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The 125 GeV Higgs boson

It Is the only fundamental scalar with spin O we have seen so far

_ Discovery allows to access a

. new sector in the Lagrangian:

‘ .

.
-

» Scalar-Gauge boson
Interactions

* Higgs potential: cornerstone
of BEH mechanism, not yet
probed experimentally

-

from G. Zanderighi Higgs Hunting’19 talk



Higgs boson production and decay at the LHC
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The ATLAS detector at the LHC

* (General-purpose particle physics experiment

* Designed to exploit the full discovery potential and vast range of physics opportunities that LHC provides
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LHC Run 2 period (2015-2018)

* ATLAS experiment has successfully collected ~140 fb-1 luminosity
at pp 13 TeV centre-of-mass energy in the full LHC Run 2 period

* Big thanks to the CERN accelerator team for the excellent LHC performance!
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What do we know about the Higgs boson after LHC Run 2?

* Inclusive Higgs signal strength combination: ATLAS-CONF-2020-027
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What do we know about the Higgs boson after LHC Run 2?
 ATLAS and CMS have performed global fit of coupling modifiers

 ~6% uncertainty on Higgs to vector boson couplings
« ~10-15% uncertainty on Higgs to the 3rd generation fermion couplings

* This includes recent evidence for H—=pu decay
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Dalitz decay

* [raditionally attributed to mesons decaying to two leptons plus a photon

 Mediated via virtual photon exchange

 Famous example: neutral pion decay 10° ALIGE, Eur. Phys. J. G 78 (2018) 8, 624
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Higgs Dalitz decay (H—lly)

* Very rare decays (B < 2x10-4)

e Several processes contribute to the final state

* Test of exotic couplings through loops

e Diverse final state kinematics

H—-Zy—eey

H—y*y—eey H—oee—eey

Total

Lepton pair with FSR
Loop-induced y*y

—~ — — Loop-induced Zy
---- (Box diagrams)

Phase-space of
our new analysis

predictions from JHEP 05 (2013) 061



Previous measurements of H—lly

H—Ily [CMS, JHEP 11 (2018) 152]

Upper limit Zy: 7.5 * SM (expected w/ Higgs: 6 * SM)
Upper limit y*y (pu): 4 * SM (expected w/Higgs: 3 * SM)
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New search for H—lly decays with ATLAS

arXiv:2103.10322

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

&) @)

ATLAS <7

EXPERIMENT

Submitted to: Phys. Lett. B CERN-EP-2021-035
19th March 2021

Evidence for Higgs boson decays to a
dilepton system and a photon in p p collisions at

Vs = 13 TeV with the ATLAS detector

The ATLAS Collaboration
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Search for H—lly decays at low-mjy with ATLAS

 Rough sketch of analysis procedure:
* (Object and event selection + categorisation (Step 1)
* Signal and background parameterisations (Step 2)

* Simultaneous fit to all categories (Step 3)

Step 1 Step 2 Step 3

| Signal
"  ELECTRON

W 4 7 Afamiliar friend,

: this negatively

charged, busy 1i’l £
guy likes to bond. ! | /

Background

, N, Signal
PN my /\
i
v PHOTON
The massless !
wavicle we

know and love.

125 GeV m||v
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Event selection

e [rigger:

« Combination of single-lepton, 2I, y+I, yy, y+2I

triggers is used resolved merged

 Dedicated merged-ee + y trigger is also employed clusters cluster

e Object selection:
 Photons: Isolated with pt > 20 GeV
 Muons: Isolated (leading) with ptr > 3 (11) GeV
* Electrons: Isolated (leading) with pt> 4.5 (13) GeV
 Merged-ee: isolated with pt > 20 GeV
o Jets: pr> 25 GeV

» Select an opposite-sign same flavor
lepton pair (Up or ee or merged-ee) + y

« my< 30 GeV and veto J/Psi and Upsilon mass range

* Relative pr cuts: ptu/miy > 0.3, pr(y)/muy > 0.3



merged

Merged-ee identification

* The algorithm

* Due to the low mass of the dielectron pair they are often collimated U
* Requires dedicated identification (ID) to ensure e
reasonable efficiency is maintained vs angular separation i
> g ]
_ % 0 95_ ATLAS Simulation E
Cut-based ID inputs: S O F (5=13TeV g
s 08 Hoy*v—eey —
* EM shower shapes e ’ E
" Fe ® ¢ .
* \ertex contracted from the 2 selected tracks é 065 ° L vete t 4 E
) Z o ® _
* Vertex-cluster and track-cluster matching requirements = 0.5 ’ =
= - Z
 Additional cuts to reduce background from single electrons 0-45_ E
0.3 —
Optimisation is performed using multivariate ~ °°- E
analysis techniques 0.1 | | | :
OO 005 0.1 015 0.2 025 0.3 035 0.4

True AR,
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Merged-ee identification and calibration

> L L L L L B L B =
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i - - 801 -
 (Consider only converted photons, with conversion 7 / ;
radius <160 mm to have an object similar to y* 601 HHY B
- & \ _
_ : 40— : '\ ]
* Extract efficiency of combined merged-ee PID : s ‘ -
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Event kinematics
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LL o y
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Event categorisation

* For each signature 3 kinematic categories
are created (9 categories in total)

 VBF-enriched
e >=2 jets
* m; > 500 GeV yes
e An;> 2.7
o Ad(lly,jj) > 2.8

 High-prt
 IVBF-enriched & ptt> 100 GeV
| 1 1l 1\ V Vi VIl VIl X
¢ LOW'th ee+y merged-ee+y P+Yy ee+y merged-ee+y UP+Y  €e+y merged-ee+y  PU+Y

 Remaining events
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[ |
Background studies = SO0 T
O 700F Vs=13TeV, 139 fb" W :
£ ook Hlowp,, W iy E
§ 6005 T 7 MC stat. error -
i 500F ¢ Data -

 Estimated backgrounds are used for:

e Optimization

 Background fit choice

* Note the final background estimation is from data 2 7/ a
A €+
* Non-resonant lly (prompt photons) . , 7
* Obtained from MC simulation % 3oo§— [Z?eLi.IEZ’.;ﬁ?pﬁ" =§j§2j8§ :
'-% 250;_ ;f\l/IYC stat. error _
» Fake background (jets faking photons or ~ °" + Dat ~
jets faking leptons) 100
« Obtained from data control regions >0
* Relative fraction is also estimated from data s 4T E
. g%###ﬂ ++++++++++++++++++
20 ¢ e T +++++f
4910 120 130 140 150 16 "

My [GeV]



Background modeling

Parameterisation of the background shape

IS performed using parametric functions

Choices of functions: exponential, Bernstein, and power functions

Background function choice

Signal+Background fit to expected background templates

Functions with low bias and with low
degrees of freedom are preferred

Any bias in the signal strength is taken as
a systematic uncertainty

Smooth
parameterisation

Channel Function

UM VBF-enriched mo
UM High-pr-Thrust mo

MU Low-pTThrust gm+pmxm
Merged e VBF-enriched mo
Merged e High-ptThrust mo

Merged e Low-prThrust eam+Bmxm
Resolved e VBF-enriched e0m
Resolved e High-pTThrust Mo

Resolved e Low-ptThrust
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Signal modeling

* Double-sided Crystal Ball function (DSCB) is used
to model the signal in each event category

Gaussian core + (asymmetric) power-law tails

Fraction of Events / 0.5 GeV

0.18
0.16

014 . =125.00 Gev
0.12}

0.1
0.08"
0.06"
0.04f
0.02}

- Vs =13 TeV
- Hoy*y—lly

- ATLAS Simulation

155 930 135

¢ ee merged high-p_,
¢ ee resolved Iow-th .
— Model

m, [GeV]
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Slgnal reglons

Events/ 2 GeV

Data — Bkg

Events/ 2 GeV

Data — Bkg
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Results

 Measured fiducial o(pp—H)xB(H—Ily) (mi< 30 GeV): 8.7 = 2.8 fb

* (Corresponds to the signal strength y = 1.5 £0.5
* Analysis is statistically-dominated, leading systematic uncertainty: background modeling

e Significance above background-only hypothesis: 3.2¢

* First evidence for H—lly decay!

> 30_""I""l""I""I'"'I""I""I""I""I""_ I e L LR B B R I [
5 3 -~ BKg : ee resolved VBF-enriched — .
Z  opL Bkg+H—>1vy b |
(% — Bkg+H—yy+Sig (u=1.5) 1 ee merged VBF-enriched | —e
- B 7 |
2 20F i e |
g - uu VBF-enriched —=
N 15] ee resolved high-p_ I .
1(): ee merged high-th : °
- ATLAS ] - I
5L Vs=13TeV, 139 fb" A sy high-p : °
- In(1+ Sso/ By) weighted sum - ee resolved low-p — ATLAS
: : " " | (s =13 TeV, 139 fo~
2 4 ce Mergediow-p,, —+— . - Total unc.
rJ|D 2f pp low-p_ i Syst. only
f] 0 H Iay*yalll Y gI?baI fit | | E—c—l | | |
2 ! I I L1 L1 L L1 L1 L1 L1 1
110115120125130135140145150155160 4 6 4 -2 0 2 4 6 8 10
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Search for H—lly decays at low-mj

VBF H—eey event candidate with merged-ee



The High-Luminosity LHC

» 20 times more integrated luminosity than LHC Run 2

 Up to 200 pp interactions per bunch crossing!

» Better detectors, larger acceptance, better triggers
* |mproved theory and analysis methods

we are here

v

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

LHC High- Lum|n03|ty LHC
LS2 Run 3 LS3 Run 4 LS4 Run 5
ATLAS . 2x10% | Detector | 57x10% . 5.7 x 103
and CMS . 300fb' : Upgrade : ~1000fb! . 3000 fb-1
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Prospects at High-Luminosity LHC (3000 fb-1)

* (Good potential for discovery of

H—2Zy (and H—y*y) decays

\s =14 TeV, 3000 fb™' per experiment

vvvvvvvvvvvvvvvvvvvvvvvvv

Total ATLAS and CMS

— Statistical HL-LHC Projection
—— EXxperimental

— Theo
M Uncertainty [%)]

Tot Stat Exp Th
26 10 15 19

29 12 15 22
28 11 12 23

29 14 13 2.2

44 15 13 40

82 74 15 3.0

19.1143 3.2 12.2

AAAAAAAAAAAAAAAAAAAAAAAAAAA

0.1 0.15 0.2 0.25
Expected relative uncertainty

arxiv:1902.00134
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Prospects at High-Luminosity LHC (3000 fb-1)

 With three-body H—Ily decay, it is possible to probe CP-violating Higgs
couplings

* Lepton forward-backward asymmetry measurements (note Arg(qg?) = 0 for SM Higgs boson)

 More detailed access to loops, exotic couplings, ...

0.04
—0.03
2 0.02

0.01

0.00

Phys.Rev.D 90 (2014) 11, 113006

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

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

A_.(q°)

ApB =

O + OB

1 Eur.Phys.J.C 74 (2014) 11, 3141

0.1

0.01

1E-3

1E-4

1E-5

1E-6

1E-7

1E'8 |

T v T
100 120

my [GeV]
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Summary

 ATLAS experiment continues to probe the nature of the Higgs boson using
full LHC Run 2 pp data at 13 TeV (~140 fb-1)

* Evidence for H—lly decay at low-m;
¢ 3.20, u=1.5 £0.5

* One of the rarest Higgs boson decays with B=10-4

« ~5% of the LHC integrated luminosity has been achieved so far

« HL-LHC will be able to probe more precisely rare Higgs boson decays

27






Trigger

* Can’t rely on regular single-lepton
triggers alone

Combination of single-lepton, 2I, y+l, vy, y+2I
triggers is used

Dedicated merged-ee + y trigger is also employed

* [rigger efficiency wrt final selection:

Muon channels: 96.2%
Resolved electron categories: 96.5%

Merged electron categories: 99.8%

Trigger Efficiency

Eur. Phys. J. C 80 (2020) 47

| | | | I | |

1.2 . . —
- ATLAS Simulation -
i O Passes any of the three triggers below |
11— v HLT: 1 photon, 1 collimated electron pair, ET>35,30 GeV__|
= il HLT: 2 medium photons, ET>35,25 GeV -
= ° HLT: 2 loose photons, E_>50,50 GeV -
- 1 (1) ] —
- - O l ‘ O | _—
0.8 s O Y Q + ' <‘> L —0 (l) |
0.6~ + ]
- et
0.4 —
0.2 _
i 4 ¢+ e i

O | | | | |

0 0.3
ARee
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Systematic uncertainties

Relative systematic uncertainties (in per cent) in the measured signal strength and the measured cross-section times branching ratio

Uncertainty source u oXB
Spurious Signal 6.1

B(H — tly) 5.8 —
QCD scale 4.7 1.1
L, v, jets 4.0

PDF 2.3 0.9
Luminosity 1.7
Pile-up 1.7
Minor prod. modes 0.8

H — y7y background 0.7
Parton Shower 0.3

Total systematic 11 7.9
Statistical 31

Total 33 32
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ATLAS detector performance

* (Good understanding of the detector is critical

* Reconstruction of physics objects (e, v, U, T, jets, ...) precisely known from
careful data-driven calibrations

» Several improvements during the last years using machine learning
techniques
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What do we know about the Higgs boson after LHC Run 2?

* Fermionic couplings confirmed: observation of H—=+bb decay and ttH process

5.1 fb' (7 TeV) + 19.7 b (8 TeV) + 35.9 fb' (13 TeV)
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Higgs boson observation timeline at the LHC

Large Hadron Collider (LHC) HL-LHC
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What do we know about the Higgs boson after LHC Run 2?

| HC data gives access to very rare Higgs decays: B(H—ppy) = 2.2 x10-4

 Evidence for H—pp decay
« ATLAS: 2.00 (1.70) 0obs. (exp.) significance, p=1.2 £ 0.6

« CMS: 3.00 (2.50) obs. (exp.), p=1.2+x0.4
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What do we know about the Higgs boson after LHC Run 2?

e Searches for Higgs to invisible have been performed in VBF, ttH and VH

channels in both ATLAS and CMS

Observed upper limit B(H — inv.) = 0.11 (95% CL) from recent ATLAS combination

Events / GeV

(Data-Pred.) Data / Pred.

Phys. Lett. B 793 (2019) 520

35.9 fb' (13 TeV)
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 Parameterisations of Higgs boson
production cross-sections and decay
widths as a function of coupling strength
modifiers using kappa framework

» Considering leading order contributions only

* (Other assumptions are typically made

2 = Jj or 2 = I';
J O.ISM J F?M

Higgs coupling measurements - the kappa framework

Production Loops Main Effective Resolved modifier
interference  modifier

o (ggF) V4 t—b Ky 1.040 k7 +0.002 &7, — 0.038 k, k5, — 0.005 k; K,
o (VBF) 0.733 k3, +0.267 &2,
o(gq/qg — ZH) K-zl

2.456 k7, +0.456 k7 — 1.903 k&,
o(gg — ZH) v -2 K(ggZH)

o —0.011 kzkp +0.003 ;. kp,

o (WH) Ky
o(ttH) K,2
o (tHW) t-W 2.909 k7 +2.310 k3, — 4.220 K, kw
o(tHq) t—W 2.633 k7 +3.578 k3, — 5.211 kK
o(bbH) Ki
Partial decay width
rhb K127
rW 114 _ K.\_V
[ss v t—b Ky 1.111 &7 + 0.012 k5, — 0.123 k5
[T - K7
44 Ki
e k2 (= K7)

1.589 k3, +0.072 k7 — 0.674 ky
| v t-W K, +0.009 kyw k+ + 0.008 Ky K5,

—0.002 k; kp — 0.002 k; K+
rZy v t-W Kizy,  L.118k5, —0.125 kw &, +0.004 k7 + 0.003 kw &5
[ Kf (= Ki)
[HH K,
Total width (B; = B, =0)

0.581 &} +0.215 k3, +0.082 k3

+0.063 k% + 0.026 k5 + 0.029 &7
Ty v K7, +0.0023 k2 + 0.0015 k>

(Zy)
+0.0004 k2 +0.00022 &2,
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Constraints on Higgs boson width

* |ndirect measurement from off-shell production in H—ZZ channel

Obs. limit on Higgs width:
+ ATLAS Run 2 (36.1fb"): < 14.4 MeV

+ CMS Run 142 (77 fb-):

[0.08, 9.16] MeV

 SM prediction: 4.1 MeV

HL-LHC projections:
CMS: 4.1710 Mev

ATLAS: 4.273° MeV

arXiv:1902.00134
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