Experimental SM and Higgs Physics at LHC
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Outline

Experimental SM and Higgs Physics at LHC

Lecture 1: Basic Concepts, the LHC and precision measurements with Drell-Yan W and Z processes.
Lecture 2: Associated and multi- Vector boson production, and top quark

Lecture 3: Higgs Physics

Lecture 4: More Higgs Physics and Global interpretation

- Disclaimer: These lectures will be focused mostly on ATLAS and CMS (LHCb covered by Marco
Gersabeck and QCD and jet physics covered by Peter Uwer)

- Excellent resources for keeping up-to-date with the latest results: Physics Briefings from
ATLAS and CMS.



The Standard Model of Particle Physics

Back to the SM Lagrangian

The Gauge sector of the Lagrangian density:
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e SUEVE, 215 2

Beauty: simplicity of these expressions, and
iInteractions governed by gauge symmetries
only 3 (EW) and 2 (QCD) parameters!

The Higgs Mechanism... postulates the Higgs field!
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Ugliness: number of free parameters (26 altogether)
not governed by symmetries



The Higgs Field and Fundamental Questions

The Higgs particle is related to most of the fundamental questions we have about nature

The Higgs particle completes the Standard Model (SM) a theory that now explains all our observations at colliders.

However the SM is very far from explaining everything!

- The (origin of) Higgs mass is one of the greatest mysteries of fundamental physics! The Naturalness problem

- The nature of Dark Matter , is the Higgs responsible for its mass?

- The nature of Dark Energy The cosmological constant problem

- The origin of the asymmetry between matter and anti-matter in the universe? CP Violation and EW Phase transition

- The nature of neutrinos, their masses and the widely different masses between fermions. Flavour Hierarchy problem

- Why do electrons have precisely the same charge as the protons? Grand Unification

-  Why is the electric dipole moment of the neutron so small? Answers involve a scalar field the axion The Strong CP problem
- What fuels inflation - involves the existence of a fundamental scalar, the inflaton?

- Gravity at small distance scales - attempted descriptions also often imply a fundamental scalar field the Dilaton



The Higgs and the Nucleon Masses

Neutron

Up quark ,/T\

Proton The proton and the neutron are the same

/’\\ particle (same strong isospin double)...
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Down quark

The neutron-proton with a mass
difference of ~0.1%

S’
4705 MeV/c2

—0.3

939.56542052(54) MeV/c? 038.27208816(29) MeV/c?

95% of the mass of nucleons from quark condensates and confined quark and
gluon kinetic energies.

1% from electromagnetic effects (slightly larger for proton)

4% from its constituent quarks
’ b Other important fundamental

With even just slightly different masses, nuclei as we know them would not be stable... concepts borrowed from quark
condensates and the strong

This tiny diff i to the Hi ling t ks!
Is tiny difference is due to the Higgs coupling to quarks interaction. ..


https://en.wikipedia.org/wiki/Electronvolt#Mass
https://en.wikipedia.org/wiki/Electronvolt#Mass

An Accurate Analogy

The universe Superconductivity
SC (BCS) Theory Higgs Mechanism

Cooper pair

Higgs field
condensate (No dynamic explanation)
Electrically
charged (2¢) Weak charge
Mass of the Mass of the W
photon and Z bosons

1950 - Landau and Ginzburg
JETP 20 (1950) 1064

1957 — Bardeen, Cooper and Schrieffer
Phys. Rev. 108 (1957) 1175

Further reading : L. Dixon, “From superconductors to supercolliders” Is the Higgs boson composite?
(http://www.slac.stanford.edu/pubs/beamline/26/1/26-1-dixon.pdf)



Already more than a Decade Ago!

nature > collection

.
Theinternational journal of science/7July2022 nature p OrthI I O Collection 04 July 2022

The Higgs boson discovery turns ten

The discovery of the Higgs boson was announced ten years ago on the 4™ of July 2012 —an
evant that substantially advanced our understanding of the erigin of elementary particles’
masses. In this collection of articles from Nature, Nature Physics and Nature Reviews Physics
wa celabrate this groundbraaking discovery and reflect on what we have learmmed about the

Higgs boson over the intervening years.
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CERN news

J A8 ATLAS and CMS release results of most comprehensive studies
g+ yet of Higgs boson’s properties

The collzborztions have used the largast samples of proton-proton collision datz recorded so far oy the experments to

in physics

BUANYY, o nally: P VRS  study the unique particle in unprecedented detail
QA R e
s o v ; Lo- ;: "ol
a1 “‘ , --., "; PPN News | Physics | 04 July, 2022 M
3 Lo f NeWws

a Higgs10: When spring 2012 turned to summer

It was just 2 few shortweeks in mid-2012, but they were so intense that it felt like years, As & July drew near, the ATLAS and
\. 4 -~ . - - . -
P O el CMS experiments could sense that they were homing in on something big.

5 U Nows | ALCERK | 04 July, 2022

The ATLAS Collaboralion at CERN has relzased its mast comprehensive avarview of the Higgs boson T H E H | G_G_S_B_O_S_O N T U R N S_

10 years of Higgs research

The new paper, published in the journal Nature, comes exactly ten years after ATLAS announced the 1 0 . R E S U LT S F R 0 M T H E
discovery of the Higgs boson. In celebration of this anniversary. a special all-day symposium on the :

Higgs boson is currently undarway at CERN. CMS EXPERIMENT

Proge Swatement | 4 July 2022
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ATLAS news



https://indico.cern.ch/event/1135177/timetable/
https://cms.cern/cms-updates
https://atlas.cern/Updates/News
https://home.cern/news

Three Pillars of Higgs Physics

All the couplings of the Higgs boson to Standard Model particles

(except itself) were known before the discovery of the Higgs boson!

Is the Higgs boson responsible for the EW
/ symmetry breaking also responsible for the
H m —_ masses of fermions?
b Yy gt e . .
v J Is the Higgs boson responsible for the masses
f of all fermions?
K\ v
v |
9 This term could H \ Proof of
B cmy -+ {:D #)[ . not exist - vHVEV,  condensate!
v ® without a vev
v \%
_H H . ) H -
e N y , \ ; s the shape of the
- -—-=-= SN hEV Sy A Higgs potential that
X 5
AN v - R predicted by the
) 7 R \<\ ﬁf—_\; ety Standard Model?



HL-LHC is a Higgs Factory

Outcome of the 2013 European Strategy: HL-LHC!

European Strategy 2012-2013 Recommendations

HL-LHC is a Higgs factory ~160 M Higgs events

In comparison Future ee up to ~1.3 M Higgs Events, but much cleaner and « usable » events

Process ggF HH ttH
13 TeV / 8 TeV 2.3 2.4 3.9
13.6 TeV / 13 TeV 7% 11% 13%

14 TeV / 13.6 TeV 6% 7% 7%



https://indico.cern.ch/event/218030/contributions/450426/attachments/350864/489101/European-Strategy_EPS-ECFA.pdf

Signatures of the Higgs Boson

Production rates at Run 2 (13 TeV) for ~150 fbo~1 Decay branching fractions
W, Z
9 5550550 Br(H - WW*) =22 %
- ) _[_{ B Gluon fusion process H ____
| ~8 M events produced Br(H — ZZ*) =3 %
J W, 7%
(1 B » (] -
Vector Boson Fusion
____ H Two forward jets and a large rapidity gap v, Z
q q ~600 k events produced Br(H — yy) = 0.2 %
< ¢ H o
Br(H —» Zy) = 0.2 %
Y
W and Z Associated Production
~400 k events produced
b.c.t.u  Br(H — bb)=57Y%
g . ¢ . Br(H - t7t7)=63%
| & Top Assoc. Prod. Br(H = cc) =3%
) ~80 k evts produced b,C,7T, i
g b t

Br(H — u*u~) = 0.02%



Nano Overview of Main Higgs Analyses at (HL) LHC

Most channels already covered at the Run 2 with only 3% (80 fb-1) of full HL-LHC dataset!

ggF VBF VH ttH
9 555550) q > > q q W,z 9 > t
Channgl R >H § p W, 7 |
categories | ~ .
9 505050° q___ 4 q O H g ) t
~4 M vets produced ~300 k vets produced ~200 k vets produced ~40 k evts produced
Cross Section 13 TeV (8 TeV) 48.6 (21.4) pb* 3.8 (1.6) pb 2.3 (1.1) pb 0.5 (0.1) pb
i 1Y 0.2 % v v v v
@
é 77 3% v v v v
g WW 22% v v v v
>
0 TT 6.3 % v v v v
e
O bb 55% v 4 v v
. Zy and yy* 0.2 % 4 v v v
Remaining to be
observed uu 0.02 % v v v v
Limits Invisible 0.1 % v’ (monojet) v v 4

*N3LO



The Discovery Channels




The Discovery of the Higgs Boson

News | Published: 10 July 2012

T ) )
o |~
o B Higgs triumph opens up field of dreams
3 10’ —
~ :g / Geoff Brumfiel
10° .
:g: ] Nature 487, 147-148 (2012) Cite this article
10°
10"
o™ Summer 07/2011 -
.. CMS Prel. [20] ' ! T?V
0F  —— ATLASPrel [21) Jldt-1f
10
Qo 1 - --a- ----W—e--
g 10'! 7 N _~—
10°
~ 10° /
10.‘
10’
107
n’
10” X
10” ““ 127/6‘»-
10"f  Spring 2012 i1s=7TeV N
10:1'" CMS [25] ' .
0E ———— ATLAS Prel. [28) JLdt=5f0 SATLAS
10 e —_—d -'!':’-EXPERlMENI

R VA
ok /]
v \/j The discovery of the Higgs boson is a landmark result in particle physics

11(5% Council/ICHEP 07/2012 7 and 8 TeV : ] . L
op T owseeiey AT - Atextbook discovery (achieved faster than anticipated)

- A gift of nature (a Higgs boson mass maximising the number of channels in

S and 8 ToV which to measure its coupling properties)

[Ldt=25fb"

HCP/Council 2012

— CMS Prel. [24) At the time of the discovery the Higgs boson mass was already

—— ATLAS Prel. [23]

110 115 120 125 130 135 14omH1[:ge\}i=,o known to be 125 GeV at 0.5% precision_ 3




The Discovery Channels

« Bread and Butter » Mass peak signals: the diphoton channel

> T T T T [ T ] CMS Preliminary 2016 + 2017 + 2018 137.1 b (13 TeV)
8 SOOOO;ATLAS Pre”minary + Data ] >240j-|||||||||||||||||||||||||||||||||||||||||||||||—|t
g — Vs=13TeV, 139 b — Fit ’ 8 500 ¢ Data 3
U) ] | —
+= — % Back d = ol - []H(125) -
= 40000: ackgroun - X 0ok ez 2
i - - Q Wog—-22,2/* ]
30000— Full — S 180 — 5 I Z+X -
— 2 Run 2! N > - -
- - 160 -
20000 — H - .
= = 140 - } =
100002_ H—yy, m, =125.09 GeV e 120 - + Full B
S S S S S S S S e 100 + Run 2! —
g 1500~ A — - .
S 1000F = SOF ! E
§  500F = o0 E
5 op & ’ 40| _é
© = = -
-'C_U' —500:_ ) .+ ,,,,,,,,,,,,,,,,,,,,,,,, _: 20 [
- 110 120 130 140 150 160 - .
m,, [GeV 0
80 100 120 140 160
m,, (GeV)
- Low signal over background but overall relatively o | 8 E S hezeee
. . . . - c E ! .0 = -
- Very low rate due to branchings of ZZ and Z S = by [ g
. . . : % 1%, —— hignest p_electron
- High mass resolution channel O(1%) allowing data to leptons! Efficiency is key! SE IV
driven estimate of background in the sidebands. _ The trailing lepton is at low pT =
- If observed implies that it does not originate from 3

spin 1 : Landau-Yang theorem pe [GeV/c]
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Run: 336567
FEvent: 2327102923
2017-09-25 15:38:38 CEST

4 muon event
with mass 124.4
GeV, one Z mass
of 89,3 GeV and
the lower mass of
33 GeV, one
electron, four jets,
lowest pT has
tighest b-tagging.

s/b ~ 30




First Precision Measurement at the LHC!

Higgs boson mass measurement

* Measurement done exclusively in the
diphoton and 4-leptons channel.

» Systematics dominated by experimental
uncertainties.

» Reached at Run 1 a precision of 0.2%.

* Precision reached 0.09% (below permil!)

Precision foreseen at HL-LHC 10-20 MeV

N L L L L
ATLAS e Total Stat. only | Combination
Run1i: /s=7-8 TeV,25fb~!, Run2: /s =13 TeV, 140 fo—!

Total (Stat. only)

Run1 H — vy ° | 126.02 + 0.51 (+ 0.43) GeV
Runi1 H — 4/  —— 124.51 + 0.52 (+ 0.52) GeV
Run 2 H — vy 125.17 + 0.14 (+ 0.11) GeV
Run 2 H — 4/ 124.99 + 0.19 (+ 0.18) GeV
Run 142 H — vy - 1 125.22 + 0.14 (+ 0.11) GeV
Run1+2 H — 4¢ 12494 + 0.18 (+ 0.17) GeV
Run 1 Combined ® 125.38 + 0.41 (+ 0.37) GeV
Run 2 Combined 125.10 + 0.11 (+ 0.09) GeV
Run 1+2 Combined 125.11 + 0.11 (+ 0.09) GeV

I A R S TR N I R N | N R TR T S AT RO AN N N S

123 124 126 127 128
my [GGV]

Similar precision by CMS



Differential (fiducial and unfolded) Cross Section Measurements

17

Partially fiducial and unfolded differential cross section measurement in pT (not updated for illustration)

-1 -1
. CMS 35.91b (13 TeV) 10CMS 35.91b (13 TeV)
Q - AG(pT > 600) / 250 [} - gg —
A
(2 1 g—rﬁ%‘}%ﬂwiﬂ***% - Ac(p! > 200) / 120 Q 1 ?’““i**’“‘”"“*g‘*"“w |
S [ e SN - T ¥,
ol - Ac(p!’ > 800) / 250 o § ¢
S 10—1 — ‘”“}’_ ig ) e 10—1 — M( ,
IQ_I— § + Combination " IQ_I— § mwlw#w Ac(p: > 600) / 250
g 102 Syst. unc. g 102 }
© = L = i
e - H — bb ) = T
_ - ) = C
1073 _ H s vy 18 2 10-3 _ ¢  Combination
; T I ../ ... S ; Syst. unc. p—
107 = ", '~ aMC@NLO, NNLOPS Ll' 1074 = - aMC@NLO, NNLOPS I
~ Gy, from CYRM-2017-002 "*‘T ~ Gy, from CYRM-2017-002
10_5—o-|||||||||1||||||||||1|1|||||||||| N NEE RN ny 10_5—1- | [ o0 00| | | | | .ﬁ“.iw
s 5F 5§ 4F
T 4F 5 5 3F l
T 3F o oF {
2 2k ! O $ N
S il gggmdbds . [ SR S R P
g OF g O }
8 _1:_111Illllllllllllllllll|l||1]l|llllllll|ll"ll 8 —1Ellllllll 11| cov b b b — —
0 15 30 45 80 120 200 350 600 *° 0O 15 30 45 80 120 200 350 600 *°

pt! (GeV) p! (GeV)



Differential (fiducial and unfolded) Cross Section Measurements

18

Fiducial and unfolded differential cross section measurement in pT CMS HL-LHC projection (see YR)

= S S e e CMS Projection 3000 fb" (13 TeV)
8 : %T;LfssTeF\’,rel:r;;:gr‘y : quark couplings v 5:——Combination w/ YR18 syst. uncert. (S2)
..32 o .* ) ’ K. =24 - —H 22 —6
— 1 e 10 . From G. Zanderighi HH2019 o R
Q ¢ _ - A
° B — SM: k.= 1 3 35_ i
C T4 4 oaa : Shape only 2 i
| _ ol | new thelavy ~8 X SM = 1,
10°F e NOLL Particies 0-
: 5-‘. e '.t'.‘. '-'-: E = 2
- - transverse momentum -1
. - b,c mass effects o ’
L L 1 ! L NNLO (I my) | =
% 15 SR RTects NLO (fi:i?eem.) 2F *SM 20  —1o  Bunconstr.
* A TS T T R
2 270 5 o 5 10
S B B B i e
T 0.5 : Ke
as . . . . . Indirect measurement of the b and ¢ Yukawa
0 20 40 60 80 100 120 140 :
Y couplings through loop:
p, [GeV] piing 9 P 1 5CMS Projection 3000 fb™ (13 TeV) -
— l ] | | l | ¥n [ —cCombination W/ YR18 syst. uncert. (S2)
5 2 . ATLAS Simulation Preliminary e 9 50505055, g g C -6
a4 o Vs=13TeV, 1391b" __ app .. ] :
150 SMixe=1 3 H 17 Parametrised 5
Q, EI i ggF Ky;= 24 - Y C - r-——"- .
A ggF K =19 . p . branchings 8,
_ - - < Branching fractions
B 055' 1 - zg: z :cii“g . "000000 w/ couplings s
i?, F B o - Significant at large values of k.. ~4 x SM
R TN :
~—  bease - 0) Taal . : :
L E Current 95% CL limits on «.: Searches for Higgs production T o
[~ - I I ;III.lllll-llllljylllllll.lc’lll
L T —19 < K < 24 with charm tagged are starting. = e T
b 20 40 60 80 100 120 140

Py [GeV]



CP Properties of Higgs Couplings in Diboson Channels

L(IJ)V,Z 2 {COS((I)K,SM [

1
2

CP odd Higgs couplings to vector bosons only at higher orders
(expected to be suppressed)

—0H22 22" + gaww W W u]

vV
A ~ a]_

Ky GE+ Ky )

V (1 + Q2)2

(A7Y)?

n va*(l)f

AVV)Z

2 k%
m'vl 6V1 6V2

1
[COb(a)l‘iHZZZ;wZ +bm(a)ﬁ:AZZZWZ ] CmMs o 1877(18TeV)
4/1 ' *(7) — &. q — gV gt
1 - — Observed, fix others v )
Y [cos(a)nHWWle;,W—W + sin(a)k AWWW;;, W—NV] } H 102;\ - Erpected. fix others 2
— Observed, float others fa- |az| g;

-~ Expected, float others

Example Measurement from CMS based on amplitudes and
angular distributions of leptons!

1 el aaa o lag Ll
002 02040608 1

C " | — 1., o al . I I
-1 -08-06-0402 -002 0
f:113

lllustration of 5 production
and decay angles for the 4-
leptons (most sensitive to
the CP mixing)

CP violating fraction for a scalar Higgs of <2% at 68%
CL (and ~10-20% at 95% CL)

Similar analysis also done in ATLAS




Hybrid Approach: Simplified Template Cross Sections

20

Example in the four leptons channel: the goal is to measure as precisely as possible individual
production processes (ggF, VBF, VH and ttH) in different regions of phase space.

ATLAS s-=13Tev, 12910

Producti Particle-level Reconstructed event categories . Reconstructed event categories
rOM:delon Production Bins ST)étSa::qlu;: st Signal Region Sideband Region
- Define fiducial cuts at truth particle o [ Ofplon - AR :
0-jet P N,=0 N =0
1 e e zpt < a ' : SB-0j ¢ £
level on the pT of the Higgs (not o 0fp, *Medium AL L : ’
its decay prOdUCtS!) and number f <0 CeY gg2H-1j-p "-Low 1/-p,"-Low Mkdndd
and kinematics of the additional B e e e T rarTrr— 60 <, < 120 GoV .
jets or leptons in the events. i L g | T e B sy WL
I; > 2-jels
- Define reconstruction level cuts g Leromocer TR p,* »200 GeV
corresponding to the fiducial L T g msoneteman | | -
VOlume Of interest_ WEF h“ or'mf>350 GaV. p " < 200 GeV N pprr—y 2/ BSMHike ~ m,>120 GeV, p," > 200 GeV - SB - 2f
E @E m, > 350 GeV, p" > 200 GeV
' >1' : ~ qq2Hqgq-BSM

N, =0 p"=>100 GeV
0f-p,*-High ¢ : Nt
N =5 SB - VH-Lep-enriched -«

|5g

Leplonic V decay

- The definition of the fiducial volume
IS guided both by the TH interest
and the experimental capabillities.

VH-Lep-enriched =

................................................

: ﬂH Had l'OﬂiC E e e eeeeeeeeeeemeeeeecaeeea e
itH-Had-enriched - . XX-like

-t wilopionic| | SB- DXCenriched |-

itH-Lep-enriched

=




Hybrid Approach

Four lepton channel example 21

Similar measurements can be done in a more exclusive approach

Specific processes total cross sections are extracted from a global fit with more fiducial cuts are defined:

Z2Z-0f —e—
l T I I T 1 ATLAS 22l | ——
ZZ% —— . % - -
ATLAS | o9F ATLAS s H—ZZ" - 4l 22: .
ntZed wal —— - ERt-ans SR (5= 13 TeV, 139 tb" T “
ys=13TeV, 139 fb ey ; . —-— 1 \'BF | 0.22 S - ev, 06 Red d St 11 2 5 NEPEPEE PP B PP P S
Production Mode - [y, | < 2.5 R L educe dage 1.1 - |YH|< . 1 e 14 16 'ﬂm
~@- Cbserved: Stat+Sys SM Prediction - VH | 027 : 0.4 —i— Observed: Stat+Sys SM Prediction =
[w] Cbsarved: Stat-Only pvalue = 81% o8 [fo] foB),, [fo] = O 2 . 'm’ Observed: S[at_omy p-value = 77% 6B [fb] (G.B)SM [fD] _
- : - | oo ' gg2H 0j-p-Low —— 170+55 176+ 25
ooF y e r go?H-0j-p"High [ F3 630+110 550440 |
B : 7 77-0§ A . . — ' —
VBF i L] 110-40  92.0+20 ' —o : -0.2 gg2H-7 -p;’-Low a3 E 50 + 80 172 + 25
wl . B sam 221 [l o0 o om o 0.4 0o2H--piMed | om 1I70£50  119+18
i § ' R - cg2H-1j-p*-High a3 gt 20+ 4
u | " Ty T 24 |pe Uy oo 0e o —0.6 o2 | - 075 127427
Inclusive m 1340 £ 120 1330 = 80 oocll o8 | | | ._ -0.8 gg2H-pr-High B E E [ ] | 38 ’ﬂ 15 £ «4;4 ~
ke PR [PV U PP R — B qo2Hqq-VH . : n 21+ 35 138"_ .
1 2 3 4 S & & T T & = § X 1 = ; 150 *6* 076224 ]
oBl(cB)_, = N N N °© aqeHoq VBF | : = -52 O.as
qq2Hqa-BS ‘_ = : | 05" 420+ 0.18
VH-Lep - —-— g 22 16.4 = 0.4
£ : ttH = = 25 "% 154°
These measurements rely on the specific (SM) predicted - - -
ngn PR TN (T ST TR S WA SN SN NN AN ST TN ST N S N S S S S WS S S T S S S S S S S S S S W S S S N
acceptance of each process and the fact that no additional 1 0 ] 5 3 4 5 5 7
production processes are present. c-B/(c-B)
SM

These still rely on assumption of (SM) acceptances but are very
All our couplings measurements are based on this assumption. useful in the case of an EFT approach.



The Discovery Channels

A discovery channel of a different kind: the WW

WW(lvlv) candidate event

Channel where each of the W decays to leptons, the mass
resolution is spoiled by the neutrinos!

Large event rate, but also large backgrounds from the
WW and top production.

Events / 10 GeV

Events / 10 GeV

Requires good simulation of backgrounds and control regions in the
data.

V- H W+

Uses the V-A nature of the W

coupling that transfers the W spin 7 . v o ot
correlation to the electrons. 4-«.—9—4+> 4—«,-9-@-;

momentum dircCtion  =—
angular momentum dircction  se——

i (a)n.< 1, ep+ee’/uu CMS : : - 138Ifb_1, (13 TeV)
800 s ! ! ﬂ - I’ | | | I
: ¢+ Obs+stat S 105 B Background
600 L — Exp i _ Bl Signal ]
- =Higgs 1041 ©o. Syst.unc. -
200 | : Sy o
: O *[r?c:,(a ; Run 2
0 e 102}
- (b) Background-subtracted :
L ¢ Obs - Bkg 101}
- Bkg '
100 M Higgs '
- 9 100}
50 & o [
: D 4
0 —. * o®a®geen - _I
: . 52
50 100 150 200 250 - -

00 02 04 06 08 10 12
m+ [GeV] log(1 + S/B)



The Run 2 Landmark Results

Observation and Measurement of 39 generation Yukawa Couplings




Higgs boson decays to Taus

Eur. Phys. J. C 83 (2023) 562

=+ Observed [ Jtrbkg. [C]tt+jets [ JJet — « [[]Others {iiBkg.unc. [llH — wt(u=093) 138fb" (13 TeV)

1 ' v 1

105 ’ T T T T
CMS ey, boosted > 2 jets

C
£
@ 10 0<p!'<60GeV 60 <P < 120 GeV 120 < B < 200 GeV B > 200 GeV
C . . .
S : : :
> 10°
L
10?
10
’
_@8 5 " —3— (Obs. - bl'(g.)'/ BRg. L:mc.' + —— H > 1t/ Bk:g. unc. Bk'g. unc' { S _]
'0:501. ! IR SO W ; L ‘}LM{ %+Y—+‘1—T-L—+—
o il AP S i i i o S i sl S i i S it T i M i AL S
(7)) (@) o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o
gl S gceetgggrgofergEgL o288y 2Rl gQ
m o o U \ \ h h Yo o T . \ \ h h Yo o T . . h h Y o o U \ : h h h
O SN g288R28°FN8288R28°PT8288R28°°8288R¢8¢8
m.. (Ge
+ Observed ]t bkg. [ ]Jet — « [l]Z — ee/up [t + jets [[] Others i Bkg. unc. [lIH — (1 =0.93) 138 fb' (13 TeV)
10° T T T T T T T T T T T T T T T T T T T T T
c :E CMS It,, boosted > 2 jets %
Q : oH wH owH oH oH :
% 10t 0<p <60 GeV 60 < B!' < 120 GeV 120 <! < 200 GeV 200 < B" < 250 GeV Bl' > 250 GeV -
> — : : 5 -
L 10° | -#__" E E E
== SPUS ‘ Y : : =
_-__—”,, --—-
10 | ‘ . T : ; I
. o|s IBE~ —3— (Obs.-bkg.)/Bkg.unc. = —— H < tt/Bkg.unc. . iiig Bkg.ume. . ]
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>
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Background is Z production with two jets, Iin this

region of phase space it is difficult to predict!

Obs. - bkg.
Bkg. unc

Analysis requires data driven methods
e.g. the embedding of taus in Z to di-
muon events.

Analysis based on several channels depending on
the decay mode of the tau.


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-010/index.html

Higgs boson decays to Taus

Eur. Phys. J. C 83 (2023) 562

[ ] 17 bkg. [ ] Others
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. H With two forward jets and a large rapidity i
gap between the jets (due to the color e - -
q ) ) q singlet exchange in the t-channel 0 100 150 500
m.. (GeV)

Background is Z production with two jets, in this
region of phase space it is difficult to predict!

Analysis done in large number of categories
covering ggH, VBF, WH and ZH production

Analysis requires data driven methods processes (STXS bins)

e.g. the embedding of taus in Z to di-
muon events.

Analysis based on several channels depending on

the decay mode of the tau. With two analyses NN and CB (Cut Based)


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-010/index.html

ATLAS

EXPERIMENT

Run: 283429
Event: 2254956594
2015-10-27 04:23:45 CEST

f
my = 124.0 GeV r Thad
p =237 GV /A
EHIISS
T

-
7-had

CP properties of the
tau Yukawa

through polarisation
correlations in

H — V1~ decay

Boosted H — 777~

candidate event


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

Higgs Yukawa to taus CP Properties

e o, — _
— (kK +h + 1k +h
The CKM sector CP violation is insufficient for baryogenesis, \/i ( ! wf wf / wf ’Y5¢f )

pseudoscalar coupling of the Higgs boson to fermions could

be an important source of CP violation! Non zero fc'f implies CP violation in the Yukawa

Interaction

EDMs of the electron (and neutron, proton) are an important

ek | de/e < 107°% em
probe for CP violating effects. Very suppressed in the SM/ Larger if neutrinos are Majorana
CKM (where it arises at four loops).

Careful, constraints from eEDM are already strong! Frrom J.Brod., U. Haisch and J. Zupan 2013

f (Z—%) The electron EDM constraint is weaker for taus ~,. < 0.3

ACME Il limit:

(&

<1.1107% cm

Assuming electron Yukawa SM ~; < 0.001



Higgs Yukawa to taus CP Properties
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-032

Higgs boson decays to b-quarks

@ATLAS

EXPERIMENT
http://atlas.ch

Run: Z09/8/
Event: 144100666
Date: 2012-09-05
Time: ©3:57:49 UTC

Analysis based on three main channels targeting WH and ZH
production, based on the W or Z decays both in the resolved and
boosted regimes:

- 0 «leptons » (for neutrino decays of the Z)
- 1-lepton (W decaying to an electron or a muon)
- 2-leptons (Z decaying to electrons or muons)
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Events / 10 GeV (Weighted, B-subtracted)
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Analysis is sensitive to Z decays to b-quarks,
provide an important check.

Main background are V+jets (in particular b-jets) and top
production, relies on a simulation and ancillary
measurements, but Iis controlled in the mass side-bands!

Very important measurement of VZ process with Z to
b quarks as a check.

Now both the WH and ZH have been firmly established!



Boosting the Higgs Boson!
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-t 4 Was thought to be completely impossible!
It can play an important role in the measurements of the

VBF significance is 3.0 0 (0.9 o) inclusive production at high transverse momentum!

(D=ta - Brglio,

ggF significance of 1.2 6 (0.9 o) Extremely interesting for indirect NP constraints!




Higgs boson decays to b-quarks in VBF Production

EPJC 81 (2021)

VBF analysis with Higgs in bb including
channel with photon

q

Non trivial
trigger
requirements!

q"

Taking advantage of the VBF with a photon
topology which reduces significantly QCD
background which has a destructive
interference! It is also very useful to trigger on.

Events / 8 GeV (Weighted, Bkg.-subtracted)

Weighted Events / 10 GeV (Bkg.-subtracted)
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VBF-photon Fit of signal (and peaking
background) on smoothly fallen background

1.3 + 1.0(stat.) £ 0.3(syst.)
1.30 (1.00 expected)



http://Eur.%20Phys.%20J.%20C.%2081%20(2021)%20537

Higgs boson decays to b-quarks in VBF Production

EPJC 81 (2021)

VBF analysis with Higgs in bb including
channel with photon
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http://Eur.%20Phys.%20J.%20C.%2081%20(2021)%20537

Probing the Top Yukawa Coupling

Outstanding goal of the LHC as likely* the next collider to provide
a direct measurement would be a future radon collider!

*Possible at an eTe ™ collider but would require high c.0.m. energy




Direct probe of the top Yukawa coupling

ttH Analyses at LHC: Massively Complex!

R 7Y
tt HFE v
\:““
v v ““\‘ T—I_T_ s T}_LI_T}L_,T}_LI_TZ_
bW | bW "y
v 4 CIWTWH e vy, 002

blv,bjj || blr,bjj | ¥

277 s 40,2000, 2025

*Large increase of cross section from Run 1 to Run 2!

- Large number of final states which are typically very

complex (mixture of b-jets, leptons, taus and
photons)

- Different backgrounds and different systematic
uncertainties and therefore also a strength!

pion . .
.. Figge
\\ L)

\\

Higgs (bb)

N\

ttH(bb)

Very large backgrounds of
top pair production
associated with b jets

Dominated by background
modelling uncertainties

ttH(WW, ZZ and tau tau)

So-called multi-lepton
channel

Large number of topologies
intricate reducible
backgrounds of jets faking
leptons.

lepton




Direct probe of the top Yukawa coupling

Background and signal modelled using analytic functions.
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Cross section dominated by statistical uncertainties:
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Most sensitive channel at the time of the ttH discovery

-
' N Expected (4.20)
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VW V
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Clear observation!!
Observed 0.30




Direct probe of the top Yukawa coupling

ttH Analyses at LHC: Massively Complex!

“Inclusive approach” (still) with 10 channels: 1L, 2L-SS, and 3L as well as 0-, 1-
and 2-hadronically decaying taus

The 2L-SS and 3L-SS are the most sensitive:
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Direct probe of the top Yukawa coupling

ttH Analyses at LHC: Massively Complex!
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Above 5 s.d. deviation sensitivity and 4.7 s.d. observed significance!

Best fit u(ttH)
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Direct probe of the top Yukawa coupling

38
ttH Analyses at LHC: Massively Complex! ATLAS-CONF-2019-045 ATLAS Freliminary is =13 TeV, 79.9 fb"!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/

Direct probe of the top Yukawa coupling in ttH(bb)

ttH Analyses at LHC: Massively Complex!

v Complex final state requiring a large number of possible topologies!
:--) 7
tt H v
0 leptons 1 lepton 2 leptons
27 jets, 24 b-tags >6 jets, =4 b-tags 5 jets, =4 b-tags >4 jets, =3 b-tags
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Full Run 2 Dataset and all topologies, including the
intricate fully hadronic final state!

Very large combinatorial background 4 b-jets in all cases!



Direct probe of the top Yukawa coupling

ttH Analyses at LHC: Massively Complex!

R CMS Preliminary 59.7 o™ (13 TeV)
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intricate fully hadronic final state!

Very large combinatorial background 4 b-jets in all cases!



Direct probe of the top Yukawa coupling in ttH(bb)

ttH Analyses at LHC: Massively Complex!

CMS Preliminary 138 b (13 TeV)

I | I | | | [ | I [ | |

¥ m tot  stat syst
A 5 +049  +0.25 +0.42
t t I i M bb FH HiEH 0.84 L4 025 -039
+0.33 +0.21 +0.25
SL | 046 533 021 -026
+0.41  40.31 +0.26
DL [wm 0.23 042 031 029
+0.42  +025 +0.33
2016 | na 049 L4 025 -032
+0.38 +0.24 +0.29
| 2017 | Hm4 032 53 024 -028

Extremely challenging channel ;

: +0.34 +0.21 +0.27
— — — 2018 | Hmi | 023 35 021 -027
- . | S _ 0.33 *0:26 +0.17 +0.21
0" 0" N 0" Combined IHI* ; et 026 -0.16 -o.iz1

) lepton x | | | | | |
‘ ‘ ‘ Kneufrmo ‘ 0 5 10
’ ‘ ’ lept ~ _ ~

b «. Ve w = 0/0g,,

SL as expected is the most powerful equivalent stat-syst contributions
FH Dominated by syst uncertainties
DL Stat still largest

Very large combinatorial background 4 b-jets in all cases!



Direct probe of the top Yukawa coupling in ttH(bb)

A closer look

« Expected sensitivity of the channel is 4.1 s.d.
« Observed excess has only 1.3 s.d.

o o o CMS Preliminary 138 fb™" (13 TeV)
« Compatibility with SM at the level of ~2.6 s.d. (fairly significant deficit evenly T T T T ] . T
distributed across years but not as a function of Higgs pT - see STXS m tot  stat syst
measurements)
: : : : _ 0 60[ - — 0.23 +1.90 +1.24 +1.44
- The ATLAS ttH(bb) in the 1L channel is consistent with the results seen in CMS. [0, ; - 178 -1.24 127
| +1.35  +1.00 +0.91
—— [60, 120] . 0.06 39 00 -096
ATLAS Preliminary Vs=13 TeV, 139 fb™ ;
—Total - Stat. Tot. ( Stat. Syst.) §
120,200 | w114 9 5 98
l+jets resolved H.H 0.32 -rg::g (1-8512 jg..gg ,
+0.89 +0.65 +0.60
l+jets boosted o 4 0.36 *0oo (Toas ‘0ae [200, 300] H——H 0.19 550 065 -062
. +0.92 ;+0.40 +0.83
ohpn| g 088 (28 03 300, of | w120 GO 0B 0o
“““““““““““““““““““““““““““““““““““ | | | | | ] | | | | |
nousie|  yes 0.43 0% (0% 0P 0 5 10
lllil T SR TN TN N TN T NN NN ST SN SN SN SN S ~ ~
2 0 2 4 6 8 10 w = 0/Ogy

u = o"Vodf for m =125 GeV



Direct probe of the top Yukawa coupling in ttH(bb)

—— Fit constraint (obs.) —— +%o Impact (obs.) —— -1o'Impact (obs.) tt + 2b fiducially close to each other is a separate contribution
Fit constraint (exp.) +10 Impact (exp.) -1o Impact (exp.) since subject to different systematic uncertainties referred to as
CMS Preliminary =033 +g§g collinear gluon splitting.
Collinear gluon splitting ! ! ; . _ . _ o
i - ttB events with at least one additional jet containing a B hadron
ttB normalisation . . .
) in the fiducial volume
PS scale ISR (ttB)
QCD normalisation (= 9 jets, 2018) 1
QCD normalisation (= 9 jets, 2017) - 20 CMS Fr,e,.’m"?a,ry, ————] _ 1|38.ﬂ.) | (11 ? Tev) .
QCD normalisation (= 9 jets, 2016) ®) ¢ expected —119.2 %
QCD normalisation (8 jets, 2018) "(E 1 8 - observed - ao
DO+ Pan=0.33 1 | {168
et energy scale (1 o I ttB normalisation=1.19 ] '
ME-PS matching (ttLF) E . — 68% CL
1.6 — —114.4
MC stat. (1) o) == 95% CL )
QCD normalisation (8 jets, 2017) c - -
Jet energy scale (2) |m 1 4l _ [12.0
)
QCD normalisation (7 jets, 2017) L i i
QCD normalisation (8 jets, 2016) 15 - - 196
Underlying event (tt) |
o (renorm./fact. scales) I ) . 7.2
MC stat. (2) 1.0 *_
/ 14.8
MC stat. (3) ! /-
QCD normalisation (7 jets, 2018) 0.8+ ‘ — 54
Jet energy scale (3) I ] '
I ] I | ] ] l | | ] | I | | | Il I | | | 1 l | 1 ]
0'-q .0 -0.5 0.0 0.5 1.0 1.5 0.0

_ _ AA -
(0 -6,/ A0 M i



Ancillary Measurement of ttbb by CMS

Associated production of a top quark pair and additional
two b quarks in the final state

Measurements done in all channels both in the full tt phase
space with two additional HF jets and in the fiducial phase
space”.

This summary of results reports the full phase space
measurements.

*Additional jet pT requirements are not uniform across measurements.

CMS Preliminary

June 2021

— Measurement

- 6stat.
T Ostat. D Osyst.

e

POWHEG+PYTHIAS
aMC@ONLO-+PYTHIA8(FXFX)
POWHEG-+HERWIG+-+
aMC@ONLO-+PYTHIAS

Fully hadronic
35.9fb~1

PLB(803)2020 135285

Dilepton
41.5fb 1
arxiv:2012.09225

Dilepton
35.9fb~1
JHEP07(2020)125

L+jets
35.9fb !
JHEP07(2020)125




Early evidences for Rare processes




CMS Experiment at the LHC, CERN BT Ci's Experiment at the LHC, CERN Y9 CMS Experiment at the LHC, CERN
Cala recorded: 2018-Aug-27 18:16:09.757504 GMT - Dala recorded: 2018-Jul-14 22:42 55 530432 GMT Dala recorded. 2016-Aug-05 11:38.36.758040 GMT
Run !/ Event/LS: 321879 7 102476714 / 86 4 Run/Event LS 310630/ 061085851 / 624/'\:: Run / Event/LS: 278240/ 2307764905 / 1215

CMS Fxperiment al the LHC, CFRN AL CMS Experiment at the LHC, CERN
Dala recordec: 2018-0Oci-03 01:19:17.3203¢3 GNIT Data recerded: 2018-Sep-30 16.00:48.744704 GMT
Run/Event/ LS: 323940 / 44997009 ! 65 Run/ Event/LS: 323755 /1382838897 [ 755




Evidence for Second Generation Yukawa Coupling

Very challenging channel!

- Approximately 2k events produced but very small signal-to-noise
- Requires a very accurate description of the backgrounds.
- Gain in sensitivity: ggF, VBF, VH, ttH; mass resolution through Brem recovery!

Summary of all categories Estimate the background parameters through a fit of an analytical form!

137 fo ' (13 TeV)
> Z_""I""I""I""l""I""l""l""_: = 7 UL B B B B B L L L B —=
8°°F cms : Data : g 7005 ATLAS + Data =
« 700F  All categories — S4B (u=1.19) - o 600= YVs=13TeV,139fb" —‘g)tal ngj f =
S | S/S+B)weighted ... Bkg. component P —~ : — Signa -
S 600 . & 1+S/B h =
> 600 = 125.38 GoV ——p = 500_E H — pu, In(1 + S/B) weighted .. Bkg. pdf =
5 @D 400= =
= B = -
g g SOOE— —g
@ = — -
2 100= =
A | = 3
I a . e o oot S AT K S W

N TN I I T T ST TR S g eeeemeeeeareeeesemeesmmeseeng s e ssseseegl cee st e e eeeeeeeme e st sesteeseeet e sesemesemeeeen e seessessmssmes s eetmeseeseeee]
c_, 5 L |+l LI I LI I{I | L I L I L I L I L l_: \
o + : ©
y 0
% g 5
O —5 | I | | I | I | I | | | I | I | I | I I | I | I .| I | I | l':

110 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 150 155 160

m,,, (GeV) m,. [GeV]



Evidence for Second Generation Yukawa Coupling

Very challenging channel!

- Approximately 2k events produced but very small signal-to-noise
- Requires a very accurate description of the backgrounds.
- Gain in sensitivity: ggF, VBF, VH, ttH; mass resolution through Brem recovery!

Summary of all categories Estimate the background parameters through a fit of an analytical form!

JHEP 01 (2021) 148 137 fb™ (13 TeV) PLB 812
L L L L | LN [ U N N N N N SO B B (N SR B N |
CMS Combined i = 1.19 73 ATLAS Vs=13TeV, 139 fb" H -
_ —— Combined best fit p = — Fe4Total | [Stat. MSyst. | sm Total Stat.  Syst.
VBF-cat 0= 136069 - - -- SM expectation
: -0.61 .
0 f———q s G +3.3, +1.
CMS Result i - 68% CL ~ VH and ttH cateqories 50 £35 ( £33, +1.1) ATLAS Result
95% CL , —
ggH-cat. l»l=0-53f0'65 — B ggF 0-jet categories |——tat— -04 £16 ( £15, £0.3)
Expected 2.50 ost My = 125.98 GeV Expected 1.70
— 7 agF 1-jet categories —e— 24 +12 ( £1.2, £0.3)
Observed 3.0¢ Hcar | we23227 - Observed 2.0c
' 195 ggF 2-jet categories —8—] 06 +12 ( +1.2, +0.3)
u = 1.19 £ 0.43 VHecat | u-5.4837 5 . , VBF categories ] 18 +1.0 ( +1.0, +0.2) H = 1.2+£0.6
- = Gombined HH 12 06 ( £06, ' g7 )
l | I | | | | I | | | | | | I | | | | l 1 | | I | ! | I |
1 1 | I 1 1 1 l 1 1 1 I | 1 1 I 1 1 1 I 1 _1 O _5 O 5 1 O 1 5 20
—4 -2 0 2 4 6 8 Signal strength
Best-fit u

HL-LHC ~59% Result dominated by statistical uncertainty, but watch systematics!


http://www.apple.com/uk
https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub

Evidence for H — y*£ "¢~

Run: 331951 Run: 339387
Event: 334662243 ‘ )’ Event: 812083095
2017-08-08 19:24:59 CEST :

E X P E R l M E N T 2017-10-28 09:47:43 CEST



Evidence for H — y*£ ¢~

s T Search initially made in this case in the
h | ot dimuon channel only (in the low di-lepton Phys. Lett. B 819 (2021) 136412
m< mass limit the shower of electrons merge). > 30;'""""'""""'_'_"B;k'é""""""""""""
O : -~ Bkg+H-—=vyy :
oA ~1.7% of Br(yy) P 25 — Bkg+H—yy +Sig (4=1.5)
= '
o :
My+p— < 50 GeV 2 20:
| | | | N 15)
Key experimental challenge is to go to low dilepton mass this i
required a new reconstruction technique: 10t 3 x 3 categories
= ATLAS ; ]
. . . : i : BF, high pT
Merged electron reconstruction where a calorimeter (electron-like) cluster 5F (s=13TeV, 139 0™ . ggF | O\;\?pr
is associated to two tracks and conversions are carefully rejected! . In(1+Sa0/Buo) weighted sum : 4oF) ® (ee
oo e b v e by s by e by by v e Lo v by o a by ui gy
resolved, ee
ey i MR | rorrrrrr ororrrmn o | = ()] AL L L L L L L L L e
% - ATLAS Simulation — Hoy'y—oeeyyield 216 2 X 4+ + E merged, pu)
g 0.5 B Vg =13 TeV, 139 fb_1 — II—)}/*;‘/—)'U,U.:/ YIeld _—14 ,,g | 2 :‘ + - -  Contributions
o = “qgé < = Or - : from J/y are
X 0.4F 212 W ¢ ‘ -
8 I Signal efficiencies: . N _2*|+|+|||||||— removedtWItha
%03: Aoy - 210 110115120125 130135140 145 150 155 160 mass cu
o V.o ¢ cey. a Hoae M*A-ﬂ’-k"'-&""iﬂ-k-‘}‘:;
3 i ¢ ee merged _8 ml[y [GeV]
<(1:) 0.2F v ee resolved B
RIS S - i
OO 00030’. - =
o1 o S = p=15+0.5=15+05 (stat.) *37 (syst)  Expected 2.1c
;P*H@;ﬂmmuﬂmmqu,&}g T P :
o-— o TR pcsn sl o ) . . 0.2 rv 2
10° 102 10" 1 10 Pexp = 1.0+ 0.5 = 1.0 £ 0.5 (stat.) ¥ 5 (syst.) Observed 3.2¢0

Born-level m, [GeV]


https://arxiv.org/pdf/2103.10322.pdf

Searches for the H — Zy Decay Mode

vav“’/y
]

_ 2 a ura
Z-photon |H*|W (., W h E pu ~ 2.3% of Br(yy)
Field tensor coupling not measured yet! 1‘3’\m<
Z/y" N g
Combined ATLAS and CMS mass spectrum!

CMS Prellmlnary 137 fb-1 (1 3 TeV) > ! A L | AL L L DL > — I L I I I I I I I | | I | I | I | [ I H
> L L B L L B L IR _ - B _
& “°E Hezy m, =125.38 GeV + Data 1 3 g ATLAS P G [ ATLAS and CMS Preliminary .
< 2000F _ — S+B (u=24) - - . Vs=13TeV,139 b ) Z 60 —
2 F Q/I:;f;%);;:te g B component ] g . All categories X %) -~ LHC Run?2 ¢ Data ]
L%J 6000 |- I +1o E g 70 In(1+S;4/Bgg) weighted sum _: § - — Signal + background -
B 5000 =20 . = - - o 20 ---- Background -
“— - - o) — —
' 4000 N 601 = @ [ -
%isooo - ) -53 40— —
m - 50‘_ . () B 7
&=, : : = b E
? 1000f -~ Data : - 30: :

- 40— — Sig+Bkg Fit ] -

oH ' L oo Bkg - .

0 — | | e I RS T SRR B 20_— —
5'3200_ B component subtracted 3 3’ 4""]""! L L L T B

© . mi 2 o Q | | I | | | I _I—

0 o _

AR ' thy 44

- | | | | | | . _4 IR B PRI T T T S S N T S A N 1_.": -I(E i i * %-__

“110 120 130 140 150 160 170 115 120 125 130 135 r1'40[(3'8;1/45 S - .

m +_Y (GeV) . _2 == I I I | | L1 1 1 I L1 L1 I L1 1 ] | L1 1 1 | L1 L1 | e
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CMS Result ATLAS Result mzy [GeV]

ggF, VBF, VH and ttH enriched ggF and VBF enriched
Expected 1.2¢ Expected 1.26 Combined search yields 3.40 observed and | .60 expected

Observed 2.76 Observed 2 .26 (consistent with the SM expectation at the 1.90): First evidence!

HL-LHC ~10%



More Rare Decays and Production

Invisible decays

W

<
A

<11% @ 95% CL
HL-LHC 2.5%

Quarkonia-photon

J /Y
Potentially sensitive
H _ __ to charm Yukawa

_I_ —
MY
~100 x SM

S/ , .
Potentially sensitive

o to strange Yukawa
_I_ _
KKy
~200 x SM

S/
Potentially sensitive to

g light Yukawa

7 T Y
~50 x SM

Lepton flavor violating decays

Various decay
/ channels of the
t > < Higgs boson
N (diphoton, bb)

Single top associated production

g Tree level
i W__ H interference
; between W
> t

and top




95% CL upper limiton B, ..,

Invisible Higgs Decays

To be precise: upper limit on the H—invisible
branching of 0.107 (0.077) at the 95% CL

1E | | | | | |
0.9F ATLAS — Observed
08 2 Vs=7TeV,4.7f6"  ..... Expected
T E Vs =8TeV, 20.3 fiy [+
0.7 Vs =13TeV, 139 fi5’ + 26
0.6 =

0.3F
0.2F
0.1 —
0 = | | | | | | |
& 5\ 5 & & o ©: o
\xé:\ é‘\:\ X “ xé\/\ x@« xé\« 006\ Q0<0 006\
& x R\ A\ < N
N < " © s & Nl
N T & X Q&(\

In the SM the H—invisible branching of 0.1%

Owimp-nucleon [CM?]

— ! LR oo rrert L LN
- ATLAS 1 By <0.093
1097 £~ ‘S . 7TeV a7l All limits at 90% CL
—_ S = ev, . —
i \\\ \s= 8TeV, 20.3fb" 1 Higgs Portal WIMP:
041 — \ | (s=13TeV, 139" o --=- Scalar
N \\ —: ------ Majorana
e - R : —
.5 :_ ............................. “\: - ; _ Vectorger
10 :' . I Vector jy model, o = 0.2
_______ E Other experiments:
1074 1 — . Xenon1T-Mig
g
= DS50-MigNQ
1 — — DS50-MigQF
107°° — = -==- PandaX-4T
T T T Bt LUX-ZEPLIN
10” 1 10 10° 10°
mWIMP [Gev]

Should reach 2% level at HL-LHC! Major milestone for Run 3



