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What is the vacuum?



Photons do not interact
with the Higgs field

j_.f — massless

I

Artistic view of the Higgs field.
Image credit: beyondsciencetv.com

Electrons interact weakly
with the Higgs field
—small mass




Why do we need a Higgs field?

Standard Model of Elementary Particles
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Why do we need a Higgs field?

Gauge theory:

Standard Model of Elementary Particles— > SU(3)c X SU(2). x U(1)v

three generations of matter

interactions | force carriers
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strong electroweak
force force

Each gauge group
represents a symmetry of
the Standard Model

Noether’
theorem

v

Each symmetry corresponds
to a conserved charge

E.g. colour charge
for the strong force
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Caveat:
Assumes massless
gauge bosons!
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Why do we need a Higgs field?

Gauge theory:
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Caveat:
Assumes massless
gauge bosons!

Massless: g, y

Very massive: W, Z

DESY.

Why do we need a Higgs field?

Gauge theory:
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interactions | force carriers
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strong electroweak
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Each gauge group
represents a symmetry of
the Standard Model

Noether’
theorem
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Each symmetry corresponds
to a conserved charge
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for the strong force
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How can we make gauge bosons massive?

> Example: U(1) theory with field A,

1 1

2
L=~ B 4 m® 4, A"

Kinetic term Mass term

F=0,A, — 0,4,

Invariant under
gauge transformation A (x) = Au(x) — Oun(z)

A, (x) — Ay(z) — Oun(z)
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The (Brout-Englert-) Higgs mechanism: idea

> Add a new scalar field ¢ to the SM: Higgs field Gauge transformation

> Trick: this field has a Mexican hat potential Ay(z) — Au(z) — Oun(z),

* Potential as a whole is symmetric under gauge transformation

$(x) — I g(x).

* Its ground state(s) are not

> Spontaneous symmetry breaking!

symmetric
M,=M,=M,=0

> Dynamically generates W and Z boson masses

Im ()

W.Z nolarisa asymmetric
A-"f--(.-- Re (¢) extra W, Zpolarisation MY= 0

M,, M,
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The (Brout-Englert-) Higgs mechanism: idea

> Add a new scalar field ¢ to the SM: Higgs field

> Trick: this field has a Mexican hat potential Ay(z) — Au(z) — Oun(z),

* Potential as a whole is symmetric under gauge transformation

$(x) — I g(x).

* Its ground state(s) are not

> Spontaneous symmetry breaking!

symmetric
M,=M,=M,=0

> Dynamically generates W and Z boson masses

"!F

electroweak
_phase transition

M You are
=1 here!

Im ()

. asymmetric
" Re(d) extra W, Z polarisation M.=0

M,, M,
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The (Brout-Englert-) Higgs mechanism: Lagrangian

> Extend Lagrangian by Higgs kinetic and potential terms:

O

Invariant under gauge transformation:

Ap(r) — Ap(z) = (),
¢(x) — ().

1
L=~ FuwF" +(Duo) (D"6) = V(9)
Kinetic term Potential term
D, = 0,—ieAy, V() =~ e Mgy

symmetric
M,=M,=M,=0

Im ()

. asymmetric
k_ff..-—"’ Re (¢) extra W, Zpolarisation MY= 0

M,, M,
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The (Brout-Englert-) Higgs mechanism: Lagrangian

> Extend Lagrangian by Higgs kinetic and potential terms:

O

Invariant under gauge transformation:

1

L=—->

4

Fou F* + (D) (D ¢) — V()

Ap(r) — Ap(z) = (),
¢(x) — ().

> Here for simplicity: complex scalar field

(2 degrees of freedom)

¢5+
é_(@

)

> In fact: complex iso-spin doublet
(4 degrees of freedom)

2

D, +idP
D = 1 1 2
D, +iD,

{D+
{Dﬂ

DESY.

symmetric
M,=M,=M,=0

I

electroweak
_phase transition

\ N You are
I here!

Im ()

W. 7 polarisati asymmetric
.~ Re(d) extra W, Zpolarisation M,=0

M,, M,
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Spontaneous symmetry breaking

> Ground state(s) with non-zero vacuum expectation value

> v determined by EW precision measurements

DESY.

1

0= ("

)

Vacuum expectation value

1 =

1
vV2GF

~ 246 GeV.

Katharina Behr

symmetric
M,=M,=M,=0

— Re(®)

extra W, Z polarisation

asymmetric
M,=0
M, M,
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Spontaneous symmetry breaking

> Ground state(s) with non-zero vacuum expectation value

(¢5>:7§

()

Vacuum expectation value

> v determined by EW precision measurements

1 =

1
V2GF

~ 246 GeV.

> *“Distance” of ground-state from zero:

DESY

V(9) = 12 o+A(¢¢)?

A l if'
~ ;
L= i
) :
~ { u=0
> it
+ :
"
u>0
2 -
0
H D]
A .
______ "N:z\
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How does this relate to physical quantities?

> Expand around the EW vacuum (minimum)

1 2 2
s do_ L( 0 V(h) = jmih® + SHh® + (Lt
_ - v v
7=\ g0 vV2\v+h
> Reparameterise in terms of Higgs mass mn and v ‘ ____________ ‘
2 2 : %
_my _ | — ;
A= 202 ’ A "-.‘ g I:'I 5
LoE e
o ,
: . u<0
> Only free parameter of Higgs mechanism: my - <
0
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Gauge boson mass!

> Rewrite original Lagrangian after symmetry breaking and expansion

1

_ v 1

L= _ZF#"F’M + (Do) (DF9) = V(9) One degree of freedom field ¢:
absorbed into this mass term*
Second degree of freedom:
yields the Higgs field

v Mass term!
_1 Nz 1 2 122AA,U, QAAP; 122AAJU.
ﬁ__leNvF +§(5‘#h) + o jevid, + e“vhA, +§eh JAY —V(h)
Gauge bosmvn mass term

}____H v }‘1// :
*For experts: This degree of freedom would show A v ot

up as a massless scalar “Goldstone” boson if we
had not expanded around the minimum.
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The full Higgs Lagrangian

> Expanding around the vacuum expectation value

1 2 1 m; m; 2 N
2M12’V M,% MIQV 2 M% 2
-+ W, WH + —2hZ,Z" + —-h*W, W' + —h*Z,Z"
v v v 202
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The full Higgs Lagrangian

> Three degrees of freedom “eaten” by boson fields during EWSB - W and Z masses

H\ H\ ’ H
o s P,

~ % -
\ H N 7
P hod
s 4N

Higgs potential | u~ e “H _. Tomorrow’s lecture!

1 2 2 1

2 2v Sv?
My M My M
4 EOW e we gz, ze o W 2wt wes  Zp2g g
v H v v2 H 22
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The full Higgs Lagrangian

> Three degrees of freedom “eaten” by boson fields during EWSB - W and Z masses

1
M, = 1921;2.

W mass term

1 2 2 1
Lriges = 7 (9uh)’ L2 s Mhps o Mgy My, W, W+ M3 2,2

2 2v Rv?
oME . M My oo Mz,
4 EOW e we gz, ze o W 2wt wes  Zp2g g
v H v v2 H 22
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The full Higgs Lagrangian

> Three degrees of freedom “eaten” by boson fields during EWSB - W and Z masses

1
My =5(g" + g%’

Z mass term

2

1

2 P 8u?
2Mﬁ,r oon M3 My oo Mz,
+ hW WH™ + —=hZ, P+ ——h*W ™ WH 4+ —Z2h ZMZ“’
v v v2 H 22
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The full Higgs Lagrangian

> Three degrees of freedom “eaten” by boson fields during EWSB - W and Z masses

2

LHiggs = (a R)? - Lpm2pz . Mhps Mh g M2, WIWH + MZZ A

2 2v 8v?
oME . M My oo Mz,
+ hW WH™ + —=hZ, P+ ——h*W ™ WH 4+ —Z2h ZMZ“’
v v v2 H 22

N/

Single Higgs to boson couplings
—~ more on this later! :\‘L\Hrr____ H
V\-"
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The full Higgs Lagrangian

> Three degrees of freedom “eaten” by boson fields during EWSB - W and Z masses

2

LHiggs = (a R)? - Lpm2pz . Mhps Mh g M2, WIWH + MZZ A

2 2v 8v?
oMy, o, Mj My orivou- . Mz,
- W Wt + —=hz, 2"+ ——h"W W + S h"Z, 2"
v v v2 H 202
\A H

v"} v — Tomorrow’s lecture!
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What about Fermion masses?

> Ad-hoc assumption: Yukawa-coupling of the Higgs field to fermions

‘CYukawa = — Yy ("EL ¢¢R + '(ER qf"i- ¢L)

November 2018
1 I LI

gj III| I LR I T rrern 1 IIIIII|
2 1| CLICdp —
T | (s=350GeV+1.4TeV+3TeV 5 /f -
: > | modelindependent H
> Rewrite after EWSB: £ I w
_ mf _ 310_1 =3 =
L:Yukawa — _mf'ﬁb";b — —¢¢h -
v I b
102 | T -
- c
| | . | | : _ Ysv
> Fermion coupling y: to Higgs field proportional to fermion mass 00 L my = NoA B
S
’ | I|I| 1 II| |
107 1 10 102

particle mass [GeV]

Note: y-axis different for
different particle types
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Photons do not interact
with the Higgs field

j_.f — massless

I

Artistic view of the Higgs field.
Image credit: beyondsciencetv.com

Electrons interact weakly
with the Higgs field
—small mass




Probing the vacuum with the world’s largest microscope

> LHC - the only place in the world capable of producing Higgs bosons.

> ATLAS, CMS - two general-purpose detectors capable of capturing Higgs-boson decay products

ZsuisSE_ _ -

=S RANCE o
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A closer look at the ATLAS detector

Muon
Spectrometer

The dashed tracks
are invisible to

Electromagnetic
Calorimeter .
{Phaton
*

Solenoid magne A

Radiation
Tracking Tracker

hitp://atlas.ch
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The discovery of a Higgs boson in 2012

Higgs boson not stable - decays at the beam interaction point into stable particles

Two “golden” Higgs boson decay channels:

* h - yy
e h . ZZ* _ 4

CMS Experiment at the LHC, CERN
4 Data recorded: 2016-Oct-09 17:03:21.065792 GMT - 4.
N e T EXPERIMENT

Run / Event / LS: 282734 / 310970836/ 153
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The discovery of a Higgs boson in 2012

Higgs boson not stable - decays at the beam interaction point into stable particles

Two “golden” Higgs boson decay channels:

DESY

Events / 1.5 GeV

S/(S+B) Weighted

h - yy
h o ZZ* _ 4

1000

o)
o
o

o

CMS (s=7TeV,L=51f {s=8TeV,L=53fb"

Observation in yy channel

1500 [y

¢ Data

—— S+B Fit

------ B Fit Component

[ 1+16
I +26

-

110

120

130 140 150
m,, (GeV)
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Events/5 GeV

N
(9)]

N
o

—
%)

—
o

Observation in 4l channel

l T
e Data

= - Background zZ'”

- B Background Z+jets, tt
- |:’ Signal (mH=125 GeV)

[ 7/ Syst.Unc.
Vs =7TeV:/Ldt = 4.8 fb"

150

(/s =8 TeV:[Ldt = 5.8 fb"

T | T
ATLA

H—ozZ" 4

200

250
my [GeV]
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The discovery of a Higgs boson in 2012

AL

5 3 99
AN MDCCC
AT/
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The Standard Model of Particle Physics in 2025

Standard Model of Elementary Particles

three generations of matter interactions [ force carriers
(fermions) (bosons)
| Il ]
ﬁ
mass =22 MeVicz || =128Gewicz | =1731Gevicz | [0 =124.97 GeVic2
charge % B Er) 0 0
OO (|® | ®| @
l up l charm l top gluon higgs
y J rF J
ﬁ
) [=aTMevic || =95MeVicz Y i=awmeevie | [o
SOol-s -3 -3 0
0 [fe o |
<L
8»' L down l strange l bottom photon
r J g\ J
ﬁ
=051 MeVicz | [ =10566MeVicz2 | [=17768Gevicz | [[=91.19 Gevic "
1 a1 1 0
- @ |0 (@ || @ |3
@)
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y ) y b y O
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e (e | ® | ® |8
o ~
L l e'ec:'f"“ l m‘iﬂ.‘" l u:"! Whboson | 5
1 neutrino || neutrino || neutrino | | J O=
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SM predictions for the Higgs boson

> Higgs mass: Higgs is massive and its mass my a free parameter of the SM.
> Higgs CP properties: a scalar (CP-even) state
> Higgs coupling: the higher the mass, the stronger the coupling

* fermion coupling ~ fermion mass
* boson coupling ~ (boson mass)?
> Higgs production and decay modes:

* Fully determined by above properties

* Closure tests: check if measured values agree with predictions
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We want to scrutinise this new puzzle piece!

Standard Model of Elementary Particles

three generations of matter interactions [ force carriers
(fermions) (bosons)
I I Il
ﬁ
mass | =2.2 MeVic? ) =128 GeW/c2 _— =1731 Ge‘-.-".fcz—.‘ 0 =124.97 GeVic?
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ﬁ
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< N
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Why is this interesting?
We know the SM is not a complete theory!

= N
; > \\\Q\Q b i f matt I
Z ree generations of matter ions I fo
= 7% ll\\\\\\\\ N & 9 (fermions) (bosons)

I I 1]
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TR
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charge |7 # = o o
< on % (U » (G v 1 y o H
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@ |- ® |- @ . @
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o (72}
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Many open questions remain after the Higgs discovery

> Hierarchy problem: small observed Higgs mass not compatible with “SM-only” scenario

* Scalar field not protected from loop corrections at higher scales
* Should drive Higgs mass up to Planck scale

> Dark matter: makes up 85% of matter in the universe Dark Matter

* Particle nature unknown

Dark Energy

> Matter-antimatter asymmetry: where is all the antimatter?

* Equal amounts of matter and antimatter should have been created at the Big Bang

More in BSM lectures!
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Is the Higgs boson just the last missing piece in the SM...

Standard Model of Elementary Particles

three generations of matter interactions [ force carriers
(fermions) (bosons)
| Il ]
mass | =22 MeVic2 =1.28 GeVic2 =173.1 GeVic? o h
charge @ % B Er) 0
spin v a v 3 v 3 1
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r 7 7N\ J
ﬁ
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QO [FO ||
<L
- L down lstrange l bottom photon
o v J 7\ y
ﬁ
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DESY.

... OF Can

It point us toward phenomena beyond the SM?

Standard Model of Elementary Particles

three generations of matter interactions [ force carriers

(fermions) (bosons)
| " 2§
mass | =2.2 MeVic? =128 GeW/c2 =173.1 GeVic? 0 h =124.97 GeVic?
charge @ % B Er) 0 0
spin | ¥ y ¥ 9 ¥ y 1 ‘ H DM
up charm top gluon higgs
\ J\ I\ \ J
—
=47 Mevic? =046 MeVic® =418 GeVic? 0 0 0
— | —A 0
¥ g ¥ 3 ¥ y 1
down strange bottom photon
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L : . : Wboson | =3
1 | neutrino /[ neutrino /| neutrino L ) O=
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Let’s test if the new particle agrees with the SM predictions!

> Higgs mass: Higgs is massive and its mass my a free parameter of the SM.
> Higgs CP properties: a scalar (CP-even) state
> Higgs coupling: the higher the mass, the stronger the coupling

* fermion coupling ~ fermion mass
* boson coupling ~ (boson mass)?
> Higgs production and decay modes:

* Fully determined by above properties

* Closure tests: check if measured values agree with predictions
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Characterising the Higgs boson

> Discovery based on only a fraction of LHC Run-1 data: ~10 fb* of data at Vs = 7 TeV and 8 TeV
> Much more data taken since then

> Tremendous progress in our understanding of the first fundamental spin-0 particle observed in nature

Observation in 4l channel Higgs discovery Today
% [ I. lDaltal T T | T T T IA7|-LA\SI T T |
= — 200 S S
I . i - NN NN
,_;0)25— I Background 2z Ho 77l =, 1801~ Run Run 2 s\\\ \ Run 3 *
:2 E - Background Z+jets= it _> - "{%h i i§= 7-8 Vs =13 TeV R \ \\ Vs = 13.6 TeV
L% 20 [] Signal (m =125 GeV) B _g = X \\
" 7// Syst.Unc. % 140:— L ong
15[/s = 7 TeV: [Ldt = 4.8 fb” ] 3 C
- ] C 100
(s =8TeV:JLdt=5.81b" g -
B £ 80—
101 = F
60—
5F =y
- 20— /V/
0_ 0:_/']”' I | \ | I 1 1 1 1 1 1
100 150 200 250 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

my [GeV]
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From discovery to characterisation

Run 1

Run 2

DESY
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Characterising the Higgs boson

> Comprehensive summary of Higgs property measurements published in Nature in 2022 (Higgs@10)

> Even more progress made since, e.g. on mass precision

—
an
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Let’s test if the new particle agrees with the SM predictions!

> Higgs mass: Higgs is massive and its mass my a free parameter of the SM.
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Measuring the Higgs boson mass

Golden decay modes h—yyand h — ZZ* -, 4f most suitable

Excellent mass resolution - clear mass peak above a continuum background

Example: h- yy

1/N dN/dm,., / 0.5 GeV

DEox

* Require precise measurement of photon energy and direction in electromagnetic calorimeters

* Functional fit to data: double-sided Chrystal Ball + second-order polynomial

* Separately for photons in barrel and endcap region<
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Measuring the Higgs boson mass

Golden decay modes h—yyand h — ZZ* -, 4f most suitable

Excellent mass resolution - clear mass peak above a continuum background

Statistical combination of both channels (Run 1 + Run 2)

ATLAS Run-2 combination:
my = 125.11 + 0.09 (stat.) £ 0.06 (syst.) GeV
= 125.11 £ 0.11 GeV

< 1 permille accuracy!

DESY

Katharina Behr

Phys. Rev. Lett. 131 (2023) 251802

ettt
ATLAS e Total Stat. only | Combination

Run 1: /s = 7-8 TeV, 25 fb~2, Run 2: \/s = 13 TeV, 140 fb"

Total (Stat. only)
Run1H — vy : ® | 126.02 + 0.51 (+ 0.43) GeV
Run1 H — 4 I i 124.51 + 0.52 (+ 0.52) GeV
Run2 H — ~y e 125,17 + 0.14 (+ 0.11) GeV
Run2 H — 4¢ |—o—|| 124.99 + 0.19 (+ 0.18) GeV
Run 142 H — vy e 125.22 + 0.14 (£ 0.11) GeV
Run1+2 H —» 4/ —e— 124.94 + 0.18 (+ 0.17) GeV
Run 1 Combined e 125.38 + 0.41 (+ 0.37) GeV
Run 2 Combined I-OI-I 125.10 + 0.11 (+ 0.09) GeV
Run 1+2 Combined I-l-l 125.11 £ 0.11 (+ 0.09) GeV
T Lo | . T T I
123 124 125 126 127 128
my [GGV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802

Cosmological implications of the Higgs boson mass

> Higgs mass at a remarkable value:

> SM vacuum close to border between stable and metastable at high energies given measured myp

s h
_______ ;l
h N
\h
Higgs N
potential
Slr _~"Stable
vacuum S
.\ Metastable
| 'H.iggs \
field

DESY

Katharina Behr

180

Running trilinear coupling at high energies with large contributions from top loops
Negative self-couplings possible at large energies - metastability!

175~

Instabili?_y__,.. o

Absolute stability

130
m,, (GeV)

l
135

140
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Cosmological implications of the Higgs boson mass

> BSM physics to stabilise vacuum during inflation?

> Non-minimal coupling of Higgs with gravity?
Possibly detectable impact primordial gravitational wave spectrum

180
Instability
// X
Higgs _ 1754
potential >
)
&
Our Stable 170108
vacuum
Metastable NN i
Absolute stability
Higgs \/ 165 : : ;
field 120 125 130 135 140
m,, (GeV)
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Implication of the Higgs boson mass for production and decay

-
o
T~

Vs= 13 TeV

> Production rates fixed for a given value of my

-t
o
w

> Dominant production mode: gluon fusion

LHC HIGGS XS WG 2016

o(pp — H+X) [pb]
)

—

| IIIIIII‘ | \IIIII.I.| I IIIHII| | IIHIII| ] IHIIII‘
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o

1 L 1 1 1 | II| | L | 1 1
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t/b
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Implication of the Higgs boson mass for production and decay

O
. . o\'? 1 :—I T T | T I T ‘ I I T I WW I I—E §
> Decay rates fixed for a given value of m, = B EE
8 T 4%
. ; © - -8
> Assuming SM Yukawa couplings S, il 99 g
. i z 3
> Dominant decay mode: h - bb Q[ — B
o + L _
H—puu| H—Zy H—vyy %10-2__ -
0.02%| 0.15% 0.23% (H= 41, 0.0125%) 0 - -
H—ZZ%2.6% S Zy f
H—cc,2.9% . - —
H— 1T, 6.3% 10-3 <
up : =
10-4 TR Y AN \\\ [ R | L
80 100 120 140 160 180 200
M, [GeV]
Wiz b/c T/u
w
H ====-- H == w H ====-- H =-----
w
w/z b/c T/u
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Let’s test if the new particle agrees with the SM predictions!

> Higgs CP properties: a scalar (CP-even) state
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Higgs boson spin

Spin 1 excluded by the fact that Higgs decays into photons

* Landau-Yang theorem:

— Spin-1 particle (J; = 0, £1) cannot decay into two identical massless spin-1 particles (J, = £1)
— Direct consequence of angular momentum conservation and Bose symmetry
Spin 2 excluded for a number of different tensor structures (~ 99.9%)

Spin O as predicted for the SM Higgs 19.7 6™ (8 TeV) + 5.1 fb™" (7 TeV)
=3 -
45 CMS 4~ Observed
3.5 - Post-fit expected:
3:_ — SM H—:w
= 99 =2, 1Y
Y Y o556 qq = 2y, = VY
- H N 2;_ : ..................... |
-+ - 157-1‘ ......r':_::.[.::.'.f T
l- 0.5~ i
oF

C | | | 1 I I | | |
0 01 02 03 04 05 06 07 08 09 1
|cos(6™)|
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Higgs CP properties

> Measure CP properties of Higgs couplings to different SM particles

> Separately for bosons and fermions

lbosons

q

DESY

fermions

T/U

T/

Katharina Behr
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Example: CP properties of decay to 1 leptons

ldea: Higgs CP state determines correlations between t-lepton spins o/
Spin information about 1 leptons from angle between t leptons fmmm=s <
and visible decay product (e.g. %) o/

Angle ¢ sensitive to Higgs CP state

CMS Simulation 13 TeV
:' B 1T T T | 1T T T | 1T T T T T T | 1T T T | 1T T T ]
< | == CP even ==== CP odd i
L =uen CP mi S 4 |
Angle between 1 017 "‘2 . ]
L o 1
decay planes .. A=
0.08— * K =
0.06/—¢ —
0.04—
0.021 N\
G v A i ] p; >33 GeV 7
B | I | | | I | | | I | | 1 1 L1 | | I | | | I | i
0 60 120 180 240 300 360
degrees
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Example: CP properties of decay to 1 leptons

ldea: Higgs CP state determines correlations between t-lepton spins

Spin information about 1 leptons from angle between T leptons

and visible decay product (e.g. %)

Angle ¢ sensitive to Higgs CP state

Angle between t
decay planes

DESY

CMS 137 o' (13 TeV)
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Higgs CP properties

Separately for bosons and fermions

Measure CP properties of Higgs couplings to different SM particles

lbosons

DESY

Results:

fermions

T/

T/U

* Pure CP odd Higgs coupling to bosons excluded at > 99.9% (ATLAS, CMS)

* Pure CP even Higgs coupling to fermions excluded with > 3 sigma

* Admixtures (CP even and CP odd couplings) still possible

Katharina Behr
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Let’s test if the new particle agrees with the SM predictions!

> Higgs production and decay modes:

* Fully determined by above properties

* Closure tests: check if measured values agree with predictions

=N
b
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Higgs boson production measurements

g w/z t/b b
----- H
g H tb 9
102E E
> Each has a particular final state in addition to the Higgs decay - .
* VBF: 2 forward jets g 10 5
c = = = =
* VH: 2 leptons from vector boson 2 [ :
? 100 s —
* ttH: two top quarks @ 1 E —— T, =
_ _ _ _ o o - “¢ Data (total uncertainty) T 3
> Consider different possible Higgs decays to enhance sensitivity © [ [ Systematic uncertainty N
10_1'5_ B8 SM prediction —
- I | -
g 1.5 ' !
2 1.0 i Z
‘.g -
C 05 ] ]
agF + bbH VBF WH ZH ttH tH

Production process
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Let’s test if the new particle agrees with the SM predictions!

> Higgs production and decay modes:

* Fully determined by above properties

* Closure tests: check if measured values agree with predictions

=N
b
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Higgs boson decay measurements

O
/4 b/c T/u
/ W 4
H ==eee- H == w H -- H =eeee- H ===e==
W/z i yIZ blc t/u
v 7
v H—uu| H—Zy H—yy
0.02% (H~4l,0.0125%) > Discover each decay mode with >50
H—ZZ*2.6% ¢
H— cc, 2.9% * Can make use of all production modes

Ho1,63% v . .
> Measure as precisely as possible and

compare with SM predictions

(Standard Model predictions for a
Higgs boson with mass 125 GeV)
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Higgs boson decay measurements

O
b/c T/u
w/z W Y 4
H e==ce= H == w H == t/b/r H ==eee= H ==eee=

w/z i vIZ A b/c T/u

(H~4l,0.0125%) > Discover each decay mode with >50

H—Z7Z*2.6%
H— cc, 2.9% * Can make use of all production modes

Ho1,63% v . .
> Measure as precisely as possible and

compare with SM predictions

v 4 ~
Quiz question:
v Which of the observed decay modes
(green tick marks) was discovered last?
(Standard Model predictions for a k )

Higgs boson with mass 125 GeV)
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Higgs boson decay measurements

O
Ww/z Y Y b/c T/u
w
w
w/z vIZ vIZ blc /u
1005 E|
= E
: — i
c 1 0 -
(H- 41, 0.0125%) S = —=— :
H—Z72*2.6% g —e— .
H—cc,2.9% 2 1072 -
o, V S = =
H— 11,6.3% E - % :
m —
10°E~ 3 Data (total uncertainty) =
v - [ | Systematic uncertainty E
- B SM prediction %‘
> 12f 13
v 2 10 -2
o i
5 0.8 1
v

(Standard Model predictions for a
Higgs boson with mass 125 GeV)
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Example: discovery of h - bb (2018)

> Latest decay mode to fermions to be discovered, despite largest branching ratio q wiz

* Important because it probes couplings to third generation down-type fermion
> Challenge: hadronic final state at LHC - large background from QCD multijet production

> Target Zh, Wh production with leptonically decaying boson to suppress QCD background

> Background still challengingly large - extensive use of ML (deep neural nets)
413" (13 TeV)

77207 (13 TeV)

0 9 i
(0] (0] 9 —
2 | g= 10° ¢ ¢ Data Il WHbb
= CMS ¢ Data B S 10tk CMS B ZHOb  [CJVV+HF
° i B vH.Hobb - Supplementary pmwib  EmWab
Qo - = - 1-epton (1) B W+udscg []Z+bb
= 1000 - |:| N&2500 108 | [1Z+b I Z+udscg
D @ S+B uncertainty I Bt B VV+LF
E - C [ Single top % S+B uncertainty
m 1 04 L — VH,H—bb
+ L
@
% I

500 -

AR S A R O S S AN T S T EN ST ST SR E S '
60 80 100 120 140 160
DESY m(jj) [GeV] Katharina Behr
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Higgs boson decay summary

First Second Third
generation generation generation
F F
Mass | =22 MeVc?2 ~1.27 GeV ¢ 2 =173 GeV c?
Up Charm Top
~4.7 MeV c2 ~93 MeV ¢2 =~4.18 GeV 2
Down Strange Bottom
~0.511 MeV c2 | | =105.7 MeV c2 | | =1.777 GeV c2
Electron Muon Tau

No evidence yet

No clear route
to conclusively
establishing
Standard Model
couplings

First evidence

To be conclusively
established at the LHC
within 5-10 years

No evidence yet

Probably needs
future colliders

~125 GeV ¢

9

Higgs
boson

Established

=91.2 GeV ¢

O

Z boson

~80.4 GeV c?

O

W boson

O Quarks @ Leptons o Vector bosons

1
el
£ -1
*@8 10
o8
w0
g_g 102
%I
(@]
(@]
103
104
5 14
8
s 12
oD
gg 1.0
8
® 08
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> Good agreement with the SM prediction... within current precision

| ATLAS Run 2

Standard Model
prediction

Leptons

< I

Vector bosons

Quarks

L«
4] s [N
Higgs boson

I]II

H

1 1 llll]]l 1

¥

1 Illllll

1

10’

Particle mass (GeV)

102
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Invisible decays of the Higgs boson

Higgs boson does not couple directly to neutrinos in the SM

Quiz question:

Can you think of another possibility how
the Higgs boson can decay invisibly

in the SM?
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Invisible decays of the Higgs boson

Higgs boson does not couple directly to neutrinos in the SM
Invisible decays in the SM: h- ZZ* - 4v
Tiny branching ratio: BR(h-inv) = 0.1%

DESY Katharina Behr
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Invisible decays of the Higgs boson

Higgs boson does not couple directly to neutrinos in the SM

Invisible decays in the SM: h- ZZ* - 4v

Tiny branching ratio: BR(h-inv) = 0.1%

Could be significantly increased if the Higgs boson is a portal to DM - direct decays to DM!

SM Higgs boson
——
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Production modes in h - inv searches

Top-quark associated (tth)

VBF + photon Gluon fusion
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Production modes in h - inv searches

Vector-boson fusion (VBF) | Quiz question: Top-quark associated (tth)

Which production mode do you expect
to be most sensitive to h - inv decays?

VBF + photon Gluon fusion

DESY Katharina Behr
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Vector-boson fusion production of h - inv

DESY

Vector-boson fusion (VBF)

ATLAS

EXPERIMENT

Run: 79984
Event: 837776402
2015-09-21 20:21:50 CEST

mjj=2.5TeV
AI’]J'J' =4.0
Al;bjj =1.6

Katharina Behr

Jet 1: p; = 408 GeV

Jet 2: p; =301 GeV

l,'lll y

l,' .ll
1
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Statistical combination of h — Inv searches

Phys. Lett. B 842 (2023) 137963

> Combine results from different production modes for optimal sensitivity

> Additionally: results on at Vs = 7 and 8 TeV data included in previous Run-1 combination

DESY.

95% CL upper limiton B, ;,

= I | I I =
0.9 ATLAS — Observed
08E Vs=7TeV,47f6' ..., Expected 3
PE Vs =8 TeV, 20.3 ' RERS =
0.7 = Vs =13 TeV, 139 fb' [ ]+26 =
0.6 =
0.5 E
0.4 E
0.3 = . _;
025 E
0.1 b ==

0 m | | | | | | |

& &\ © N g o o o
\xé‘ ¢x B S Qxé(\‘ o S
@ X R \}\ & N N o
QQ’ ?‘\) Q\\) Q\\)(\

Katharina Behr

BR(h - inv) < 0.107 (0.077+0:030
at 95% CL

—0.022)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/

Statistical combination of h —. inv searches Phys. Lett. B 842 (2023) 137963

Interpretation in different Higgs Portal WIMP models (Scalar, Majorana, Vector)

Complementary constraints to direct detection results for WIMP masses < 0.5 Higgs mass

N|_| T T TTTITT T T T T T TTT T T T TT IIII H
1 B,_,, <0.093
5 - ATLAS 3 SHon
= = .3 Alllimits at 90% CL
S 1073 | \\\ \s= 7TeV, 47f" o
° - \\ s= 8TeV, 20.3fb" J Higgs Portal WIMP:
I — D \s=13TeV, 139fb" o == Scalar
S 104E N =
bg Ermim e, \\ — Majorana
e L P o — —]
:_ -'-5“\~ - ' _: VECtOFEFT
-45 - e TSl e
10 o . = Vectoryy model, o= 0.2
- ¥ —‘ rrrrrrr —
- ' 1 Other experiments:
1074 :_ ‘ ) - — - Xenon1T-Mig
- r coherent elastic neutrino-nucleus scatter mé__ o DS50-MigNQ
- 7 — — DS50-MigQF
10—53 . m, = 100 GeV - - - = PandaX-4T
1 I III 11 IIII __ T LUX_ZEPLIN
107 1 10 102 10°
My [GEV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/

Higgs Part 1: Summary

Discovery of a Higgs boson by the ATLAS and CMS collaborations at the LHC in 2012

Significant progress in characterising the new particle:

* Mass measured to be ~125 GeV with < 1 permille precision
* Measured Higgs boson properties, like spin, cross sections and decay branching ratios
* So far, all results consistent with SM predictions within current precision

Key missing piece of information: full shape of the Higgs potential

* Next lecture!
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Vector-boson fusion production of h - inv

> Main background from Z(vv)+jets production
> Further background from W(lv)+jets production where lepton was not correctly identified

> Both processes poorly modelled in simulation - data-driven estimate

g 7000? AITLASI | | ;-"ost-lflt -®-Data \\’Uncertainty—f
- Vs=13TeV,139fb" Bkg-only MStong W [WEWW ]
g 6000F sR g-ony I Strong Z EWZz
= 50005 I Other Multijet .
Strong Z % E "'H(Binv =0.19) ]
o 4000¢
>
L 3000
2000
1000f
q - -+
U 1oL I I I '.'D;:lta/BkgI QllJncertainlty —IPre-/Polst-fit ]
7 o) e l:-_Si_gn_e:ling = = 1+Multijet/Bkg
"ES' E I IS - .
EW 7 = 1&\\\&\&\&\\\
v 08-_||||:||||_
q 0O 02 04 06 08 1 12 14 16 1.8 2
AP
)
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Vector-boson fusion production of h - inv

> Combined fit to various signal-enriched regions and regions enriched in Z+jets and W+jets

> Use Z(I)+jets events to estimate Z(vv)+jets background (same production mode, same kinematics)

> Problem: low statistical power of
Z(I) CR

> Trick: use W(lv) CR in addition

> Requires accurate estimate of ratio
of + jets and + jets cross sections

Events / Bin

> Provided by dedicated calculation at
NLO-QCD + NLO-EW precision
derived in the phase of the search

> Fruitful theory-experiment cooperation!

Ratio

DESY.

10 ATLAS Post background-only fit 3
{s=13TeV, 139 fb" 1 -*-Data
VBF B, search . J 223 Uncertainty
10° k& : * —{ Il Strong W
'L '. : o l; EW W
'.., ' ' ._ 1 B Strong Z
102 5 ] EW Z

05k

o g

ioe ' o . TheA & mm Other
_'s P : E_#.: 2 I e-fakes
I E L] E “ '_: ¥ '-.' I u-fakes
o L] ¢ _ "' 3 Multijet
= — ; l 1---H(B,, =0.15)
E
S L . 4
T
Ww,, CR w,,CR Z,CR SR
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Vector-boson fusion production of h - inv

O
> BR(h-inv) <14.5% observed (10.3% ****_, ., expected) at 95% CL
_E 104 L L e e e | _
m ATLAS Post background-only fit
> {s=13TeV, 139 b { --Data
= VBF B, search J 233 Uncertainty
CJ>J 10° & —{ Il Strong W
Ll 1 EW W
. 1 B Strong Z
] EW Z
10° - -
5 ‘l I Other
; = [ e-fakes
: -] -fak
0 . o u a"es
- E Multijet
; 1---H(B,, =0.15)
1.5 4
o I 5
"(E' 1 Ta ) i - __1 S L
i - M
0.5 [ 7@ Data/Postfit | o Uncertainty, | == & xR =
W,, CR w,, CR Z,CR SR
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The LHC today

> LHC Page 1: https://op-webtools.web.cern.ch/vistar/vistars.php

> Collisions at new record energy of 13.6 TeV started on 5" July!
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Matter-antimatter imbalance

Equal amounts of matter and antimatter created in the Big Bang (B=0)
Observable universe completely dominated by matter (B>0)

What caused this imbalance?

Sakharov conditions —
* Possible in the SM and BSM models
1. Baryon number violating processes * E.g. supersymmetry
L * Not observed yet
2. C and CP violation * Proton decay would be the smoking gun

3. Processes out of thermal equilibrium
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Matter-antimatter imbalance

> Equal amounts of matter and antimatter created in the Big Bang (B=0)
> Observable universe completely dominated by matter (B>0)

> What caused this imbalance?

> Sakharov conditions

1. Baryon number violating processes

2. C and CP violation

Conditions met in SM e.g. during EWSB

3. Processes out of thermal equilibrium
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The strong CP problem (1)

DESY

QCD can in principle violate CP (assuming all quarks are massive)

Example of a Yang-Mills theory with a single massive quark

gﬂ

3272

= L1

F,F" H J)(iﬂ}«“Dﬁ, —me®? s ).

1
ﬁ — —ZFHHF”H +9

Potentially CP violating, unless 6 = - 6’
- fine-tuning!

Strong CP violation in SM QCD (6 massive quarks) via equivalent phase 6*
Would imply non-zero neutron electric dipole moment: dy= (5.2 10*e cm) 6*

Measurements constrain dipole moment to |[dnv| < 102 e cm - 6* < 10*° - fine-tuning!

Katharina Behr
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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 82



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
Advantage: suited for low-stat regions, model agnostic deviation!

¢

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



Experimental analysis step by step

A/H ,
> Pick and study a signal of interest
t
> Select subset of events enriched in signal (signal region) O O T
— il
> Estimate backgrounds and systematic uncertainties Tl; g
400 600 800 1000 1200 n;éel‘(:)oo[eevioo
> Test agreement between SM prediction and data VE= 66N, 20 571, all s a1 95% CL
—— Obs. ==== Exp.+ 1o/20 e Signal Samples
2.0 :
1.5
pa 1.03
0.5

1 1
500 550 600 650 700 750
ma = My [GeV]
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How to search for BSM signals?

proton - (anti)proton cross sections

> lIsolate small signal from huge dataset 10" ey 10

10° 6, —— 410

7 ' : : HE 7

10 Tevatron LHC . 110

10° ' S R
10° 10° 7
o, o
10° 10° &
P (&
MM 10° _ 10° 8
o, (E." > Vs/20) e
: 1 10°

o

5 10' Oy 101 j
/ 0 Gz 0 "9
© 10k (E>100Gev) o
. 10" : 10 @
Signal Background . 5 "
(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°

, F wisz012 : . : '
Lo e SR S I (1
0.1 1 10
Vs (TeV)
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How to search for BSM signals?

proton - (anti)proton cross sections

> Isolate small signal from huge dataset 10 ey 0
10 Oy 5 5 —‘— 10
10° ' LHe HE 40
Teva?tron .LHC: LHC
10° : 10°
10° 10° 7,
. o, \ ol
10 10 g
10° . 10° 20
o _(E.” >+s/20) —
e e 10° ),
£
5 10' Oy 10' :]
o 10° o 0w s
jet
o et(ETl > 100 GeV) 8
10" 10 @
. 10° 102 2
Signal Backgrounds . S
(several needles) (several different types of haystacks) 10° : 10° q>)
(will all be blended together into a big mess) 0.' .
10™ 0,44(M,=125 GeV) // b : 10*
T.G. McCarthy 10° | Cun(M,=125GeV) © ST T
10° i A 10°
WJs2012 I :
107 bl — vl el 07
0.1 1 10
Vs (TeV)
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Select signal-like events

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

> Signal-enriched region (signal region)

[ [ [

[ [ [

[ [ [

[ [ [

[ [ [

[ [ [

[ [ [
Trigger selection Coarse pre- Tight signal region
(online) selection (offline) selection (offline)
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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

DESY. Katharina Behr Page 91



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
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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)

\

Entries

T.G. McCarthy

DESY.

e GULYAE e

Additional cuts based on differences in kinematic distributions

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

wvr
0
-
= T __
LE Cut Ev-er-rsE eip Events
l Signal
3 \ \ 4 Background
\.\

T.G. McCarthy

=
-
o =1
i
i
i
i
A
W
=
4
by
W
!
=
B
=
\
% i
i iy
W i x
il \
i i i
by ¥y i
Wt = by
il ik by
i = kil
W Iy by |
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?)

1
D
—
3
QO
n
)]

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

— 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

— Exploit correlations

12 . .
B Signal
10F =7 Background|.
8t
7
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)z1l 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

et t
g
ylZ
e g
thar
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Simulation step by step

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

bbar

DESY.

hard scattering
(QED) initial/final

state radiation

partonic decays, e.g.
t — bW

parton shower
evolution

nonperturbative

gluon splitting
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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

S 4

EANT4

A SIMULA]

- Geant4, Delphes, ...
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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) + Ex™ss + bbar

> Must be carefully designed to EMisS [GeV]
— 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 - - Systematlp and statistical
1f_ uncertainties

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

Invariant mass of top pair [G€V] _ _
<——— 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 —
= — ]
~ 10% = % o Lepton+jets SM Wijets =
% E LIPY ° .AII signal regions I Other SM E
L|>J 103 =— . Py Uncertainty —
102 = o =
10 . L, =
2 i T | 1™
g N i - What type of deviation are we
= ¢ looking for?
£ B B
A/H N B R SR R DR 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 c Potential new signal
=
_ _ ) o
Cut-and-count method g Expected SM
- Bump hunt Z Background
w
— 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

A
Events from
¢ resonant production
d =
=
Z’ 9
“““ e Expected SM
g Background
[
q t
| >
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 tail enhancement in the distribution of a variable of interest
> Typical examples:

Resonances beyond reach of the LHC

Reso

-~

Event count

DESY

\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
! \
\
\
\
\
\
\
\
\
\
\
\
\
\

—»
tt invariant mass

mp;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 > [ aras | o e ]
] ] 8 L Vs =13 TeV, 139 b }%%%Standardl\/!odelw. unc. E
— Non-resonant production of new particles o 10°E Signal Region Wl 4
5 p,(i) > 150 GeV Wi )+ ot :
o 105 TV P W= v) +]
* E.g. dark matter or dark energy T VW) 1
Non-interacting scalar 10* - j
dark energy particles, 10° R M T
@ - missing eneroy S
T e
c% ..................
Recoiling gluon, leading 3 ettt ot
to single visible jet S 00y bismaner crit ¥ Datwam ater ShicAT I Toml Uneeriamy 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

10°F ATLAS 3
= -1 3
105k Is = 13 TeV, 139 fo S22 Standard Model w. unc. 4
- Top Control Region W(s Iv) + jets E

10¢ & P.(i) > 150 GeV VBF W( ) + jets 3
. tt + single top ]
10" Diboson E
102 'E Z(— ) + jets 4
10 = E
1k E

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|?

DESY. Katharina Behr Page 122



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+Dbl?=]|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 + bl]>=]s|°+ 2 Re(sb) + [b|?=S +1+ B - Interference!!

Two possible interference
patterns on top of the
background

Event count

Variable of interest

DESY. Katharina Behr Page 124



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 DL LA LN BN BN

ATLAS Simulation ]
\s=8TeV, 20.3 fb™ E
Parton level; before selection
m, = 500 GeV, tanf = 0.68

E o v
300 400

PR R T T T T T T N S S T
500 600 700 800
m. [GeV]
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A final signal region

= 5 |
(053 10 é_ ATLAS ¢ Data 2012 _§
o = .W‘ﬁ . Ys=8TeV, 203" SM 1t -
B 10% 3 '.‘. LeptF)n+jetS | SM W+jets IE
% E e .AII signal regions - Other SM E
At 103 = . ° Uncertainty —
10° - bt =
10 = | L =
E) i | 1 ] N
9 11— i
g - ] . Need to quantify agreement
S 1__ I W betw_ee_n data and SM
_ : a prediction
A/H , N |

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

glgnlfthaf:t and most likely observation
eviation: *

Significance threshold

c
+ '% corresponding to a given
E significance level (e.g. 0.05)
E Observed p-value
Expected SM g_ (significance level)
BaCkg found E very unlikely Oblsenrelzd very unlikely
g_ I observations | result (value) observations :
| | |
-4 .
Signal region Event count
Katharina Behr Page 128
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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 ®1is inverse of cumulative Gaussian

DESY.

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 ;)

> |f 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(s+b) — probabillity to falsely reject signal because it is too similar to background

> Confidence level

— H;excluded 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 Hi is low

> Solution:
- CL(s) = CL(s+b)/[1-CL(D)] vl
> Confidence level |

0.12

PDF

— H;excluded at 95% CL if CL(s) < 0.05

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... _ 60CMS Preliminary 35.9 fb™ (13 TeV)
S 50F
... and point to uncharted territory! 401 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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Missing pieces: gravity

Gravity not described by SM
— Various approaches to describe gravity with a quantum field theory have failed
— Theory of Everything: SM + General Relativity

- Unification at Planck scale 10*° GeV

* Electroweak force and gravity are of the same order

S

o

c

o

ﬁ S Electroweak

O

E

Gravity
T T T 2
100 1015 1019
Energy (GeV)
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Missing pieces: dark matter

Various sources of astrophysical evidence for existence of DM
— Galactic rotation curves
— Motion of galactic clusters

— Gravitational lensing

'- rotational ueldcitv
(km/s]

100000
distance from center Clight years)
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Missing pieces: dark matter and dark energy

> No candidates for dark matter (DM) or dark energy (DE)

— DM and DE content determined from CMB as measured by Planck satellite

Dark Matter

Dark Energy
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Missing pieces: dark matter and dark energy

> No candidates for dark matter (DM) or dark energy (DE)

SM describes only 5% of
matter-energy content of
the Universe

Dark Matter 26.8%

68.3%

Dark Energy

DESY. Katharina Behr

DM and DE content determined from CMB as measured by Planck satellite

Standard Model of Elementary Particles

three generations of matter

interactions / force carriers
(bosons)

(fermions)
| 1] Il
ey
mass | =2.2 MeVic? =1.28 GeVic* =173.1 GeVic* (]
arge | % £ £ o
spin | ¥ a % a % a 1
l up l charm l top gluon
y 7 g\ 7
54
m =47 MeVic2 =96 MeV/c? =418 GeV/c? o0
v - 3 0
'@ O O |f
<L
=2 L down lstrange L bottom photon
o J 7 7\ v
J—
511 MeV/c? =105 66 MeVic? =1.7768 GeVic? =91.19 GeV/c?
-1 -1 o
- @ |r0@ |- @ ||
lelectron l muon l tau Z boson
w 7 7 7\ 7
[r—
= |<loevic <0.17 MeVic? <18.2 MeVic? =B0.39 GeVic?
O |0 o o 21
c® |[@ | ® |
& electron muon tau
| l neutrino || neutrino ‘l neutrino | LWbosonJ

=124.97 GeVic?

o

o H
higgs

GAUGE BOSONS

VECTOR BOSONS



Conceptual issues within the Standard Model

> Many assumptions introduced ad-hoc, without underlying theory motivation
— 26 free parameters, including all fermion masses
— Why three lepton and quark generations?

— Why do the fermion masses differ by at least 12 orders of magnitude?
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Matter-antimatter imbalance

DESY.

Equal amounts of matter and antimatter created in the Big Bang (B=0)

Observable universe completely dominated by matter (B>0)

What caused this imbalance?

Sakharov conditions

1. Baryon number violating processes
2. C and CP violation

3. Processes out of thermal equilibrium

e CP violation observed in the SM

e Kaon and B-meson system

* Not sufficiently large to explain imbalance
* Need additional sources of CP violation!

* E.g. from neutrino sector

* E.g. from extended Higgs sector models

Katharina Behr
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Matter-antimatter imbalance

> Equal amounts of matter and antimatter created in the Big Bang (B=0)
> QObservable universe completely dominated by matter (B>0)

> What caused this imbalance?

> Sakharov conditions

1. Baryon number violating processes
2. C and CP violation

3. Processes out of thermal equilibrium

Excellent review of Sakharov conditions
by D. Perepelitska [link]
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http://phys.columbia.edu/~dvp/dvp-sakharov.pdf

The strong CP problem (1)

QCD Lagrangian for massive quarks contains a CP violating term

Amount of CP violation depends on parameter 8*, which can take values in [0,1]
Strong CP violation - non-zero neutron electric dipole moment: dv= (5.2 10*®e cm) 6*

Measured from Larmor precession of neutron spin in antiparallel and parallel E and M fields

Measurements constrain dipole moment to [dnv] <10 e cm - 6* < 101°
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The strong CP problem (2)

> Possible solution via the Peccei-Quinn mechanism

> Relate 6* to a new physical field with a global chiral U(1) symmetry
> Field has tilted Mexican hat potential

> Spontaneous breaking of U(1) —» pseudo-Goldstone boson: axion
> VEV of axion field leads to 6* =0

= No fine tuning!

> Axion also a dark matter candidate (see later).

Credit: U Wuppertal
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The hierarchy problem

SM contains an elementary scalar particle (Higgs)

— Vulnerable to quantum loop corrections of arbitrary high scales

No BSM physics - SM valid up to Planck scale O(10%*° GeV)

— Higgs mass should be 16 orders of magnitude larger than the measured 125 GeV
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The hierarchy problem

> SM contains an elementary scalar particle (Higgs)

Vulnerable to quantum loop corrections of arbitrary high scales

> No BSM physics —» SM valid up to Planck scale O(10*'® GeV)

Higgs mass should be 16 orders of magnitude larger than the measured 125 GeV

> BSM solutions:

DESY.

Supersymmetry: additional loops to cancel divergent loops

Extra dimensions

Composite Higgs models

Katharina Behr
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