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Part 1: The vacuum is not empty
— The Higgs boson in the Standard Model
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A key piece of missing information

= Full shape of the Higgs potential

= Current measurements in single Higgs bosons only probe potential around minimum

An alternative
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A key piece of missing information

= Full shape of the Higgs potential

= Current measurements in single Higgs bosons only probe potential around minimum

= SM prediction: Mexican hat potential

1 1 1
V(h) = §m§h2 - ﬁ)nghﬁ - a&h%
Anhh Ahhhh
"}I_"‘ — _.\_ - —
g \H \\

mi — 2\v? (Higgs mass term),
2
A3 = 3\ = '?% (trilinear Higgs coupling),

2
Ay = A= % (quartic Higgs coupling).
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A key piece of missing information

= BSM: many different shapes possible

= E.g. extra scalar singlet

A A AV
V(h, H) = Van(R) + %m;HE + %,uhghﬂ + %hﬁﬂﬂ + %Hg + %H‘l \V(®)
EW vacuum
> Smoking-gun hints of extended Higgs sectors:
* Deviation of self-coupling from SM value
— This lecture! Deeper minimum

* Presence of extra Higgs bosons

— Tomorrow’s lecture

Deeper minimum

Absolteminimam /MA0€ credit: K. Radchenko
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Why care about the full potential?

Higgs potential may provide answers to many key open questions in particle physics

Higgs portal(s)
to DM?

Stability of
the universe?

Fundamental
scalar?

Evolution of
early universe?

Origin of the
baryon
asymmetry?

DESY Katharina Behr Page 7



Higgs pair production at the LHC

= Challenge: di-Higgs cross-section around 1800 times smaller than single Higgs cross-section

= ggF production (90.2%): leading sensitivity to trilinear coupling Ansn

Ky = As/ AMonn
Kov = A/ ASMpnn
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Higgs pair production at the LHC

= Challenge: di-Higgs cross-section around 1800 times smaller than single Higgs cross-section

= ggF production (90.2%): leading sensitivity to trilinear coupling Ansn

Softer spectrum away from SM value

Ky = As/ AMonn
Kov = A/ ASMpnn

(13 TeV)
0.025
- —k, =1, SM
002 = — k, =0, only box diagram
- — k, = 2.45, maximal interference
0015 k k, = 5, soft spectrum

— k, =20, mainly triangle diagram

9 9990099999999
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Higgs pair production at the LHC
= Challenge: di-Higgs cross-section around 1800 times smaller than single Higgs cross-section

> ggF production (90.2%): leading sensitivity to trilinear coupling Aum

= VBF production (5%): unique access to di-Higgs-di-vector-boson coupling Asm

Ky = )\3/ )\SMhhh

Harder spectrum away from SM value 31.05 fb Kov = Annwv/ AMhpn
(13 TeV) g H 9 9009990990999 > T-f ———————— H
50.05 ; ; .7
= ) qq'—HHaq . e
i . K,y=0, No VVHH interaction 38 A
0.04} — ky=1, SM -
i = k,,=2, Enhanced VVHH interaction g ) % g 0999099999020 < _‘f ________ H
0.03

2000
m,, [GeV]
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How to find a needle in a haystack?

O
proton - (anti)proton cross sections
> Isolate small signal from huge dataset 10" ey 10°
10° 6, —— 410
7 ' : : HE 7
10 Tevatron .LHC: LHC 10
10° ' LT 410
10° 10° 7
o, o
10° 10° &
P (&
MM 10° _ 10° 8
o, (E." > Vs/20) e
t 1 10°
o)
5 10' Oy 101 j
/ 0 Gz 0 "9
© 10 ks (E>100Gev) o
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Signal Background . : "
(a.k.a. the needle) (a.k.a. the haystack) . ; . 0>>
[...it"s meant to be d haystack) 10 o, : 10 ()]
10" o'ggH(MH=125 GeV) // : ' ' 10*
T.G. McCarthy 10° [ Ows(M,=125GeV) = o e
10° | ' 10°
WJs2012 ; I ' :
107 bt ] 407
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How to find a needle in a haystack?

> Isolate small signal from huge dataset

DESY.

Signal

(several needles)

Backgrounds

(several different types of haystacks)
(will all be blended together into a big mess)

T.G. McCarthy
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How to find a needle in a haystack?

= Define criteria that characterise chosen signal in detector
= Apply selection criteria to reduce background

= Signal-enriched region (signal region)

)

L

Trigger selection Coarse pre- Tight signal region
(online) selection (offline) selection (offline)
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Data analysis 101

Pick and study a signal of interest (MC simulation)

Select subset of events enriched in signal (signal region)

L B L o s e
[ Post-Fit Background 3

SR
&0 ATLAS

ﬁmof— Vs =1'3TeV,1_261b‘1 N stat. + Syst. Error
B 60 g%F<S|IAg;::||q<eanxHH>o.95 + 4b0am E
PN
Estimate backgrounds and systematic uncertainties e 3
* Often via control regions enriched in background T _
%1.0%‘ S S
Test agreement between SM prediction and data (likelihood fits) -
e ATLAS e
[ Vs=13TeV, 126 fb!

5L Combined ggF and VBF Regions [ Expected Limit +10
F Expected Limit +20
== Theory Prediction

4
0% ¥ SM Prediction

95% CL Limit on OggF + VBF HH [fb]

102
F Observed: k) €[-3.9, 11.1]
[ Expected: k) €[-4.6,10.8]
LS SN I INEATIN ERAET P EAEPTN IR
-20 -15 -10 -5 0 5 10 15 20
K\ (ng=1 .0, Kv=1.0)
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Signatures of di-Higgs production

(H~ 41, 0.0125%) bb WW T ez Yy
H—Z7Z%2.6% ¢

H—cc,2.9% bb
Ho1,63% ¥

Www 4.6%
v
T 7.3% 2.7% 0.39%
v 7 3.1% 1.1% 0.33%
YY 0.26%
(Standard Model predictions for a

Higgs boson with mass 125 GeV)
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Signatures of di-Higgs production

= Three most sensitive channels:

DESY

bbbb: largest BR (34%), large multi-b-jet background

Katharina Behr

ww T Z7Z YY
4.6%

T 7.3% 2.7% 0.39%

Z7Z 3.1% 1.1% 0.33% 0.069%

Yy 0.26% | 0.10% | 0.028%
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Event topologies in the bbbb channel

= Three possible topologies depending on Lorentz boost of the two Higgs bosons
> ldentification of heavy flavour crucial:

* b-tagging for resolved decays
* h- bb tagging for merged decays

Resolved [Intermediate] Merged

. 4
Esig ~ €b Less relevant for hh events (prn ~ Prnz), Esig ~ € xbb°
more relevant for scalar+h searches

Resolved
b-jets
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b-tagging

= ldentification of jets initiated by b-quarks based on properties of resulting B-hadron

* Secondary decay vertex
* Significant decay length of O(mm — cm)

* Tracks not pointing back to primary vertex — large impact parameter do b-jet

Displaced
Tracks

Primary
Vertex
-~
Prompt J\
Tracks
Jet
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Normalised number of jets

b-tagging (Run 2)

= Combine all information in high-level deep neural net discriminator

0.25

0.20

0.15
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777, stat. uncertainty
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Higgs tagging (Run 2)

= Large calorimeter jet with fixed radius parameter R=1.0

ATL-PHYS-PUB-2020-019

= ldentify small-radius subjets and check if they are b-tagged using standard b-tagging algorithm

> DNN classifier combining the following inputs:

* DL1r scores of 2-3 sub-jets
* Large-R jet kinematics

displaced

tracks charged

lepton

H(bb) jet

jet

DESY Katharina Behr

Unit Normalized

LA L Y I L B T LA I L ) I

016 ATLAS Simulation Preliminary -

- VS=13TeV ]

0141 pr>250 Gev —— Multijet .

Iyl < 2.0 —— Higgs-matched jets -

0.121 76 <m;/GeV < 146 99 _ J .
' —— Top-matched jets

0.10f
0.08F

0.06f

0.04}

0.02f

-10.0

-75 =50 =25 0.0 2.5 5.0 7.5 10.0

Dxpp, frop =0.25
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-019

Next-generation taggers (Run 3) — transformers!

= Inputs: low-level objects (tracks, particle-flow objects)
= Significant performance improvements for analyses using b- and h - bb jets

* X 2 better top and multijet rejection for 70% signal efficiency

=~ Need accurate tracks reconstruction! __ ATLPHYSPUB-2023:021

-% - ATLAS Simulation Preliminary —— Dxpb
. Vs =13 TeV, Anti-ky R=1.0 UFO jets —— 2VRDEN ]
_‘g‘ 10° = pr> 250 GeV, 50 < my <200 GeV, |n| <2 —— DG E
8 e
® b T
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Analysis strategy for the bbbb channel

Focus on resolved topologies here: > 4 jets, > 4 b-jets (signal region)

Combinatorial problem: assign b-jets to the two Higgs decays

* Different possible approaches, based on my, or AR(b,b)

* Focus on four leading b-jets — three possible combinations

* Choose configuration where Higgs candidate with the higher pr has smallest AR(b,b)

Reconstruct mnn

DESY

Katharina Behr
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Background processes

: : roton - (anti)proton cross sections
> Background dominated by real b-jets and P (anti)p

. . . ‘pn . 10° T LR LR | LR L L SIS B T B L 10°
jets mis-identified as b-jets N: ; L ]
10 3 Ot = ' . __ 10
« Difficult to model in simulation due to relevance of 10 | Tevatron LHC |1y 1%
detector effects b = - 14
10° | 10° 7,
o, o
10° | 10° &
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10° . 10° &
E o, (E," >Vs/20) e
10 100
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5 10' - o, 10’ :]
: o, 0o 2
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10 F 10 @
2 E X g . ! -2 2]
i ' X : Qo
10° | - : " : 10°
10° ;roggH(MH=125 GeV) // @ 10°
10° r O(M,=125 GeV) © f uctic 10°
10° — f A 10°
E WJs2012 : . : '
or bt 107
0.1 1 10
Vs (TeV)
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Analysis strategy for the bbbb channel

Signal region: both Higgs candidates’ masses close to 125 GeV

Control regions used to estimate background from multi-jet production from data

%I 200 B T I L | I [ | T T [ | 1 — | T T [ L | T T 1 B
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Analysis strategy for the bbbb channel

> Background estimation:

DESY

Define same regions in 2b data (background dominated)

Baseline template from 2b “SR”

Derive corrections and uncertainties by comparing 2b and 4b control regions

.....
~~~~~~
e =

Corrections and
uncertainties

———-
~~~~~~~
e ©

~ g
So -
- -
Seccae=="

Baseline background
template

Katharina Behr
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Analysis strategy for the bbbb channel

Focus on resolved topologies here: > 4 jets, > 4 b-jets (signal region)
Combinatorial problem: assign b-jets to the two Higgs decays

* Focus on four leading b-jets — three possible combinations

* Choose configuration where Higgs candidate
with the higher pr has smallest AR(b,b)

Reconstruct mun

|]III I|IIII|IIII| |IIII

11

> E
b = Post F|t Background

oy . . .. . . S soo ATLAS |:| ground 5
Likelihood fit of predicted mn, distribution to that in data © 700 £ V5 =13 TeV, 126 fb-" N Stat + Syst Error -
S ol 9 e D o +  4bData -

- - . 5 600 85 < Jonal § E

* Prediction allowed to float within uncertainties g i i [ soxsmin 3

@ 400 E 200xK =6 HH
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gt o S
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Analysis strategy for the bbbb channel

Focus on resolved topologies here: > 4 jets, > 4 b-jets (signal region)
Combinatorial problem: assign b-jets to the two Higgs decays

* Focus on four leading b-jets — three possible combinations

* Choose configuration where Higgs candidate
with the higher pr has smallest AR(b,b)

III|IIII|IIIIIIIIIIIIIIII|IIII|IIII

Reconstruct mn 1065—' — ObservedLimit =
- ATLAS ottt ]
ilkali i i ictribi it i - Vs=13TeV, 126 fb" -
Likelihood fit of predicted my, distribution to that in data 1oL Combined ggF and VBF Regions B BpecedLinitzto |
.. . . . . E Expected Limit +20 E
[ ] - |
Prediction allowed to float within uncertainties - Theory Prediction

100 ¥ SM Prediction

108

95% CL Limit on OggF + VBF HH [fb]

102
Observed: k) €[-3.9, 11.1]
Expected: k) €[-4.6, 10.8]

K\ (ng=1 .O, Kv=1 O)

DESY Katharina Behr Page 27



Constraining VVhh in vector-boson fusion

Topologies with boosted Higgs boson particularly sensitive to non-SM values of kyy ?
Select events with two forward jets and two merged Higgs boson decays

BDT trained on jet and event kinematics to separate signal and background

Data-driven estimate of multi-jet background

7)) 0.30 L B R R B AL B ]
ATLAS & — ATLAS Simulation —— Kpy=0.0 .
EXPERIMENT o - Vs =13TeV, 140 fb~! —— Kov=05 ]
Run: 311402 "'6 0.25 [ VBF HH bbbb Koy = 15 ]
Event: 2695204841 — —
2016-10-25 19:04:17 CEST CC) | K2V=2-0 |
E B —I'- Koy = 1.0 (SM) ]
L - |
0.15 — + —]
0.10 —
- b .
0.05 — —
oopb== v u

500 1000 1500 2000 2500 3000 3500

My [GeV]
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Constraining VVhh in vector-boson fusion

Phys. Lett. B 858 (2024) 139007

Search primarily statistics-limited but Xbb tagging uncertainties also have a notable impact

Interplay between boosted and resolved channels:

DESY
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Signatures of di-Higgs production

= Three most sensitive channels:

DESY

bbbb: largest BR (34%), large multi-b-jet background
bbtr: medium BR (7.3%), good signal purity

Katharina Behr
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Signature of the bbtt channel

= T-leptons decay before interacting with the detector
= Leptonic decay: Tiep —» €/J + 2v
= Hadronic decays:

* Thaa — 3T+ X +V (3-prong)

* Thad —» T*+ X + Vv (1-prong)
= T-taggers to identify hadronic T decays

* Run-2: BDTs

* Run-3: transformers (similar to b-taggers)
= Two orthogonal channels:

* LepHad: Tiep Thad

* HadHad: Thad Thad

DESY Katharina Behr

3-prong

suoupey Jo 1ol

Page 31



Background processes

Quiz question:
What SM processes can result
in a bbtr final state?

DESY Katharina Behr Page 32



Background processes

proton - (anti)proton cross sections

109 Ellll 1 1 L) llllll L] 1 1 |"'||| " T I. 1 LIS 109
Quiz question: 10 | o — {0
What SM processes can result 10 | Tevatron LHC 'E {10
in a bbrr final state? F : T .
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Background processes

Z+bb

e WithZ - 11

* Also: Z - ee, yy with additional missing energy from mis-measurements
tt » (Wb)(Wb)

* With (Wb)(Wb) - (tv)b(tv)b

e Also (Wb)(Wb) - (evb)(uvb) ...
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Complex analysis strategy for the bbttr channel

DESY

Loose pre-selection of events based on different triggers

* Triggers requiring one or two Thag Candidates vs triggers requiring one or two e/u

channel: Thad Thad bb

(

event
selection

\ 4
)

VBF candidate:

Yes

= 2 extra jets

< 350 GeV

v

el

A

A
ggF-like categorisation
BDT

> 350 GeV

A

VBF-like
y

low-mHH
category

J{

high-mus

category

VBF

category

L

\

channel: £¢bb

event J

channel: Tiep Thad bb

A 1
] no ! STT: single Thad-vis triggers
SLT | > LTT : DTT: di-Tha.vis triggers
— '
yes ' SLT: single lepton triggers
—Y i LTT: lepton+Thad-vis triggers
event ever?t . DLT: di-lepton triggers
selection selection '
1 \4 :
) ) fmmmmmmm s s
VBF candidate: Yes VBF candidate: Yes
= 2 extra jets = 2 extra jets
No J No
MuH ggF-like categorisation MHH ggF-like categorisation
__ BDT . - BDT
<350 GeV \j 350 GeV VBF-like <350 GeV \j 350 GeV VBF-like
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Complex analysis strategy for the bbttr channel

Control regions to estimate main backgrounds from Z+jets and ttbar production

DESY
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Complex analysis strategy for the bbttr channel

DESY

Multivariate classifier in each to distinguish between ggF and VBF production
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Complex analysis strategy for the bbttr channel

Multivariate classifier in each to distinguish between ggF and VBF production

Additional categorisation based on mp;,

DESY

channel: Thad Thad bb
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event
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Complex analysis strategy for the bbttr channel

DESY

Multivariate classifier to distinguish signal from background in each sub-category

channel: Thad Thad bb

event
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Complex analysis strategy for the bbttr channel

Events / bin

Data/Pred.

Backgrounds estimated from simulation and corrected using data in control regions

Simultaneous fit of predictions to data: BDT scores in each signal region + distributions in control

BDT score in ThadThad F€gion

10° T T T I | T T ggFI HH 200 !
ATLAS — VBF HH x 200
10° Vs =13 TeV, 140 f' ¢ Data
B HH (1=2.2)
Thadthaer 2 O-12GS Top-quark
ggF SR, m > 350 GeV Jet — 1, fakes
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Single Higgs

3
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===« Pre-fit background
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1o . . — ¢ * Loy 2 /
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Events / 1 GeV
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Complex analysis strategy for the bbttr channel

> Simultaneous fit of predictions to data: BDT scores in each signal region + distributions in control regions

Events / bin

Data/Pred.

10°
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10*
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BDT score in ThadThad F€gion
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o Jet — 1., fakes (tt) 3
- B Other
Single Higgs
@@
Uncertainty

== Pre-fit background

Il| IIIlIIIIl IIIIIIII| L1

_é

i”M

BDT score b|n

M = measured xsec / SM xsec

I I I I LI | I I I I I LI | I
ATLAS ° Ebser\t/eé:i 0 JIF,126
_ -1 O EXpecte = 20
Vs=13 TeV, 140 fb Exgected 5_1
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Signatures of di-Higgs production

= Three most sensitive channels:

DESY

* bbbb: largest BR (34%), large multi-b-jet background
e bbrtr: medium BR (7.3%), good signal purity
* bbyy: clean channel, but low BR (0.26%)

Katharina Behr
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Signature of the bbyy channel

Photons can be efficiently and precisely with the electromagnetic calorimeters
Require events with and at least

Straightforward reconstruction of two Higgs candidates

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST
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Analysis strategy of the bbyy channel

Events / 2.5 GeV

O
= Mass resolution of Higgs candidate from yy much better than bb
* Use my, as discriminating variable instead of my,s
= Main backgrounds from real photons produced in association with jets — taken from simulation
= | ! [ ' | ' | ' [ ! . > ' | ' | ' | '
180 ATLAS ¢ Data - 8 100k ATLAS ¢ Data _
- (s=13TeV, 139" B HH (SM) E g = Vs =13 TeV, 139 fb” B HH (SM) =
160F HH—bbyy Single Hi = ™ _ HH—bbyy Single Higgs
- Common Preselection >ingie Hggs ] ~ - Common Preselection I ityy -
C M ityy u %) u I yybb -
140 I yybb ] GCJ » B yy+other jets
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120 L y7+oth.e r/ets. ] Lﬁ = DataDr:zen ;j =
B DataDriven y;j ] - ---m, =300 GeV ]
100 + + DataDriven j —— - ---m, =500 GeV -
80 = 10 =
60 ;: = * ]
40 5 Bl I
20 1
C % | :
10 120 130 140 150 160 200 400 600 800 1000
m,, [GeV] My [GeV]
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Fraction of events / 0.04

Analysis strategy of the bbyy channel

Multivariate methods to improve signal-background discrimination

* Trained separately in different myy, regions for better sensitivity

Fit analytic function for signal+background hypothesis to data in each signal region

e Similar to Higgs-boson discovery and measurements in yy decay channel

T TTT | TTTT | T TTT I IIIIIIIIIIII I T TTT I T 1T | LI | T T T1_]
03sE- ATLAS HHggF, k=1
E Vs=13TeV, 139 b HH ggF, ,=10 [
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- i yy+jets .
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0.15- I . ] . gl —:
- 1008084 088 092 096 1 : -
0.1 1 _‘
= ) P
jJ_l‘l'l_I+ | E
0.05— ) —_ gt -
- _LI__'-“T"‘-‘-MLC
_ B e e o e e e ] = e i i e e i AT AR AN AN N AN BN A i |1 |: 1
0 01 02 03 04 05 06 07 08 09 1
BDT Score

DESY

Events/ 2.5 GeV
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Combination of hh searches (ATLAS, Run 2) Phys. Rev. Lett. 133 (2024) 101801

Statistical combination of three leading channels Mnn = measured xsec / SM xsec
+ sub-dominant channels Observed limit (95% CL
C t best traint Hi i ducti ATLAS Exr:ee(r:\t/eed |ilmmilt ((95°/°CL))
urrent best constraints on Higgs pair production | _ . 7o
99s pair p VS =13 TeV, 126—140 fb- (11 =0 hypothesis)
SM a [ Expected limit £10
Unn < 2.9 (2.4 exp.) OggF +ver(FHH) =32.8 b 1 Expected limit +20
Obs. Exp.
bbit + Efiss | * 10 14
Multilepton — + 17 11
bbbb|- * 53 8.1
porte | * 59 33
Combined|— 0 2.9 2.4
| I 1 I L1 1 1 I L1 1 1 I L1 1 1 I I I L1 1 1 I L1 1 1 I L1 1 1 I |
0 5 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength uyy
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
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Combination of hh searches (ATLAS, Run 2)

6

Significant improvement in expected sensitivity on K,

Observed: k\ € [-1.2,7.2]
Expected: Ky € [-1.6, 7.2]

Dominated by bbtr and bbyy

(photon and lepton triggers powerful at low mp,)

I 1 I I I I 1 I I I 1 1 I I 1 1
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Significant improvement in expected sensitivity on K,

Observed: k\ € [-1.2,7.2]
Expected: Ky € [-1.6, 7.2]

Dominated by bbtr and bbyy

(photon and lepton triggers powerful at low mp,)
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- /S 213 TeV, 126—140 fo! __ heeplon T BPPD
! —— bbtt + Episs pbTtT™ 1
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Combination of hh searches (ATLAS, Run 2)

-2InA

Phys. Rev. Lett. 133 (2024) 101801

Observed: kov € [-0.6,1.5]
Expected: kv € [-0.4,1.6]

Dominated by boosted VBF bbbb

(boosted bbbb signatures powerful at high mu,)
8
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Resonant Higgs pair production

= BSM theories predict extra heavy states that can decay into a pair of Higgs bosons: pp - X - hh

* More details tomorrow
= Search for local “bump” in hh invariant mass spectrum (similar to 2012 Higgs discovery)

Example: bbbb Channel 3‘ L I | I I | I I I L L I | I I

S frm e T T =, B 4
o [ATLAS L }  Data = 105 ATLAS |
S 105tVs=13TeV, 126 b < g L o E
™ Background-only fit [ Background 1 F Vs =13TeV, 126-139 fo-' —— Observed limit (95% CL) ]
3 10| Resolved channel Uncertainty > i Spin-0 ---- Expected limit (95% CL) ]
Z, ....... m(X) = 280 GeV B 104k [0 Expected limit £10 -
§ 103 -—-- m(X) = 400 GeV g Expected limit +20 i
| —— m(X) =600 GeV ] i ]
102 - m(X) = 1000 GeV - 103k -
10' B ]
102 —
10° E W, AN 3
-1 B 7
10 10 SN E
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Eeé’ g 03 I bbyy TRl i
2L (0] . i —
Sgon .n'q*nmqm“HI “|| WE —e— Combined =
_‘_cl-x g -0.3 \ | I I ] I T R EEE | | ] ]
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Resonant Higgs pair production

BSM theories predict extra heavy states that can decay into a pair of Higgs bosons: pp - X - hh

* More details tomorrow

Search for local “bump” in hh invariant mass spectrum (similar to 2012 Higgs discovery)

=
Ny
1
x
o

Quiz question:

Why does the bbyy channel dominate at low mx

and the bbbb channel at high mx?
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Resonant Higgs pair production

BSM theories predict extra heavy states that can decay into a pair of Higgs bosons: pp - X - hh

* More details tomorrow

Search for local “bump” in hh invariant mass spectrum (similar to 2012 Higgs discovery)

o)
bbyy: clean channel, most competitive in low my s
region where QCD multijet background dominates g
o
bbbb: dominates in high-mass region where
sensitivity is limited by signal statistics
bbtr: dominant in medium region
DESY Katharina Behr
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Aside: Interference

Current resonant X — hh searches do not consider interference with non-resonant production
(or higher-order effects)

Reduced sensitivity for some benchmarks that may be falsely excluded by resonant searches
K. Rachenko, G. Weiglein et al. arXiv:2403.14776
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https://arxiv.org/abs/2403.14776

Not twins ... but triplets!

Recent effort to search for triple Higgs production at the LHC

Most direct access to quartic Higgs coupling with modifier K4

Process ~400 times rare than Higgs pair production!

* Expect around 10 events for hhh production in full LHC Run-2 dataset (across all decay modes)

Di-Higgs

s 5 Vi
A -7 THOTT THOTE .. 4 :z 31fb
i BOCET - - SO o

Triple Higgs

DESY
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Complementarity between hh and hhh searches

= Searches for Higgs triplets expected to provide better constraints on Ks

= Current best constraints from theoretical considerations (unitarity)

DESY
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HHH whitepaper

P. Stylianou, G. Weiglein

[Eur.Phys.J.C 84 (2024) 4, 366]
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https://arxiv.org/pdf/2407.03015

Relevance?

Constraints on K. seem loose by comparison

Little explored probe of BSM physics

* BSM effects could affect ks much more than Ks

* Resonant enhancement in extended Higgs sectors

(k3 —1)

(k4 —1)

B Cgv?
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HHH whitepaper

P. Stylianou, G. Weiglein
[Eur.Phys.J.C 84 (2024) 4, 366]
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First search for triple Higgs production

Final states with six b-quarks: largest branching ratio, large background from multijet production

ATLAS

EXPERIMENT
Run: 349592

Event: 793710422
2018-05-06 03:37:28 UTC
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First search for triple Higgs production

Signal regions: events with at least 6 b-tagged jets
Control & validation regions: events with ==5 and ==4 b-tagged jets

Higgs reconstruction: three b-jet pairs that minimises

IMns — 120 GeV| + |mnz — 115 GeV| + [mps — 110 GeV]

where prn1 > Prnz > Prns

DNNSs to discriminate between signal and background @)
.‘ !‘ / .\»/:r'
!". / / ’
\ _,-‘ff //
| !:I\I. ;-J/ f////
Resolved \ /
b-jets *
I\
»
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Results

First experimental constraints on Ka, first constraints beyond unitarity constraints!

Limited by available data statistics and achievable signal-background ratio

Significant improvement expected at HL-LHC (studies on-going)

Searches in cleaner channels have started:

* Most promising: 4b2t

DESY
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Where do we go from here?

202 202 2023 2024 202 202 2027 2028 202
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High-Luminosity LHC (2030 - 2041)
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Challenges

= Significant increase in number of interactions per bunch crossing and particle flux

25 interactions (Run 1)

New ATLAS Inner Tracker
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Challenges

Significant increase in number of interactions per bunch crossing and particle flux

200 interactions

New ATLAS Inner Tracker
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Major LHC detector upgrades

= For example brand-new all-silicon tracking detector for ATLAS (Inner Tracker, 1Tk)

= Up to 4 times higher granularity in innermost pixel layers

ITk Pixel

Partially constructed at DESY!
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Major improvements in track reconstruction

= Example: reconstructing tracks in cores of high-pr jets (dense environments)

Current detector

—
.
—

T T T T I T T T T l T T T T l T T T
ATLAS Simulation Preliminary
s =13 TeV

| b-jets with pr = 1 TeV:
N 30% contain < 1 track from b-hadron decay
- (4-5 expected)

all tracks

—

------ AR(track,jet) < 0.02, p_> 10 GeV

I AR(track jet) > 0.1, p_> 10 GeV

=
©

A Low pr High pr

Track Reconstruction Efficiency

o
o
I I I T | T

0.7+l e

| | 1 | | | | 1 | | | | 1 |
500 1000 1500 2000 2500
Jet P, [GeV]
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Major improvements in track reconstruction

Example: reconstructing tracks in cores of high-pr jets (dense environments)

Tracking efficiency significantly improved in jet cores - better inputs for b-tagging

Tk

C _I T TT I T T TT |.I T TT I-I T T | T T 1T I T T TT | T TT I TTTT T TT [ T 1T I_

2 0.98—ATLAS Simulation 3

] - HL-LHC, ITk Layout: 03-00-00 .

= 0.96-7'(m=4 TeV) - had, (uy =0 3

c0943_ s=14TeV B

8 V7E Jet | < 1.2, Particle p,>10 GeV -

o 0.921— ARA L ]

<" . *aa, —— A R(jet,part.) < 0.02 -

© 09" i T —— All tracks in jet —

- - -A—* ) | .

© 0.88F ey ey . 3 Low P ngh Pr

? 086 :_ **** 'Hlml-l-llllll“._'“—.:’

@ "ThE e 8% loss .

5 L A ]

L L . 3

0.82F ****t***** .

_ AR e,

0 8_I 111 I 1111 | | I | 1111 | 1111 | L 11 1 | 1111 I 1 11 1 | 1111 [ 1 I-ki*li

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Jet P, [GeV]
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Algorithmic improvements for the HL-LHC

= Improvements in b-tagging crucial for (di-)Higgs analyses

* Better inputs due to more efficient and accurate tracking and vertexing
* More performant algorithms (e.g. transformers)

70 N D D D L L B BN
- ATLAS Simulation Preliminary +2500 )
C tf i = 0
: tt jets, ep = 70% 12000
c 50p ] ks
.2 : : 1 3]
g 40 _ i Run 3 reco 11500 g')—).
o | ] —
% 30F 5 1, =
S’ . DL1d {1000 =
Q C i ] D
20 i ] =
: | 1500
10} | :
. 2017 2018 2019 2020 2021 2022 2023 0
Year 2030
DESY. Katharina Behr
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C-jet rejection

Discovery potential for Higgs pair production at HL-LHC

= Example: projection in bbtt channel

= Largest leverage: experimental improvements

70

60

50

* Especially b-tagging performance
* Reduction of systematic uncertainties

DESY.

- ATLAS Simulation Preliminary

2017

-12500
VS =13 TeV GN2
L FHF = 0
- ttets, &b 70% 42000 —
1 ©
. - 3]
Run 3 reco —1500 -%
-
DL1d 1000 =
] >
] -
1500
10

2018 2019 2020 2021 2022 2023
Year
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Discovery potential for Higgs pair production at HL-LHC

Expect to see evidence (= 30) in bbtr alone before end of HL-LHC
Similar projections currently under way for European Strategy for Particle Physics Update
Good prospects for discovery by combining severalch™ "

Further experimental improvements can further

— 8 T . d . . T . . . . T . * . . T . . . . T 8
e B 1
boost sensitivity! <= [ ATLAS Preliminary *  Nosystunc.
I 7t ®  Baseline 17
o | Vs =14Tev Theo. unc. 50% |
© |t HH-bbt T~ :
c | o ¢ Run 2 syst. unc. ;
® 6 Run2legacy projecton GN2 82% WP | 6
= | Assuming SM ° ]
g.) [ — DL1r77% WP |
@ Of 15
41 14
3t 13
2t 12
"9000 1500 2000 2500 3000

Integrated Luminosity [fb~1]
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Future Collider Plans

= Higgs factories for precision measurements

= BSM searches also possible

A ee hea

~...-.-“

. Schematic of an
80 - 100 km
‘ long tunnel

‘i

q
..---"

Ja.u

International Linear Collider Future Circular Collider
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Linear vs circular - it depends on the energy!

= Circular colliders more competitive at lower collision energies (higher instantaneous luminosity)

= Linear colliders more competitive at higher collision energies (no losses from synchrotron radiation)

1,000
-@- FCC-ee (2 collision points)
< 100- o- CLIC
% A ILC
c}l |
-1 -1
§ 4. S60nbTMWhT A g2 § o m .
& =
—
= 0.1
=
%
=~ 0.01-
0
0.001 . .
0.01 0.1 1 10
Vs (TeV)
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Linear vs circular - it depends on the energy!

> Direct access to trilinear coupling only for Vs > 400 GeV

- linear collider!

1,000
-@- FCC-ee (2 collision points)
% A-ILC
c}l ]
-1 -1
§ ¢]...360nbTMWhT _____ A g2 § o m .
o =
©
= 0.1-
=
=
=~ 0.01-
o
0.001 . .
0.01 0.1
Vs (TeV)
DESY. Katharina Behr
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double Higgs-strahlung: ete” — ZHH
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Linear vs circular - it depends on the energy!

> Direct access to trilinear coupling only for Vs > 400 GeV double Higgs strahlung: e*e” —» ZHH
N : H ' et Z Z Z
linear collider! >£75/H >“é“‘f” >$/H
> Indirect access via single-Higgs production at lower energie: Jw ! ! !
= double-Higgs fusion: ete™ — v, HH

(model dependence!) .

Z
1 Ve
| +
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~ W - B -
>\/W¢H:T‘ >, w -
e~ ‘I W “H - m Y
yﬂ
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) il [
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=
S 0.1F -
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Trilinear coupling at the ILC

double Higgs-strahlung: e*e” — ZHH ILC (0.5 TeV): ~20% precision achievable on As;

| >~“’~fﬂ WH >fwfﬂ ILC (1 TeV): ~10% precision (adding WW production)
CLIC (3 TeV): ~ 8% precision

lev double-Higgs fusion: eTe™ — v HH

Pe
al;i:’jﬂ - H L H
el W N
Wy & 5 H - H T H Higgs self-coupling projections
Ve T

Q T T r T T ] HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053)
2 B « = ore =« extrapolation HL-LHC, A-dependency as of
- ; ; x-section significance in ATL-PHYS-PUB-2022-053)
0.5 [ J I L | ! [ ! v [ 5 =—a— |LC 500 GeV ZHH (2014, full coupl. analysis)
(e_ s e+) — (—0,8’ +0,3) -' % === |LC 1 TeV vvHH (2014, single coupl. analysis)
O 4 | = = Zhh g | g =g |LC 500 GeV ZHH + 1 TeV vvHH combined, 2014
e~ — viohh (WW -fusioy’only) o
03 u
S T
02 | s
0.1 / i B
0.0 P £ e T PR BEPEEE PE
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Summary: Part 2

Full shape of the Higgs potential could provide hints at BSM physics.
Best access via Higgs boson pair production at the LHC.

* About 1800 times less abundant than single-Higgs production.
Stringent constraints derived by searches on the LHC Run-2 dataset.

* Main decay channels: bbbb, bbtt, bbyy

_ _ An alternative
Observation expected to be possible at HL-LHC potential

Standard Model

Precision measurements possible at future Higgs factories ndare
potentia

* Require collision energies > 500 GeV for
model-independent measurements V (@)

Current

Higgs field value
/ in our Universe/
experimental

AL knowledge
1

0
¢
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Triple Higgs 6b search

= Use DNNSs to discriminate between signal and background

= Distribution of DNN score as discriminating variable

I
- ATLAS ® Data

[2]
c
()
> High-score region: D [ Vs=13TeV, 126" — (m,. m,) - (400, 200) GeV" |
104 _—Non -resonant mterpretatlon —
. Sj | iched = 6b Signal Region, Post-fit ~ SMHHR =
Ignal enriche — *Signal normalized to background .Post fit background ]
* Used to define signal region i 7 Uncertainty .
] 108 Low-Score : High-Score =
= Low-score region: ]
* Signal depleted ]
10 =
* Used to improve background estimate -
in signal region
- 12—
9 -
Q 1.12 :—
m -
g 1.04
0.96 _—
0.88
08,92 ©3 04 OF GO 07 o8 o8

nonresDNN score
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Triple Higgs 6b search

Use DNNs to discriminate between signal and background
Separate DNNs for non-resonant (varying Ks and K4) and resonant (BSM) production

Trained on high-level variables describing the triple Higgs system

x1072

% :AT[_Aé l l 6b Sl\/ll HHH ! | 4‘bdata ]

(\5 3;\/§=13 TeV, 126 fb~! — 6b (mx, ms) = (400, 200) GeV 4 5bdata

L o+ ¢ 6bdata

C = a

o

>

(0]

° ]

(0]

N

©

£ ]

(@]
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0 ¢ . O 0 4l 4.0 . 5. 8.8

8 1.5 | | | Sbib | -
© - 4 6b/sb
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1.0_- i X L by [ *

- P Pt

0.5:_ Il 1 1 1 1 N N N N NN S B
g 15:_' I I I I I I L L ]
o] C
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8 bty
£ f ' ¢
0O 0.5+ 7
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Data-driven background estimate

Key assumption 1: background kinematics do not change significantly with b-jet multiplicity

— Background shape in signal region taken from 5b region
Key assumption 2: yield ratio Ns, / N4p = yield ratio Nep / Nsp

— Background normalisation by extrapolating yields from 4b and 5b regions
Validate assumptions in low-score regions and derive systematic uncertainties

4 Derive background systematics Included in fit

>
S L
= =
Q 6b S <
e o
= 5 o3
> @2
= g
+ Sl =
2, 5b = £
0 v 0
Q 38 <
o ®
3
Y ©
o <
4b £
(]

0 Excluded Low-Score High-Score
< Increasing background Increasing signal —
DNN Score
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mgy, [GeV]

Search for VBF production in boosted bbbb events

Main background from QCD multi-jet production estimated from data

Normalisation factor calculated as event ratio between 2Pass and 1Pass CR

O o D e

* w=0.0081+£0.0010
[ ]
2Pass
os0 _LATLAS o ]
L /s =13 TeV, 140 fb~!, VBF HH bbbb -
[~ Data 2Pass ]
200 :_ .............. 0’9 _:
150 [ —
100 [F+- % —
500 00 200 250
mpy, [GGV]
DESY

\/F ‘

w
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Events / bin
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R TTTT
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- Vs =13TeV, 140 ib™", VBF HH bbbb _;
.................... e . _;
o G50 200 2:50
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Katharina Behr

N
o

e
o

O D T
w ey ()]
o o o

Events / bin

Fraction of events

2Pass/1Pass

0.7

0.6

0.5

0.4

0.3

0.2

Both multi-b-final states and events with mis-identified b-jets (10% ttbar events in total)

Signal contamination in 1Pass CR is <8% in highest BDT bin (below stats uncertainty)

Phys. Lett. B 858 (2024) 139007

E ATLAS Data VR 1Pass ]
— Vs =13TeV, 140 fb™" ¢ Data VR 2Pass ]
= VBF HH bbbb .
- | .
- + =
| | .
= ! e
— $ .
0 02 04 06 o8 10
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https://www.sciencedirect.com/science/article/pii/S0370269324005653?via=ihub

Search for VBF production in boosted bbbb events

Phys. Lett. B 858 (2024) 139007

Search primarily statistics-limited but Xbb tagging uncertainties also have a notable impact

Interplay between boosted and resolved channels:

* Resolved more sensitive to Ky, boosted more sensitive to Koy

_‘@ 16 TTTT | TTTT | TTTT | TTTT I TTTT I TTTT | TTTT | TTTT | TTTT | TTTT
§ - ATLAS ¢ Data .
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12— SR — K, =0 VBF —

L Post-Fit Background i

10— 777 Uncertainty —

- 7 ‘

8— ./ ]

6 —
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3_’ 0 |||||| 111 1 Ll | | I I || I L1l | | | L1l 1 || ! || I_
m 15 E
s %// S5
o 05F =
O 01702 03 04 05 06 07 08 05 1
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BDT Score
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N
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Boosted+Resolved

95% CL: ko, € [0.55, 1.49]
Boosted-only

95% CL: ko, € [0.52, 1.52]
Resolved-only ’
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S e e ]
5

95%
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Katharina Behr



https://www.sciencedirect.com/science/article/pii/S0370269324005653?via=ihub

Cut-and-count method

Select (cut) events that you expect to be consistent with signal (signal region)
Count data events in signal region and compare with number of expected SM events

Calculate significance of deviation from SM prediction (accounting for uncertainties)

No significant Significant
deviation deviation!

¢

Expected SM
Background

Event count

DESY Signal region Signal region,_ ..., Page 81



Cut-and-count method

Select (cut) events that you expect to be consistent with signal (signal region)

Count data events in signal region and compare with number of expected SM events

Calculate significance of deviation from SM prediction (accounting for uncertainties)

Significant
deviation!

¢

Advantage: suited for low-stat regions, model agnostic

Disadvantage: single bin - vulnerable to fluctuations - less sensitive

Expected SM
Background
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Monte Carlo event generators In a nutshell

= Quantum nature of elementary particle interactions: non-deterministic

— Given initial state can lead to different final states with different probabilities
= ldea:

— Calculate probability distribution for a given process (or sub-processes)

— Random sampling to generate events with particle kinematics according to these distributions
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Experimental Techniques
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Exercise

Define a signal region for semi-leptonic ttbar decay

For simplicity assume that charged lepton is an electron or muon

A/H
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Exercise

= Define a signal region for semi-leptonic ttbar decay

Jets from

W-boson
A/H

Neutrino b-Jet
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Exercise: Solution

DESY

Exactly 1 electron or muon
Missing energy (from the neutrino)

At least 4 jets

Bonus 1: 2 jets identified as b-jets

Bonus 2:

— Combined mass of 2 jets = W mass

— Combined mass of 3 jets = top mass

Neutrino

b-Jet

Jets from
W-boson

Katharina Behr
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Exercise: Solution

Run: 271516
Event: 7786087
2015-07-13 09:38:38 CEST

EXPERIMENT

DESY Katharina Behr Page 88



Signal vs backgrounds

Signal SM ttbar production SM W+jets production
Irreducible background Reducible background
93 : t
E -
A/H g t
: 9 wooooT— { g

govooo—— [ g
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Signal region definition

= Apply selection criteria (cuts) to reduce background

= Signal-enriched region (signal region)
= Additional cuts based on differences in kinematic distributions

Entries

T.G. McCarthy

DESY.

e GULYAE e

Signal

Background

D

3-jet mass

(GeV/c?)
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Signal region definition

= Apply selection criteria (cuts) to reduce background
= Signal-enriched region (signal region)

= Additional cuts based on differences in kinematic distributions

vy
Q0
| _—
LE Cut Events Keip Events
l Signal
NN \ 2 Background
\.\

T.G. McCarthy

=
-
o =1
i
i
i
i
A
W
=
4
by
W
!
=
Bk
=
\
% i
i iy
W i x
il \
i i i
by ¥y i
il - i
i i i
il ik by
il = i!
i I ! |
N HEHER bk M

3-jet mass (GeV/c?)

DESY.
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Signal region definition

= Apply selection criteria (cuts) to reduce background
= Signal-enriched region (signal region)

= Additional cuts based on differences in kinematic distributions

Entries

Cut Eu;ants Keép Events
: AT

I I Signal \

T.G. McCarthy

]
i ——

-

i -:EE i :‘H\\_:\
3 .

(GeV/c?)

I
—
3
Q
(7))
7]

DESY.
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Signal region definition

= Apply selection criteria (cuts) to reduce background
= Signal-enriched region (signal region)

= Additional cuts based on differences in kinematic distributions

C— I ] T Signal

Cut Ew:anis Kee-.. Events
T Y

Entries

Background

T.G. McCarthy

3-jet mass (GeV/c?)

DESY.
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Signal region definition

Can refine signal regions using machine-learning algorithms

— Exploit small differences in various kinematic variables

— EXxploit correlations

12 T T
B Signal
10F =7 Background|.
8t
5 6]
m
44
2L
8.0 0.2 0.4 0.6 0.8 1.0
ANN Output
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A final signal region

Events / 40 GeV

Data / Bkg

I

\s=8TeV, 20.3fb" SM 1t
Lepton+jets SM Wijets
° .AII signal regions - Other SM
o -
° Uncertainty

ATLAS ¢ Data 2012

A/H

A B
---- 400 600

-+

DESY

PR I T T TR AN T TR T NN TR SR SR N S TR
800 1000 1200 1400 1600

Invariant mass of top pair [GeV]

hhl

g o0000 ——
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Event simulation

Simulate possible signals based on theoretical models
— Optimise sensitivity of searches
Simulate background processes

— Compare predictions to data and look for deviations

— Some background processes can be simulated very accurately...

— ... others not (see data-driven estimates later)

Estimate systematic uncertainties

— Create different background predictions within experimental uncertainties
- E.g. top mass known with £1 GeV uncertainty

— Simulate top quark pair production for myp(central) and myp(central)+1l GeV
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Simulation step by step

> Hard processes (large momentum transfers): perturbative QCD

e hard scattering
e (QED) initial/final
state radiation

e’ t
g
ylZ
e g
tbar
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Simulation step by step

= Parton shower (softer momenta): W+
non-perturbative QCD

e hard scattering
e (QED) initial/final
state radiation

e partonic decays, e.g.
t — bW

e parton shower
evolution
e nonperturbative

gluon splitting

DESY. Katharina Behr
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Simulation step by step

> Hadronisation (soft, low energy):

DESY.

non-perturbative QCD

hard scattering

(QED) initial /final
state radiation

partonic decays, e.g.
t — bW

parton shower
evolution

nonperturbative
gluon splitting
colour singlets
colourless clusters

cluster fission

Katharina Behr
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Think outside the (black)box!

Many different event generators available for HEP/LHC

— Choice depends on process, required precision, ...

* E.g. matrix-element generators: MadGraph, Powheg
* E.g. matrix-element + parton-shower generators: Pythia, Herwig
— Important to understand differences and subtleties to not treat them as blackboxes!
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Think outside the (black)box!

“[...] remember that the programs do not represent a
dead collection of established truths, but rather one of
many possible approaches to the problem of multiparticle

production in high-energy physics, at the frontline of
current research. Be critical!”

From the manual of the Pythia5 MC generator
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https://cdsweb.cern.ch/record/2296395/files/pythia.pdf

Further aspects

> Simulate interactions of (collider) stable particle with detector material

- Geant4, Delphes, ... (i\ GEANTA-

A SIMULATIO
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Further aspects

> Simulate interactions of (collider) stable particle with detector material
— Geant4, Delphes, ...
> Specifically for hadron colliders (LHC, Tevatron, ...):

— Underlying Event: simulate interactions of additional partons within same two protons

hard scattered parton

final state
radiation

beam beam remnants

initial state
radiation

multiple parton interaction

hard scattered parton
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Further aspects

Simulate interactions of (collider) stable particle with detector material
— Geant4, Delphes, ...
Specifically for hadron colliders (LHC, Tevatron, ...):

— Underlying Event: simulate interactions of additional partons within same two protons

— Pile-up: simulate interactions of additional protons in the same bunch crossing

ATLAS

EXPERIMENT

Further reading:

lecture by M. Seymour and M. Marx [link]
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https://arxiv.org/abs/1304.6677

Estimating background processes from data

> Simulation not always feasible for estimating background processes

- Instrumental backgrounds (related to detector effects)

* Jets with high EM component faking electrons
* Backgrounds from detector noise

— Processes with large cross-section that would require large MC statistics

* Mostly multijets at the LHC
- Known modeling limitations

* Missing higher-order processes

> Use fully data-driven estimates or data-driven corrections
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Sidebands

= Assume known signal region (= location in the spectrum)

= Fit background in sidebands (= adjoining parts of the spectrum, signal depleted)

= Extrapolate to signal region

o ATLAS
Vs=7 TeV, 4.9 fb“_1 =< Background (B)
€ 7000F Vs=8TeV,1951b — — Fit(S+B)

5200 5300 5400 5500 5600
m(J/ v K*K) [MeV]
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Control Regions

= Same idea as with sidebands but using a modified selection to define a control region

— Orthogonal to signal region, signal depleted

Signal signature: Z( - Il) + Es™ss + bbar

= Must be carefully designed to Ess [GeV]
T

— Be signal depleted

— Be enriched in background of interest

SR

— Close enough to SR to avoid biases

100

60

>

50 81 101
my; [GeV]
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A final signal region

= L A A B B '
v 10°E IE
$ = ATLAS ¢ Data2012 =
o — .W‘ﬁ o \s=8TeV,20.3fb" SM 1t =
2 - ]
= 10* Ce, Lepton+jets SM Wijets =
% E LIPS o .AII signal regions B Other SM E
At 103 = . ° Uncertainty —

10° - it =

10 = ] 1 =
E) i | |
m 11—
- B
S - : -
g - - System_atlp and statistical
1 — uncertainties

A B R S R B R
400 600 800 1000 1200 1400 1600

Invariant mass of top pair [GeV] _ |
<——— Variable of interest
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Systematic uncertainties

Various different sources:

— Modeling uncertainties, e.g. unknown higher-order corrections

— Experimental uncertainties, e.g. uncertainties on electron energy measurement

Propagate to final spectrum

xtOf

Uncertainties degrade sensitivity to signal

Number of events

[%]
5

Nom.
o

A

Syst.-Nom.

Stuludl bbbl b o bbb Lo bbb Lo

o
o

500 800 1000 1200 1400 1600 1800
m,. [Ge

B
(=]
o

=
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A final signal region

> 1 05 [ I ! ! ' I ! ! ' I ! ! ' I ! ! ' | ! I ]
8 = ATLAS ¢ Data2012 =
o — .W‘ﬁ o \s=8TeV,20.3fb" SM 1t —
= ~ 7
~ 10% = % o Lepton+jets SM Wijets =
% E LIPY ° .AII signal regions I Other SM E
L|>J 103 =— . Py Uncertainty —
102 = | =
10 . L, =
2 i T | 1™
g - - - What type of deviation are we
QL SN W looking for?
£ B B
A/H A B B S T R B
i 400 600 800 1000 1200 1400 1600
t Invariant mass of top pair [GeV]
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What are we looking for?

= Most generally put: we search for a significant deviation from the SM prediction

Data

= Different search strategies

"_-5: Potential new signal
— Cut-and-count method S

= Expected SM
~ Bump hunt g Background
- Tail hunt -

>
Variable of interest

= Each comes with its own set of advantages/disadvantages!
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Bump Hunting

= Search for a localised deviation in the distribution of a variable of interest

— Typically: invariant mass

DESY

Event count

Events from
resonant production

Expected SM
Background

| >
my tt invariant mass
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Bump Hunting

= Search for a localised deviation in the distribution of a variable of interest

— Typically: invariant mass

T T T T T T | T T T T 1 T T T L] T T L] T T T T T

= Most recent successful example:

Selected diphoton sample
. Data 2011 and 2012
Sig + Bkg inclusive fit (m, =126.5 GeV)

--------- 4th order polynomial

— Higgs boson discovery (2012, CERN)

Events /| GeV

1s=?mmJLm=4ﬂm”

\s=aTe\.*._[L::n=5.5~ﬁ::‘1

l|IIIIIII|III|IJJlllllll]llllllll'lll

Data - Bkg
o

i | i I i
150 160
m,, [GeV]

PR TR TR T N TR TR TR S NN T TN T SN S T TR TR TR SN T T
100 110 120 130 140
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Tail Hunting

= Search for a taill enhancement in the distribution of a variable of interest
> Typical examples:

Resonances beyond reach of the LHC

Reso

Event count

“\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\‘
/ \
\
\
\
\

\

\

\

\

\

\

\

\

\

DESY

—»
tt invariant mass

mg;z;
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Tail Hunting

O
= Search for a tail enhancement in the distribution of a variable of interest
> Typical examples:
- Resonances beyond reach of the LHC ——— ———— T —
> gL ATLAS b oate ]
. . -1 N E
- Non-resonant production of new particles  © fs =13 TeV, 139 fb S Sedmaiotelw e 3
0 10° Slg.nal Region -V;;z;jljlejv)ﬂets E
 E.g. dark matter or dark energy & ,pop Prl)>150GeV W o 3
] —Iv) + Jets E
tt + single top .
Non-interacting scalar 10* Diboson j
. [0 Multijet + NCB
dark energy particles, 10° - - mii ) - (600,500 GeV 2
@ - Mmissing energy (02 b amom
e
c% ..................
Recoiling gluon, leading 3§ ittt et e
to single visible jet S O-9F y bawsnater Rt § Datasm atter SReCA T 11 Total Unceriany T

DESY.
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Tail Hunting

DESY

Search for a tail enhancement in the distribution of a variable of interest

Typical examples:

— Resonances beyond reach of the LHC

— Non-resonant production of new particles
Advantages:

— Sensitive to processes that cannot be
identified by bump hunts

Disadvantages:

— Talls of distributions suffer from low statistics
- Often sizeable systematic uncertainties
* E.g. due to missing higher-order calculations

Events / GeV

Data/SM

106 ATLAS * oea 71
10° —E "I{'g =13 TeV, 139. fi! 33221 Standard Model w. unc. E_
£ Top Control Region Wio v) + jots :

10* £ Py(i)>150 GeV VBF W(o V) + jets 4
tf + single top ]

10° £ Diboson E
Z(— ll) + jets ]

800 ——=0m0

J.e,po‘
p“Te°°' [GeV]
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What if new particles are less obvious to spot?

= Bump hunt assumes “signal sitting on top of background”: S + B = |s|* + |b|?
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What if new particles are less obvious to spot?

= Bump hunt assumes “signal sitting on top of background”: S + B = |s|* + |b|?
> Quantum mechanics: two processes with same initial and same final state will interfere!

- |s+Db|l*=|s]°+ 2Re(sb) + |b|?*=S +1+ B - Interference!!
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What if new particles are less obvious to spot?

= Bump hunt assumes “signal sitting on top of background”: S + B = |s|* + |b|?
> Quantum mechanics: two processes with same initial and same final state will interfere!

- |s+Db|l*=|s]°+ 2Re(sb) + |b|?*=S +1+ B - Interference!!

Two possible interference
patterns on top of the
background

Event count

Variable of interest
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Beyond Bump Hunts

> Prominent example: decay of a heavy Higgs boson A/H to a top-antitop quark pair

> Need cutting edge methods - on-going research @ DESY

A/H

g t
S
9 oo |
gooooo— |

DESY

Events / 10 GeV

L LA LA BN
ATLAS Simulation
\s=8TeV, 20.3 fb™

m, = 500 GeV, tanB = 0.68

LEE —~

Parton level; before selection

E o v
300 400

PR IR T T T TR TR T T T TR T T T
500 600 700 800

m. [GeV]
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A final signal region

o 10°E | ~
& = ATLAS ¢ Data2012 3
= - .W‘ﬁ o Ys=8TeV,20.3 fb" SM ti =
= 10°E Ce, Lepton+jets SM Wijets =
% E LIPY ° .AII signal regions - Other SM E
o 10% &= . ° Uncertainty —
102 = o =
10 . . =
E) " | | 1N
) — | .
= - B Need to quantify agreement
- 1= SR W between data and SM prediction
: B i
A/H [ B

O e e e A
oo 400 600 800 1000 1200 1400 1600
t Invariant mass of top pair [GeV]
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Statistical analysis

Two statistical analysis stages in BSM searches:

— Quantify agreement between data and SM prediction (“Any interesting deviation?”)

— Quantify (dis)agreement between data and BSM hypothesis (“/imit setting”)
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Step 1: quantify agreement with SM prediction

= Null hypothesis Ho: SM only, no BSM

= p-value: probability that Ho produces deviation at least as extreme as the one observed

= Simple example: cut-and-count

True value under the null hypothesis

Slgl’_]lfl-Cant and most likely observation
deviation! *
A
+ 5 Significance threshold
= corresponding to a given
E significance level (e.g. 0.05)
E Observed p-value
Expected SM g_ (significance level)
Background 3 _
9 2 very unlikely Oblsenrelzd very unlikely
g_ I observations result (value) observations
. l I
- -
Signal region Event count
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Step 1: quantify agreement with SM prediction

= Null hypothesis Ho: SM only, no BSM
= p-value: probability that Ho produces deviation at least as extreme as the one observed

= Or quote significance instead:

Z=a"'(1-p)

= where @1 is inverse of cumulative Gaussian

20=95% s
o

3a=99.7%

40 =99.994%
50=99.99994%
) T | T T T T T T T T T 1

6 -5 4 3 -2 - H 1 2 3 4 5 6
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Step 2: Quantify agreement with BSM hypothesis H;

= |f excess was found: test agreement with BSM ... and open the champagne ;)

= If no excess was found: test degree to which H; is excluded by data (limit setting)

Signal
prediction

{] IJ:E =L ] LI L l LI l LI l LILIL I LI
0.045 '

0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

-9
Probability

Expected SM
Background

II|III|II1I|I|1|III|II|IF||II1IIII1||I||III|F|I

Signal region 60 80 100 120 140 160 180
Events Observed
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Step 2: Quantify agreement with BSM hypothesis H;

= Usually, setup is more complicated: many bins, many signal regions

= Construct a likelihood function that quantifies data/MC agreement in all bins

DESY.

L(D|pu,0)

M

= HHPOIS nijlu, @) -

N

j=11=1

#

Poisson terms

I r(e®")

h - _—
"

Constraint terms

Further reading:
Lecture by G. Cowan [link]

PDF

0.2}
0.18 -
0.16 -
0.14 -
0.12p
0.1
0.08 -
0.06 -
0.04 -

0.02-

Likelihood

-+
b-like

s+b like
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https://indico.desy.de/event/29561/attachments/65204/80480/cowan_desy21.pdf

Step 2: Quantify agreement with BSM hypothesis H;

= CL(st+b) — probability to falsely reject signal because it is too similar to background

> Confidence level

- Hjexcluded at 95% CL if CL(s+b) < 0.05

0.2-
0.18/-
0.16}-
0.14 -

0.12

PDF

0.02-

-
b-like s+b like
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Step 2: Quantify agreement with BSM hypothesis H;

> Problem:

— Danger to falsely reject H; even if separation between
H.and Ho is poor, i.e. sensitivity to H; is low

= Solution:

-~ CL(s) = CL(s+h)/[1-CL(b)]

0.2-
0.18}-

0.16}-

= Confidence level sl

— Hiexcluded at 95% CL if CL(s) < 0.05

0.12

PDF

0.02-

-
b-like s+b like
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A final result

O

= The famous “Brazilian” plot, showing observed and expected exclusion limits with error bands

Vs =8TeV, 20.3 fb~1, all limits at 95% CL
—— QObs. ==== Exp.+ 10/20 e Signal Samples

L1 IIIl*IIIIIlJ_

A/H = 1.0}
!

500 550 600 650 700 750
ma = my [GeV]
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Where do we stand?

No significant (50) deviation from the SM observed so far.

Results constrain BSM models... 5o CMS Preliminary 35.9 fb' (13 TeV)
el
_ _ S 50F
... and point to uncharted territory! = 40f y
30 /

10—

W » OO
. y

=

\‘\\\‘3‘\4“

1 |
130 200 300 400 1000 2000
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Muon g-2 (1)

Anomalous magnetic moment of the muon in analogy to that of the electron

_ q9 &
=g— 395
H ng

Electroweak

Loop quantum corrections: g#2

Anomalous magnetic moment: a = (g-2)/2

Sensitive to large range of possible quantum corrections, including possible BSM contributions
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Muon g-2 (2)

= Storage ring with polarised muons in magnetic field -~ measure precession frequency
= Measurements at BNL (2004) first revealed tension with SM of 2.60 significance

= Confirmed by new Fermilab measurement (2021) at 4.2c combined significance

— More data is being taken and analysed

Brookhaven __|
result : o
Fermilab -
result
@ : L
Standard Model Experiment
Prediction Average

175 18.0 185 19.0 195 200 205 21.0
9
au><10 -1165900
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Future Collider Plans

= Higgs factories for precision measurements

= BSM searches also possible

{ hh 2= ha :

Schematic of an
80 - 100 km
long tunnel

...-.“‘

’
t
'0
#

-
-
..---"

of.-

International Linear Collider Future Circular Collider

-
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