ay |20y + |ag|?05 + |x1|2001 + |K1 |2 ‘7A1 !

CMS 137fb (13TeV)
HVV Ha4l VH hadronlc D >02

Events / bin
N

VH
DO- +dec
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OO 0.2 0.4 0.6 0.8 1

i pam

Events / bin

Multiple analyses constraining
HVV couplings with ggH, VBF,
VH, ttH, tH production and

H— 717, H—4l, H— )y decay

f,3 parameterizes fractional
contribution of CP-odd HZZ coupling

————— @~ HVV
v
CMS 137fb (13TeV)
HVV H—>4I Untagged D >07
L — Total | VBF+VH f —05

100— =

50— =
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https://doi.org/10.1103/PhysRevD.104.052004

CP properties of HVV coupling (mult. prod. + H—=2>4l; offshell)

20
18
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14
12
10

-2AInL

|om.|>c»
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CMS 138 fb™! (13 TeV)
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Yy
Yy

CP properties of HVV coupling with VBF

SM Lagrangian augmented with CP-odd dim-6 operators involving Higgs and EW HVV -
gauge fields in EFT formalism

IM|* = [Msm|? +d - 2Re(M 3, Mcp-oaa) + d* - IMcp-oaal®

Approach pursued

with various decay V2
~ *
modes, here most Cov = Chi d ~ 2Re(M MCP—odd)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08/

CP propertles of HVV coupling with VBF
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08/

Other information about the Higgs width!?

® Part of Higgs width could be due to decays to undetectable particles (H->invisible)

v Limits from direct searches in H-> invisible, explicitly requiring MET in the event
7TeV, 4.7 fo" — Observed
8Tev, 203157 - Expected /\
13 TeV, 139 fb” =20 Nucleon

Limits on BR(H->inv) can be recast in term of limit
on Dark Matter production
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-003/index.html

STXS at work: H — ZZ*

Eur. Phys.]. C 81 (2021) 488
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STXS at work: H — WW*
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Precision measurements have become
a possible also for those channels
where reconstructing the final state is
not possible, e.g. H2>WW*
(neutrinos, missing transverse energy)!

80.4 GeV/c?

! w
1

W boson

arXiv:2207.0033

Twelve years wit

\uY

W ggH-0j, p: <200 GeV
ggH-1j, p: <60 GeV
ggH-1j, 60 = p: <120 GeV
ggH-1j, 120 = p: <200 GeV
ggH-2j, p: <200 GeV

ggH, p: =200 GeV

EW qgH-2j, 350 = m, <700 GeV, p! <200 GeV
EW qgH-2j, 700 = m, <1000 GeV, p*' <200 GeV
EW qqH-2j, 1000 = m, < 1500 GeV, p* <200 GeV
EW gqH-2j, m; = 1500 GeV, p: <200 GeV

EW qqH-2j, m; = 350 GeV, p: =200 GeV

-1

W#

. o |
V, E; € V, i; e’

momentum direCtion  se———
angular momentum direction ee——)

ATLAS

Vs=13TeV, 139 fo'

H — WW*
p-value = 53%

T T T T T T
Fe4 Total
[ Statistical Unc.
Bl Systematic Unc.
— evuv I SM Prediction
Total (Stat. Syst.) SM Unc.
e 120 R (0% %) 1 s
082 0% (0%, 08 | som
058 “ou (6% lo%) | =015
146 0% (02,00 | om
159 00 (l5h. o) 1 =022
Famtemr 211 05 (0% 05) | oz
005 0¥ (0%, 0%) | w007
056 ‘i (%% %% | o007
118 705 (108 0%) 1 eo0r
114 508 (00,0 | <oos
197 158 10k o) 1 =005
1 1 1 1 1 1




H — yy and H — ZZ*: differential and fiducial cross-sections

;‘ 292 I I I I I I I I I I —] 3‘ F I I I _
3 - ATLAS Preliminary , 4 zz = S 50— ATLAS Preliminary ;, -z ]
28 H-2zz'H v Hen 3 S - . v Heyy -
Y - — — — — —
_8_ - /5 =13 TeV ’139 . L ¢ Combination - - ::I ] {Z\/ ’1H b T ® Combination —
= 1 8—_ ) , [ Systematic Ugcertainty = - s=13TeV, 1391 [ Systematic Uncertainty —
T = - Total Uncertainty . 40— Total Uncertainty —]
S 1.6 e MG5 FxFx K=1.47, +XH = = e MG5 FxFx K=1.47, +XH N
Ke) - [ ResBos2 K=1.14, +XH . ~ 0 STWZ,BLPTW K=1, +XH ]
5 1.4 SCETIib k=1, +XH — B l’ # GoSam K=1, +XH ]
o - [ RadiSH K=1, +XH . 30 b : * Sherpa+MCFM+OpenLoops K=1, + XH_|
1.2 o NNLOPS K=t eXH ] - e NNLOPS K=1.1, +XH_ -
= R WY XH=VBF+VH+{tH+bbH+tH 5 - : swessss XH=VBF+VH+{TH+bbH+tH |
1 _ _ - - .
0 s:[% + * = 20 -
0.6 ‘ﬁl = 5 s ** ........ ]
0.4 ++* { = 10 —
02:_ ++ *‘ | _: : ......... +I:+:|+ ........ :
0 e i e er e 0 R AN LNNRNY ‘\'\'\"'\'i‘\'\‘i*\'\‘i\'\‘v\'\“"'ll;""l!:"I;*"L&
T .
5 LT S 15F =
a 1.5F g ey 1 - © I
S | By e BN B UL N - ()] oo somood I _________________ N A I |
T £ . R e A L N ki
8 0.5 . . . . . . . . . 1 = B * it
: — p—
= 0 10 20 30 45 60 80 120 200 300 650 1000 _GCJ 0.5
p'l’:l [GGV] = Njets=0 Njets=1 Njets=2 Njets2 3
N jets

Marco Delmastro Twelve years with the Higgs boson


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/

H — yy and H — ZZ*: inclusive cross-sections
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Reaching the highest p;™ with H>bb

1.2

Events / 10 GeV

== Signal + Background

x10
L B B B B
- ATLAS | 1 b oam .
[ {s=13TeV, 136 fb" . -
—SRL, p_>1TeV LI H P u=ts) b
C T L ]
0.8- N [Jw B
- -Top 1
0.6 [ mutiet ]
0.4 _:
0.2
ko)
= 100
=
©
T 0
Q
2 50
Q
S
g 0
—50

Marco Delmastro

pr > | TeV

M|

PRI

| PRI SRR N N |

Multijet = 1o

Multijet, Top, W & Z = 1o

Lﬂl“# --------------- | {

100 120 140 160 180 200

Jet mass [GeV]

Events / 7 GeV

Data - Bkg
Obata

400

137 b (13 TeV)

IR B e e i
600— CMS W

u 800<p <1200GeV - z

C Deep double-b tagger th‘ll it

C . . --- Multijef
500 Passing region i Total background

o I H(bb), u =3.7

C ¢ Data

300

200

\III+ III|IIII|IIII|IIII|\Illll\

\IIIIIIIIIIIII

60 80 100 120 140 160 180_ 200

mg, (GeV)

Jets substructure with | or 2 b-tags
Fiducial cross-section (mostly ggF)

Can be recasted as STXS

Highest pr™ most sensitive to BSM effects
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https://arxiv.org/abs/2111.08340
https://link.springer.com/article/10.1007%2FJHEP12%282020%29085

BR (SM)

Other rare Higgs decays within reach!?

evd. = evidence

Analysis Final states 13 TeV L [fb] BR (SM) Oy % BR(H decays) ATLAS/CMS references
cC 139, 35.9 2.9% 26 x SM, 70 x SM ATLAS-CONF-2021-021, JHEP 03 (2020) 131
invisible 139, 35.9 ~1073 ATLAS-CONF-2020-052, PLB 793 (2019) 520
Zy ee/ppty 139, 35.9 ~1073 evd. n=1.5,3.9 x SM arXiv:2103.10322 (PLB 2021), JHEP 11 (2018) 152
pu 139, 137 ~1074 2.2 xSM, evd. p=1.19 PLB 812 (2021) 135980, JHEP 01 (2021) 148
BR(H decays)
pY Ty ~107% 8.8x10
35.6 JHEP 07 (2018) 127
¢y KKy ~1076 48 x10
Zp ee/pp + ' 137 ~10°% (1.04-1.31) x 1072
JHEP 11 (2020) 039
Zop ee/pp + K'’K~ 137 ~1076 (3-4)x 1073
In, ~107-5 (6 x BR =110 pb)
ee/pp + had 139 PRL 125 (2020) 221802
ZIY ~1076 (o x BR =100 pb)
Iy 36.1,35.9 ~1076 3.5x104,7.6 x 10 PLB 786 (2018) 134, EPJ C 79 (2019) 94
28 u 36.1 ~1076 20x1073
¥Sy ot PLB 786 (2018) 134
Y(nS)y (n=1,2,3) 36.1 ~107° (4.9,59,5.7)x 104
YY ~107° 1.4 x1073
4n 37.5 PLB 797 (2019) 134811
I I ~10710 1.8 x 1073
e'e” 139 ~1079-1071° 3.6 x1074 PLB 801 (2020) 135148

Marco Delmastro

Twelve years with the Higgs boson

Imma Riu @ LHCP 2021

102



Other rare Higgs decays within reach?
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https://link.aps.org/doi/10.1103/PhysRevLett.132.021803

How well should we know the Higgs couplings?

SMALL CORRECTIONS EXPECTED IN MANY BSM MODELS

If new physics is at | TeV:

Singlet <6% <6% <6%
2HDM (large tp) ~1% ~10% ~1%
MSSM ~.001% ~1.6% ~-4%
Composite ~-3% ~-(3-9)% ~-9%
Top Partner ~-2% ~-2% ~1%

Patterns of deviations can pinpoint specific BSM physics

’1)2

* Generically new physics effects on couplings ~ 7z~ O(6%) for M=1 TeV

* Only now are we approaching sensitivity where we expect deviations

Sally Dawson
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More tools at hand! Constraining k, with single-Higgs

¢ Single Higgs boson productions and decays as well as kinematics sensitive to the self-coupling through EW corrections
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https://arxiv.org/abs/2211.01216

Direct H->cc search is not the only tool...

¢ Charm quark contributes to ggF loop, modification to Higgs-charm coupling can alter p;

¢ Analogous effect on quark-initiated production of the Higgs boson

¢ Shape of differential pyH cross-section can be interpreted in term of Higgs-charm coupling
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
https://arxiv.org/abs/1606.09253

s it the Standard Model Higgs potential?

® How the Higgs potential is realized in Nature can provide important answers to many

open points in our understanding of Nature...

v e.g. BSM scenarios of Higgs sector, electroweak phase transition in the SM, baryogenesis...

Different models predicts different potential shape

VAV

Landau-Ginzburg Higgs

VANV

Coleman-Weinberg Higgs

Nambu-Goldstone Higgs

Tadpole-Induced Higgs
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Evolution of Higgs potential could explain matter/antimatter

asymmetry via electroweak baryogenesis
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https://arxiv.org/abs/1511.03969v1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.075023

Higgs at FC-ee
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