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The Brout-Englert-Higgs (BEH) mechanism

Perturbative evaluation of quantum field theories (gauge theories)
* Higgs phenomenology: Standard Model and beyond

- What do we know so far about the discovered signal at 125 GeV
and how can we interpret it?

- How about the recently observed excess at about 750 GeV?
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2robing the fundamental laws of nature

Particle accelerators (Large Hadron Collider (LHC), ...)
— probe the TeV scale (Terascale)

What are the fundamental laws of nature?

— Study the fundamental forces (“interactions”) and the
fundamental building blocks of matter (“elementary
particles”)

Probing high energies and short distances < viewing the
early Universe
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High-energy colliders: linear and circular

LEP (< 2000): eTe™ collider, Ecy < 206 GeV

circular accelerator, ~ 28 km long

Prof. Dr. Stefan Schael, Elementarteilchenphyeilc I, 35 2002, 12
FWTH Aachen Worlesung 1

- B
Energy loss due to synchrotron radiation: AE ~ —
m-=rTr
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Linear and circular colliders

— High energy e*e~ collider can only be realised as
Linear Collider (LC): ILC, CLIC

Comparison: proposal for TLEP circular eTe~ collider:
80—100 km long tunnel for 350 GeV machine

Synchrotron radiation loss smaller for proton by factor
(me/myp)* ~ 10712

Tevatron, Run Il (< 2011): circular pp collider, Eqy ~ 2 TeV

LHC: circular pp collider (in LEP tunnel), Eqy =~ 14 TeV
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Physics at the LHC and the ILC (in a nutshell)

LHC: pp scattering ILC: ete™ scattering
at < 14 TeV at <1 TeV
p:i/
L1P1
g

g
p = Clean exp. environment:
well-defined initial state,
tunable energy,

beam polarization, GigaZ,

vy, ey, e_ e options, ...

Scattering process of proton
constituents with energy up to
several TeV,

strongly interacting

— huge QCD backgrounds, = rel. small backgrounds
low signal-to—backgr. ratios high-precision physics
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LHC physics: exploring the Terascale

1 TeV =~ 1000 X mproton <& 2 X 107 m
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Particle accelerators: viewing the early Universe

Today’s universe is cold and empty: only the stable relics and
leftovers of the big bang remain

The unstable particles have decayed away with time, and the
symmetries that shaped the early Universe have been broken
as it has cooled

— Use particle accelerators to pump sufficient energy into a
point in space to re-create the short-lived particles and
uncover the forces and symmetries that existed in the
earliest Universe

= Accelerators probe not only the structure of matter
but also the structure of space-time, i.e. the fabric of the
Universe itself

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016



The Quantum Universe
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What can we learn from exploring the Terascale”

o How do elementary particles obtain the property of mass:
what is the mechanism of electroweak symmetry
breaking”? What is the role of the discovered particle at
~ 126 GeV In this context?

o Do all the forces of nature arise from a single fundamental
interaction?

o Are there more than three dimensions of space?
# Are space and time embedded into a “superspace”?

o What is dark matter? Can it be produced in the
laboratory?

#® Are there new sources of CP-violation”
Can they explain the asymmetry between matter and
anti-matter in the Universe”?
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What is the guantum structure of the vacuum®’

* The recent discovery of a Higgs boson hints at a
non-trivial structure of the vacuum, i.e. of the
lowest-energy state in our universe

* The discovered particle provides access to stblying the
quantum structure of the vacuum!

* How can a Higgs boson be as light as 125 GeV?

« A new symmetry of nature — Supersymmetry?
- A new fundamental interaction of nature — composite Higgs?

- Extra dimensions of space —— impact on gravity on small scales?

- Multiverses —— anthropic principle?
Higgs Physics, Georg Weiglein, /ntemat/ona/ Moscow School of Physics, Moscow region, 02 / 2016 12



Fundamental interactions

o Electromagnetism (electricity + magnetism)

o Strong interaction (binds quarks within the proton and
protons and neutrons within nuclei)

o Weak interaction (radioactivity, difference between matter
and anti-matter, .. .)

o Gravity (solar system, ...)

Interaction between two particles is mediated by a field

E.g.: atom, interaction between proton and electron:
electromagnetic field
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The Universe Is a quantum world

The fields are quantised
Particles are quanta of fields

The photon is the quantum of the electromagnetic field

Fundamental interactions are mediated by the exchange of
field quanta, i.e. particles
Electromagnetic interaction: photon, ~

Weak interaction: W, 7
Strong interaction: gluon, g

© o o o

Gravity: graviton, G
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Descripti

O

auantum
Classica

N of fundamental interactions with

¢

eld theories

field theory (e.g. classical electrodynamics):

Eion(f)
e~ ‘ ion

Quantum field theory (e.g. QED): field is quantised,

field quantum: photon

ion

Interaction: exchange of field quanta
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ne Standard Model (SM): electroweak and strong
iNnteractions

Electroweak interaction:

: . ur, Vp
Fermion fields: quarks: ,uRr,dr, leptons: L €R

3 generations: u,d, s,c

Ve, € VUV,
gauge bosons: v, Z, W+, W~
Gauge group: SU(2); x U(1)y D U(1)em

Strong interaction: QCD

quarks: q,, ¢,, q», gauge bosons: g1, ... gs: gluons, SU(3)c

All postulated fermions and gauge bosons experimentally verified
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Construction principle of the SM: gauge invariance

Example:

Quantum electrodynamics (QED)

free electron field: Lpiae = 107,0"V — mUW

invariant under global gauge transformation: ¥ — ¥

Requirement of local gauge invariance:
gauge field A, introduced, 0,, — D, = 0,, — ieA,

gauge transformation: ¥ — A& W, A4, — A, + 9, \(z)
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Construction of the QED Lagrangian

— Lagrangian with interaction term:

1 _
LQED = _ZF“”FW + +eWUry, U A*
—_———— S—

free photon field interaction

invariant under local gauge transformations

mass term, m* A" A,: not gauge-invariant

= A, massless gauge field

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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How do elementary particles get mass”

o The fundamental interactions of elementary particles are
described very successfully by guantum field theories that
follow an underlying symmetry principle:

“gauge invariance”

o This fundamental symmetry principle requires that all the
elementary particles and force carriers should be
massless

o However: W, Z, top, bottom, ..., electron are massive,
have widely differing masses

explicit mass terms < breaking of gauge invariance

How can elementary particles acquire mass without spoiling
the fundamental symmetries of nature?

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 19



The Brout-Englert-Higgs (BEH) mechanism

— Need additional concept:

Higgs mechanism, spontaneous electroweak symmetry
breaking:

New field postulated that fills all of the space: the Higgs field

Higgs potential
= non-trivial structure of the vacuum postulated!

Gauge-invariant mass terms from interaction with Higgs field

Spontaneous symmetry breaking: the interaction obeys the
symmetry principle, but not the state of lowest energy

Very common in nature, e.g. ferromagnet
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The

—H mechanism in the Standard Model (SM)

3

_|_
Postulated Higgs field: scalar SU(2) doublet & = ( ¢O )
¢

Higgs potential: V' (®) = % (cb*cb)z + (cb*cb) o A>0

1? <0

A ,:"'
5
— spontaneous S 0
symmetry breaking /'?' | o
@
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Higgs pote

NoNn-vanishi

tial:

g vacuum expectation value
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The BEH mechanism in the Standard Model (SM)

212w

A V2

Minimum of the potential at (¢) = \/

The state of the lowest _—
energy of the Higgs field -
(vacuum state) does not obey e
the underlying symmetry
principle (gauge invariance)

= Spontaneous breaking of the gauge symmetry

BEH mechanism & non-trivial structure of the vacuum
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The BEH mechanism sounds like a rather bold
assumption to cure a theoretical / aesthetical problem

But: we know that there has to be new physics that is
responsible for electroweak symmetry breaking

Otherwise our description breaks down at the TeV scale

= Signatures of the physics of electroweak symmetry
breaking must show up at the TeV scale

Possible alternatives to the Higgs mechanism:

o A new fundamental strong interaction (“strong electroweak
symmetry breaking”)

o New dimensions of space (electroweak symmetry
breaking via boundary conditions for SM gauge bosons
and fermions on “branes” in a higher-dimensional space)
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The Higgs field and the Higgs boson

Higgs mechanism: fundamental particles obtain their masses
from interacting with the Higgs field

Higgs boson(s): field quantum of the Higgs field

_I_
SM Higgs field: scalar SU(2) doublet, complex & = ( ZO )
= 4 degrees of freedom

3 components of the Higgs doublet — longitudinal
components of W+, W—, Z

4th component: H: elementary scalar field, Higgs boson

Models with two Higgs doublets (e.g. MSSM)
— prediction: 5 physical Higgses
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The discovered signal: manifestation of new physics!

The spectacular discovery of a signal
at ~125 GeV in the Higgs searches marks

the start of a new era of particle physics

But: we don’t know yet the physics behind the new particle!

Investigation of the properties (mass, spin, CP properties,
couplings, etc.): rich harvest from LHC Run 1

= The properties are so far consistent with the predictions for the
Higgs boson of the Standard Model, but also with those of a

wide variety of other models, corresponding to very different
underlying physics
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s the discovered particle the ultimate triumph for the SM?
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Or rather the beginning of the end of the SM?

One thing that we know for sure is that the discovered particle
cannot be the Higgs boson of the SM!
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s the discovered particle the ultimate triumph for the SM?

Or rather the beginning of the end of the SM?

One thing that we know for sure is that the discovered particle
cannot be the Higgs boson of the SM!

he SM is incomplete (in particular, it describes only three of
the four fundamental interactions, i.e. it does not contain
gravity) and cannot be the ultimate theory; the SM could be at

best the low-energy limit of the (as yet unknown) more
complete theory
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s the discovered particle the ultimate triumph for the SM?

Or rather the beginning of the end of the SM?

One thing that we know for sure is that the discovered particle
cannot be the Higgs boson of the SM!

he SM is incomplete (in particular, it describes only three of
the four fundamental interactions, i.e. it does not contain

gravity) and cannot be the ultimate theory; the SM could be at

best the low-energy limit of the (as yet unknown) more
complete theory

Thus, the actual question is whether the low-energy limit of the

more complete theory has just the matter content and the
properties of the SM
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In what sense could the discovered particle be
associated with the Higgs boson of the SM?
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In what sense could the discovered particle be
associated with the Higgs boson of the SM?

Indeed, it is a logical possibility that the low-energy limit of the
more complete theory is just the SM
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In what sense could the discovered particle be
associated with the Higgs boson of the SM?

Indeed, it is a logical possibility that the low-energy limit of the
more complete theory is just the SM

However, this would mean that the gauge hierarchy, dark
matter, the matter—anti-matter asymmetry in the Universe, ...,
would all have origins that are not directly related to low-scale
physics

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 28



In what sense could the discovered particle be
associated with the Higgs boson of the SM?

Indeed, it is a logical possibility that the low-energy limit of the
more complete theory is just the SM

However, this would mean that the gauge hierarchy, dark
matter, the matter—anti-matter asymmetry in the Universe, ...,
would all have origins that are not directly related to low-scale
physics

In fact: the signal at 125 GeV poses a problem for the SM
itselfl From what we know so far, we cannot understand how a
Higgs boson could be as light as the one that was discovered

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 28



In what sense could the discovered particle be
associated with the Higgs boson of the SM?

Indeed, it is a logical possibility that the low-energy limit of the
more complete theory is just the SM

However, this would mean that the gauge hierarchy, dark
matter, the matter—anti-matter asymmetry in the Universe, ...,
would all have origins that are not directly related to low-scale
physics

In fact: the signal at 125 GeV poses a problem for the SM
itself! From what we know so far, we cannot understand how a

Higgs boson could be as light as the one that was discovered

The mass should be affected by physics at high energy scales
(e.g. Planck scale, 10'° GeV, where gravity is of similar strength
as the other interactions)
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The hierarchy problem: the SM Higgs mass is affected
by large corrections from physics at high scales

The Standard Model does not include gravity

= breaks down at the latest at Mpj.,ac = 1012 GeV
= “effective theory”, can only be valid up to cutoff scale A

Higgs mass in the SM is a free parameter

Expect that in more fundamental theory the Higgs mass can
be predicted

= Physical value of M7 is obtained as the sum of
lowest-order contribution + higher-order corrections

Mg = Mo+ AMg + AMg o+ ...

— Calculation of corrections to M2 in SM with cutoff A

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 29
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ne SM Higgs mass is affected

NS from

~ M2

Planc

physics at high scales

- AM37 ~ A?

2 ~ 1030 As2
C = AM2 ~ 1030 M2

= Hierarchy problem, extreme fine-tuning necessary between
Mz , and AMF to get small My, i.e. My ~ 126 GeV
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Hierarchy problem: how can the Planck scale and
the weak scale coexist”?

There exists a Higgs-like state with a mass of ~ 126 GeV
But what protects its mass from physics at high scales?
This has implications also in a wider context:

o “Hierarchy problem”: Mpianck/Myeax = 107
How can two so different scales coexist in nature?

Via quantum effects: physics at M,,..x 1S affected by
thSiCS at MPlanck

— Instability of M eax

— Would expect that all physics is driven up to the
Planck scale

# Nature has found a way to prevent this
The Standard Model provides no explanation

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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How can a Higgs boson be as light as 125 GeV?

- A new symmetry of nature — Supersymmetry?
- A new fundamental interaction of nature — composite Higgs?

- Extra dimensions of space —— impact on gravity on small
scales?

Multiverses —— anthropic principle?

What is the quantum structure of the universe”

Higgs particle provides access to the non-trivial structure of
the vacuum

= Answers to those questions are among the prime goals of
the upcoming runs of the LHC and a future e*e™ collider
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Stror

g Mot

the h

erarch

ivation for BSM physics that stabilises

v: example: supersymmetry (SUSY)

Supersymmetry: fermion +— boson symmetry,
leads to compensation of large quantum corrections
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Could it be a composite Higgs”

Composite “pseudo-Goldstone boson”, like the pion in
QCD = Would imply new kind of strong interaction

Relation to weakly-coupled 5-dimensional model
(AdS/CFT correspondence)

Discrimination from fundamental scalar
s Precision measurements of couplings (= high

sensitivity to compositeness scale), CP properties, .

Does the new state have the right properties to
unitarize W W scattering?

s Search for resonances
(light Higgs < light resonances?)

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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BEH mechanism (much more general than the SM):
gauge-invariant interaction with gauge fields

0
Litiges = (D, @)1 (D*®) — V(®); unitary gauge: & = | v+ H

VV®d coupling: \ /

= VV mass terms: zg3v® = Mg, i(g7+ g3)v° = M,

WWH COupIing: JgWwwH = (2 My

= Higgs coupling to W bosons is proportional to the W mass

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 35



Fermion masses, Higgs mass

Fermion mass terms: Yukawa couplings
f

U oy mm oo mr =vgy free parameters

= Higgs couplings are proportional to masses of the particles

Mass of the Higgs boson: self-interaction

e My =vV)\  free parameter

voow . H
Hig)és self-coupling < access to Higgs potential
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Fermion masses in the SM

Fermion mass terms in SM Lagrangian:

_ . U
Lov = mgQrHdr +myQrHug, Q= ( )
——— N — d .

d-quark mass u-quark mass

= Would at first sight expect that two doublets are needed

“Trick” used in the SM:

3 0 3
H = iooHY. H%( ) H—><”)
v 0

= One Higgs doublet sufficient to give mass to both up-type
and down-type fermions
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Unitarity cancellation in longitudinal gauge boson
scattering

E.g.: WW scattering, longitudinally polarised: W, W, — W, W

M B

— —92]53 | fOr E > MW
= V|olat|on of probablllty conservation

Compensated by Higgs contribution:

— gWWngz | 0(1) for £ > My, GWwH = g2 My

Higgs Physics, Georg Weigleinpinternational Moscow. .Scheol.ofRhysics,Moscaw-region,. 02 v.2016.. -
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Higgs physics beyond the SM

Standard Model: a single parameter determines the whole
Higgs phenomenology: My

In the SM the same Higgs doublet is used “twice” to give
masses both to up-type and down-type fermions

— extensions of the Higgs sector having (at least) two
doublets are quite “natural”

= Would result in several Higgs states

Many extended Higgs theories have over large part of their
parameter space a lightest Higgs scalar with properties very
similar to those of the SM Higgs boson

Example: SUSY in the “decoupling limit”
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Search for additional Higgs lbosons

In a large variety of models with extended Higgs sectors the
squared couplings to gauge bosons fulfill a “sum rule”:

ZQ%{,,;VV — (91811\4/\/)2

= ¢The SM coupling strength is shared” between the Higgses of an
extended Higgs sector, »ny = 1
*The more SM-like the couplings of the state at 125 GeV turn out

to be, the more suppressed are the couplings of the other Higgses
to gauge bosons; heavy Higgses usually have a much smaller
width than a SM-like Higgs of the same mass

» Searches for additional Higgs bosons need to test compatibility

with the observed signal at 125 GeV!
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Supersymmetry (SUSY)

SUSY: unique possibility to connect space—time symmetry
(Lorentz invariance) with internal symmetries (gauge
Invariance):

Unigue extension of the Poincaré group of symmetries of
relativistic quantum field theories in 3 + 1 dimensions

Local SUSY includes gravity, called “supergravity”

Lightest superpartner (LSP) is stable if “R parity” is conserved
= Candidate for cold dark matter in the Universe

Gauge coupling unification, Mgyt ~ 101 GeV
neutrino masses: see-saw scale ~ .01-.1 Mgur
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The minimal supersymmetric extension of the
Standard Model (MSSM)

Superpartners for Standard Model particles:
[u, d,c,s,t, b} LR [6,,&,7’} LR [V&M’T: ; Spin >

4,d, ¢, 5,1,0] R &, fi, 7 R Deyr|,  SpiNO

W* H* ~ Z HY HY Spin 1/ Spin 0
g g 1,119 P P
N . . 1
g Xit’Q X?,Q,SA Sp|n 5

Two Higgs doublets, physical states: n’, H°, AV, H+

Exact SUSY < m, =mag, ...
= SUSY can only be realised as a broken symmetry

MSSM: no particular SUSY breaking mechanism assumed,
parameterisation o/j/ggos,sible soft SUSY-breaking terms

Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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The Higgs sector of the MSSM

Minimal Supersymmetric Standard Model (MSSM)
= “Simplest” extension of the minimal Higgs sector:

o Two doublets to give masses to up-type and down-type
fermions (extra symmetry forbids to use same doublet)

o SUSY imposes relations between the parameters

— Two parameters instead of the one parameter (Ay) of
the SM: tan 3 = v“, My (Or My=)

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 43



Higgs potential of the MSSM

MSSM Higgs potential contains two Higgs doublets:
Vo= (luf® +m,) (10517 + 0 P) + (luf® +my,) (1hal® + by [7)

+ [b(hfh; — hORY) + h.c.]

2 12 /2

g +4g N2 g . 12
F o (Bl 4 [h P = (hal” = 1hg )" + 5 [hihd” + huhy
N—_—— N~

gauge couplings, in contrast to the SM
Five physical states: n°, H?, A%, H*

= Upper bound on lightest Higgs mass, M,, (FeynHiggs):
[S. Heinemeyer, W. Hollik, G. W. ’99], [ G. Degrassi, S. Heinemeyer, W. Hollik,

P. Slavich, G. W. 02}
M, < 135GeV (for TeV-scale stop masses)
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Higgs mass predictions in the MSSM

[GeV]

Higgs

M

= Upper bound on Mh; for Ma » Mz: “decoupling region” with SM-like

300 I I I I | I I I I | I I I I | I I I I | I I I /'I
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light Higgs and all other Higgses heavy
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Higher-order corrections in the MSSM Higgs sector

# Quartic couplings in the Higgs sector are given by the
gauge couplings, g1, g (SM: free parameter)

< Upper bound on the lightest Higgs mass

o Large higher-order corrections from Yukawa sector:

2
emy

Yukawa couplings: -+

QMWsw’ Mwsw’ C

= Dominant one-loop corrections: G,m; In (miﬁ@), O(100%) !

t

— Higher-order corrections are phenomenologically very important
(constraints on parameter space from Higgs sector observables)
Can induce CP-violating effects
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Higgs-mass predictions in SUSY: full model
(MSSM) vs. effective field theory (EFT)

Full model (MSSM):

- Contributions of all particles in the loop: ¢, 5 Y%
contributions from all sectors of the model

- Diagrammatic / effective potential methods

» Mass effects of all particles taken into account: every possible
mass pattern can be considered

* Very large higher-order corrections:

tree-level upper bound: 91 GeV — observed value: 125 GeV
radiative corrections

= Relative effect of higher-order corrections in Mnh?: 290%
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—ffective field theory (EFT) approach

What if the SUSY particles (or part of the spectrum) sit at very high
scales (104 GeV, Mp,, ...)? High-scale SUSY, split SUSY, ...
= very large logs, log terms dominate, need to be resummed = EF

Heavy SUSY particles integrated out

Low-scale model is just the SM (1 Higgs doublet), or split-SUSY type
scenario with 1 doublet, or 2HDM, ...

Large mass gap between different scales required!

— Impact of heavy particles only via boundary conditions + threshold
corrections at high scale

High-scale SUSY: renormalisation-group (RG) running + Higgs-mass
computation involve only SM contributions
High-scale SUSY / several thresholds, ...

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016



Full model (MSSM) vs. EFT

At very high scales the EFT approach is superior, at low scales the
full model approach is superior

Questions:

» What is the range of validity of both approaches (how far down
does the EFT approach provide a good description, how far up
the full model one)?

 Where is the transition where one should switch from one to the
other?

* What are the theoretical uncertainties from unknown higher-
order corrections?

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 49



Could the SM be valid all the way up to the Planck
scale” Is the vacuum stable in the SM?

Quantum corrections to the classical Higgs potential can modify its shape

1 1

Velass (@) = ——m2¢? + Mgt — VI & —Zm2 ()0 (1) + M) () ~ M) ()
b o>
A A2 Y2 A g2 g y4
dA 9 3 3
= 240% + X (4N,.Y; — 9¢° — 3¢"%) —2N.Y* + Zg* + =¢* + Sg°¢* + ...
dlnpg  16n2 | =0T (4NeY, = 9g” — 39%) ¢ TR9 TR T T
M, large: A* wins ANM) — AMp) > 1 non-perturbative regime, Landau

pole
M small: -Y* wins  A(M;) — A(p) <1
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Vacuum stability in the SM

Do we live in a metastable vacuum?

_— - |G. Degrassi et al. '12]
200 Instability ]
_ S
> /
\
(Qé 150_‘ M §
o— | <
s | 0 2
% 100 | Stability =
= i S
=
3 : =.
50+ =)
0= =
0 50 100 150 200

Higgs mass M), in GeV

Extended Higgs sector: contributions of additional Higgs states
stabilise the vacuum
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Vacuum stability and high-scale SUSY

« SM cannot be matched to the MSSM if the scale of the MSSM
particles is above about 10'! GeV

» 2HDM + MSSM at high scale with and without light higgsinos /
gauginos:

= Supersymmetric UV completion + stable vacuum + Higgs at 125
GeV works for 2ZHDM as low-scale model and for 2HDM + light
higgsinos

Does not work for split SUSY case (light higgsinos and gauginos)

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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2HDM + light higgsinos at low scale, other MSSM
states at high scale

[E. Bagnaschi, F. Brimmer, W. Buchmdller, A. Voigt, G. W. ’15]
Mg =2-10" GeV, u = 200 GeV

unstable vacuum

meta-stable vacuum

M

stable vacuum

'// ,_,.,-—-'"““"T'“""'""'—'._"'1'2'5""_"—'}2'2_1'5_%
1000 2000 3000 4000 5000
ma(M;) [GeV]

‘_ M, =173.34 GeV ---- M, =174.1 GeV = v M, = 172.58 GeV

—>Stable or meta-stable vacuum possible for low tan3 and large Ma
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Conseqguence for gauge theories with spontaneous
symmetry breaking (BEH mechanism): renormalisability

Standard Model Lagrangian as an example:
Lew(g2,91,v, A, gr )+ Lgocp(as)

M, Mz, o , My, my

Gauge invariance = theory is renormalisable
[G. 't Hooft '71] [G. 't Hooft, M. Veltman ’72] Nobel prize 99

— theory can consistently been treated as a quantised
field theory:

— guantum effects can be evaluated

For non-renormalisable theory: need additional parameters in each
loop order to compensate divergencies
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Perturbative evaluation of quantum field theories
(gauge theories)

. . . . ~ 1
Expansion in coupling constant: o ~ == < 1

< expansion about theory without interaction

lowest order,
classical limit

| H

quantum
corrections:
loop diagrams

O(«) relative to lowest order
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What can one learn from quantum corrections"?

# Inclusion of quantum effects « more accurate theoretical
predictions

Large loop corrections:
s QCD corrections are often of O(100%)

s EW enhancement factors: m2, m¢, ...,

large logarithms (involving two very different scales)

o Per mille level corrections needed to match EW
precision measurements

# Quantum effects provide sensitivity to the underlying
structure of the theory
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—lectroweak precision physics: high-precision data
vS. theory predictions

EW precision data: Theory:
My, My, sin? 0P .. SM, MSSM, ...

J

Test of theory at quantum level: sensitivity to loop corrections

Indirect constraints on unknown parameters: My, ...

Effects of “new physics”?
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High-precision physics

1978 Precise measurement of sin6,, @ SLAC
via polarized electrons ¢~ D — e X
-> Prediction of W and Z mass

-

1983 Discovery of W and Z bosons at SppS

-

1989- Precise measurement of W and Z @
SLC/LEP - Prediction of top mass

-

1995 Discovery of top quark at Tevatron

et

Precise measurement of W, Z, top @ SLC/
LEP/Tevatron - Prediction of Higgs mass

-

2012 Discovery of Higgs boson

-

Precise measurement of W, Z, top, Higgs @
LHC/ILC = Prediction of ???
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—xample: prediction for the W-boson mass from
muon decay; indirect constraints on the Higgs mass

Fermi model *

My : Comparison of prediction for muon decay with experiment
(Fermi constant G,,)

= M3 (1 - 1+ Ar),

W( M%) VG, | 0 |

loop corrections

= Theo. prediction for My in terms of My, o, G, Ar(my, mg, .. .)

Tree-level prediction: Mw'ee = 80.939 GeV, Mw*P = 80.385 +- 0.015 GeV
= off by >30 0 (accuracy of 2 x 104
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W-mass prediction within the SM:

vS. state-of-the-art prediction
wwwwwwwwwwwwwwwwwwwwwwww i [L. Zeune, G. W. '14]

MEP - 80.385 GeV |

s020  |Mp=125GevV
100 200 300 400 500 600
MM [GeV]

—> Pure one-loop result would imply preference for heavy Higgs, Mn > 400 GeV

Corrections beyond one-loop order are crucial for reliable prediction of Mw
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Quantum corrections: regularisation and

renormalisation
q

1

Y
Y

(@2 —m? +ig) [(q + k)% — m3 + ie]

0 q 0 g

= Integral diverges for large ¢!

q+p

= theory in this form not physically meaningful

= further concept needed: renormalisation

Renormalisable theories: infinities can consistently be
absorbed into parameters of theory

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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Two step procedure: regularisation

Regularisation:

theory modified such that expressions become
mathematically meaningful

= “regulator” introduced, removed at the end

e.g. cut-off in loop integral

00 A
/ drqg — / d*q; A — oo at the end
0 0

technically more convenient: dimensional regularisation

/d4q —>/qu, D=4—¢ D — 4 atthe end

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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Two step procedure: renormalisation

Renormalisation:

original “bare” parameters replaced by renormalised
parameters 4+ counterterms

reparametrization:  go = g + 0g
—— "~ ——~
bare renormalised counterterm

parameter parameter

Renormalisable theory:
divergences compensated by counterterms
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Two aspects of renormalisation

o Absorption of divergences

#» Determination of physical meaning of parameters order by
order in perturbation theory
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Why do parameters (and fields) have to be
renormalised?

o The SM Lagrangian contains free parameters that are not
predicted by the theory:

o, My, My, My + fermion masses + four parameters of
the quark-mixing matrix (+ four parameters of the
lepton-mixing matrix if right-handed neutrinos are
included)

o The bare parameters appearing in the Lagrangian have
no physical meaning

# One needs n physical observables (masses, cross
sections, ...) to fix n free parameters of the Lagrangian

(further observables < test of the theory)
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Why do parameters (and fields) have to be
renormalised”?’

o Only relations between observables are physically
meaningful, not relations between observables and bare
parameters

o Relations between physical observables include loop
effects to all orders: one cannot “switch off” the
Interactions In nature

= Need to define the meaning of the parameters in the
Lagrangian in every loop order
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—xample: mass renormalisation (stable particle)

Renormalisation of the mass parameter: m3 = m? + om?
Physical mass: pole of propagator

inverse propagator up to 1-loop order:

p? —m? Z(p2) —dm?® + (p2 — m2)5Zq>

Pole of the propagator: p? — m? + 2(p?) —6m? + (p° — m?*)6Zs = 0
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On-shell and MS renormalisation

“On-shell renormalisation”  ém* = X(p*)| ,_ ,

pe=m

— pole of propagator for p* = m? = m: “pole mass”

Counterterm contains divergence: expansion in =4 — D, 1-loop:

1
2 + 0
om =  q - + be +  ce +
~—~
divergent  finite — 0
forD — 4 for D — 4

Other renormalisation prescription:

om? = aL1 “minimal subtraction” (MS)

£

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016

68



On-shell and MS renormalisation

Slight variant of MS renormalisation: “modified minimal
subtraction”, MS

MS and MS quantities depend on renormalisation scale
(needs to be introduced for dimensional reasons)

MS top quark mass: m: (y), “running mass”

The difference between the pole mass and m:(m:) from QCD
corrections amounts to about 10 GeV!

The strong coupling is usually given as MS quantity: as(xt),
“running coupling”
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Mass renormalisation for unstable particles

For unstable particles: X(p*) is complex!

p2=m?2

= The pole of the propagator lies in the complex plane of p?

How is the mass of an unstable particle related to the complex
pole of the propagator?

The complex pole is gauge-invariant
= Determine the mass from the real part of the complex pole:

M? = M? — iMT, M: physical mass, I': decay width
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What is the mass of an unstable particle”

Particle masses are not directly physical observables

Can only measure cross sections, branching ratios,
kKinematical distributions, ...

— masses are “pseudo-observables”

Need to define what is meant by My, Mw, mt, ...:

MS mass, pole mass (real pole, real part of complex pole,
Breit—Wigner shape with running or constant width), ...

= Determination of My, My, my, ...Involves deconvolution
procedure (unfolding)

Mass obtained from comparison data — Monte Carlo
= My, My, my, ...are not strictly model-independent

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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Physical mass of unstable particles: real part of
complex pole

= Only the complex pole is gauge-invariant

Expansion around the complex pole leads to a Breit—-Wigner
shape with constant width

For historical reasons, the experimental values of Ay, My are
defined according to a Breit—-Wigner shape with running width

— Need to correct for the difference in definition when
comparing theory with experiment
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INnd
SM, current s

6) _

AOLhad -
— 0.02750+0.00033
---0.02757+0.00010

-+ incl. low Q° data

40 100

m, [GeV]

200

Nm%

NlIlMH

rect constraints on the Higgs mass within the
tuation vs. ILC (GigaZ)

Leading corrections to precision observables:

20—

15-

50 75

100
m, [GeV]

Bl Future

125

150

= Large increase Iin sensitivity, could lead to tension with exp. value
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Precision top physics

Which mass is actually measured at the Tevatron and the
LHC?

What is the mass of an unstable coloured particle?
Impact of higher-order effects?
The pole mass is not “IR safe”

ILC:

Measurement of ‘threshold mass’ with high precision:
< 20 MeV + transition to suitably defined (short-distance)

top-quark mass, e.g. MS mass

ILC: om{ " <100 MeV (dominated by theory uncertainty)
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Higgs phenomenology: Standard Model and beyond

Limits from the LEP Higgs searches: e e~ — ZH, H — bb

2 e~ |
9Huz77 YU
i = LEP
9177 S (a) Vs = 91-210 GeV
»
IJ — Observed
U 1 Expected for background
X 10
(T'g!
&
-2
10 '

20 40 60 80 100 120
m,(GeV/c?)
= Limit for SM Higgs (¢ = 1): Mh> 114.4 GeV at 95% CL
No limit if the HZZ coupling is below 10% of the SM value
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LEP / ILC, Golden channel”: eem = ZH, Z — ete , u" ™

Recoil method: absolute measurement of ZH cross section and branching ratios

Reconstruct Z-2> "I~
independent of Higgs decay
sensitive to invisible Higgs decays ILC Higgs WG Input to Snowmass
€+ I;I T T | T T T T | T T T T | T T T T =
0190 Zh—u*wX i
Q) \s=250GeV
—_— L. =250 fo", P(e’, ") = (-0.8, +0.3) 1
QN Signal+Background (MC) A
d ——— Fitted signal+Background 7
?)1 OO ——— Fitted signal N
B "E -------- Fitted background :
€ ()) i I
> ¢ T
2 2 L \ _
Myecoil — (\/g — Egg) ‘p%‘ o0 . j

Model-independent, absolute measurements 0=

I R R B L
Z>e*e iy, \s=250 GeV, L=250 fb-1 120 130 140 150

B e

* 074=2.6% recon [GGV]

« Am, <30 MeV

BR(invisible) < 0.7% (95% C.L.) Gauss. width = 650 MeV = 560 MeV @ 330 MeV
beam energy detector

spread resolution



Decay-mode independent search limits from L
ete” — ZH,Z —ete , " with known BR(Z — )

= Direct limit on production cross section, independently of
Higgs decay properties

= Mu> 81 GeV at 95% CL for o(ZH) = o(ZH)swm

= Important constraints for BSM physics

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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Limits in the mass region above ~100 GeV from
the LHC

[CMS Collaboration '13]

CMS \s=7TeV,L=51fb";{s=8TeV,L=19.7fb"

| ! Frrrrrrr ! Trrrrrrrt ! P ! I ! I ! | ! il !ll I

10 g —— Observed e s s s
_. ...................... . Expected ..... ........ ......

LR TR S

__ ................. - Expected + 10_ .....

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

A

teessesssessesasaasisessradiesstanssassreastansrassssdastasrassrasrrreradartaciratreasitiortasernnnition
...................................................................................................

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

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

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

Bececaiiocscsacrcscsscscocsscccsoiamantoceeses i B <5 ¢ o o ¢ 000 frocscoeionse

95% C.L. limit on O/OSM

100 200 300 400 1000
. . my, (GeV)
High-mass region: treatment of non-zero width,

iInterference effects important
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LHC: proton-proton scattering

pp scattering contains “hard” collision process of partons

[(over-) simplified parton-model picture]
1,1
LHC: o(pp) = / / dxidxs Z q; (21) €; (22) 0 (qig;)
0 JO Gi g
Available (energy)? for partonic sub-process: 5 = x5
LHC: /s = 14 TeV; Vs up to several TeV

Proton remnant lost in beam pipe: can exploit only kinematics of
transverse momenta

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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Typical features of pdf's

H1 and ZEUS Combined PDF Fit

. S I | | | C
Typical features: < Q2= 10 GeV?
* gluon distribution very large 08 ; HERA-I PDF (prel.) |
- exp. uncert. |
* gluon and sea distributions j || model uncert.

grow at small x
* gluon dominates at small x

* valence distributions peak at
x =0.1-0.2

* largest uncertainties at very

- xS (X 0.05)

small or very large x

Crucial property: factorization!

PDFs extracted in DIS can be used at hadron colliders. This assumption
can be checked against data (but often rigorous proof is missing)
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DGLAP evolution

The DGLAP evolution is a key to precision LHC phenomenology: it [G. Zanderighi "14]

allows to measure PDFs at some scale (say in DIS) and evolve upwards
to make LHC (7,8, 13, 14, 33, 100.... TeV) predictions

Measure PDFs at 10 GeV Evolve in Q? and make LHC predictions

1_ I ] lllllll I I lllllll I LR 1 UL lll I 1 lllllll | LAY
- NNPDF2.3 (NNLO) ; | g/10 :
0.9 - 09 —
: xf(x,u?=10 GeV?) 1 \ xf(xu?=10° GeV?):
0.8} . 0.8} E
0.7 s 0.7F -
: : d :
0.6 = 0.6 =
: E\¢ :
0.5 . 0.5F u, E
0.4 s 0.4F -
g ] g \ ]
0.3} \l . 0.3F b \ 1 Different PDFs evolve
: \ ] 1 in different ways
0.2 | 0.2¢ 1 (different equations +
X \ ";\ 3 0 1: 1 unitarity constraint)
: S~ \\ 3 1y N\
0 Ll llllll | L1 llll>ll , \ 0 | 1l llllll L Ll lll.l:l\ir:;'— =
10° 10° 107 1 10° 10 107 1
X X

= The LHC is a "gluon factory”

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 81



Parton density coverage

most of the LHC x-range
covered by Hera

need 2-3 orders of
magnitude Q?-evolution

rapidity distributions probe
extreme x-values

100 GeV physics at LHC:
small-x, sea partons

TeV physics: large x

Q’ (GeV?)

LHC parton kinematics

- X1’
L Q

= (M/14 TeV) exp(zy)
M M =10 TeV

n "™

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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Precise predictions for LHC processes

Processes with many external legs are important for signal and background
predictions, e.g. W + n jet production; scale uncertainty at leading order:
9% forn =1, 28% for n = 2, 47% for n=3, 64% forn =4 (~ as(p)*), ...

— Need NLO predictions to reduce theoretical uncertainty
NLO predictions:
e Improve normalisation and shape of cross sections

* Improved description of hard jets

Difficult task for multi-leg processes

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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Production of a SM Higgs at the LHC

Production modes g
tg Dre===-- H
l 1 1 1 | 4 | | | | 2
— . Bk U]
g r "1 \s=7TeV_+2
. "V.'a . b
5102 %o, EE
- 0g - 1 g
+ - & —_ g \/
T B 1 W,z
f S -/ ------ I!
Q 1 - . Y (N WO — Wz
Q. £ =~ % M O . - /\\
\6/ "4", : q q
<7 “
. ’ q W.Z
107 =
: : ”'/ \\\\
B 7 q “H
2
102k :
- - q
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b
o
o
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My [GeV]
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Production of a SM Higgs at the LHC

[LHC Higgs XS WG *14]

i | | | | | | | | | | :
a = €
a s= 8 TeV ik
——~— 8
< 10 — 8
3
% 1 ::::-':: _.E
o =
107" =
102 =
T | | |

1000
My [GeV]
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Production of a SM Higgs at the LHC

[LHC Higgs XS WG ’10]

| | I I | I |

\s=14 TeV

[ 1111 II|
LHC HIGGS XS WG 2010

I lIIIII|

T

—
<
|

1000
My, [GeV]

200 300 400 500

L [T
O
-
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Production of a SM Higgs at the LHC

[P Savard, EPS 2015]

ggF process 8 TeV 13 TeV

ggF gluon-gluon fusion 19 pb 44 pb
VBF vector-boson fusion 1.6 pb 3.7 pb
VH associated production 1.1 pb 2.2 pb
ttH associated production 0.13pb 0.51 pb
tH Associated production ~20 fb ~90 fb

SM Production Modes
(M, = 125 GeV)

g
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Dominant production processes for a SM-like Higgs

gluon fusion: gg — H, weak boson fusion (WBF): ¢qq — ¢'dH

Q|
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Prediction for Higgs production in gluon fusion

[G. Zanderighi ’14]

Inclusive Higgs production via gluon-gluon fusion in the large m¢-limit:

virtual-virtual real-virtual real-real
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Prediction for Higgs production in gluon fusion

 Loop-induced process, can be affected by loops of BSM particles (do not
have to compete with SM-type lowest-order contribution)

* Very large higher-order corrections, O(100%): the phase space for the
leading-order contribution is essentially just a “single pomt” S = MH
= Phase space opens up (production of additional gluon): s > MH

sizable transverse Higgs momentum possible

- SM contribution can approximately be calculated in heavy top limit:
loop correction ~ 1/m:cancels m:term from Yukawa coupling

= Non-decoupling effect of heavy particle

= An additional fermion generation receiving their mass via the BEH mechanism
would enhance the Higgs production rate in gluon fusion by about a factor 9!

—> Measured cross section puts strong constraints
Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 90



Importance of guantum corrections for Higgs
ohysics, some examples

 Gluon fusion Higgs production: O(100%) corrections J

- Expect large higher-order corrections in the Higgs sector in every model
which predicts the Higgs mass(es):

Large coupling of Higgs to top quark

One-loop correction AM? ~ G, m;

- MSSM Higgs sector: large higher-order effects, sensitivity to splitting
between top and stops
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Most important decay channels

Good mass resolution:

® H — ~v (loop induced)
® H—ZZ 1T 1Tl ,l=e,pu

Poor mass resolution:

® H—-WW*—=vlvit,l=e,u
® H — 7177
® H —bb

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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SM Higgs branching fractions

My =125 GeV [LHC Higgs XS WG ’14]
t _I | | | | | | | | I | | | | | | | I | | I—g
3 e T A
5 f bB ar
— ] 16
g I
=10 4 2z 3
Tl A -
[— .' ' :
m CC
o 2l ]
10“E —
% - = = Mh — 125 GeV
: - s “ideal” for
1073 observing a
- variety of decay
— LLLL -
= channels

-4 | | | | | | | | | | l | | | I | | | |
107gg 100 120 140 160 180 200
M, [GeV]
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Search for non-standard heavy Higgses

"Typical" features of extended Higgs sectors:

# A light Higgs with SM-like properties, couples with about
SM-strength to gauge bosons

o Heavy Higgs states that decouple from the gauge bosons

=+ Asignal could showup inH — ZZ = 4| as a small bump,

very far below the expectation for a SM-like Higgs (and with
a much smaller width)

- Particularly important search channel: H, A = 1t

- Non-standard search channels can play an important role:
H—hh, H A= yy, ..
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CMS result for h, H, A = 1t search

[CMS Collaboration ’14]

CMS Preliminary, H-1t, 4.9 fb'at 7 TeV, 19.7 fb™ at 8 TeV

QL | I T T T T T
. - r max . M =1 TeV
Analysis starts to [T M3SM m, ™ scenario Mssy e
become sensitive to -
the presence of the ]
signal at 125 GeV
10 95% CL Excluded: T

— Searches for Higgs observed |-
bosons of an extended — SMH injected
— expected

'+ 10 expected |-
+ 26 expected

" LEP

Higgs sector need to

test compatibility with

the signal at 125 GeV

(— appropriate 1
benchmark scenarios)

and search for : :
additional states 100 200 300 400

Observation
compatible with

presence of SM
Higgs boson.

1000
m, [GeV]
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mrM°d benchmark scenario

[M. Carena, S. Heinemeyer, O. Stal, C. Wagner, G. W. ’14]

60

M, = 1255+ 3 50 BR < 0.1
0.1 <BR<0.2
02<BR<0.3
40 0.3<BR<0.4
04<BR<0.5
0.5<BR<0.6

M, = 1255+ 2

LHC excl.
LEP excl.

06<BR<0.7

Q

S 30 0.7<BR<0.8
LHC excl.
LEP excl.

20

10

200 400 600 800 1000 200 400 600 800 1000
M, [GeV] M, [GeV]

Small modification of well-known m»™2 scenario where the light Higgs h can be
interpreted as the signal at 125 GeV over a wide range of the parameter space
Large branching ratios into SUSY particles (right plot) and sizable BR(H — hh),
up to 30%, for rel. small tanf3 possible
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CMS result for h, H, A = Tt search

mrmod benchmark [CMS Collaboration ’14]

scenario CMS h, |.| AeTT 19.7 b (8 TeV) + 4.9 fb™' (7 TeV)

I I 1 1 1 I 1 1 1 I || "ol
CL(MSSM,SM)<0.05: '

Test of compatibility

50 —— Observed
Of the data tO the ----- Expected
Signal of h, H, A + 10 Expected

+ 20 Expected

(MSSM) compared
to SM Higgs boson
hypothesis

30

=
o
IIIIIIIIIIIIIIIIIII-

20

“Wedge region”, -

myy" # 1253 GeV

where only h(125) 10 MSSM m™ scenario -
can be detected,; = el
e | L1 L1 1 ] ]
dlﬁlCU'_t to cover 200 200500 8007000
also with more m, [GeV]
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Search for heavy Higgs bosons at the LHC: impact
of interterence effects

Exclusion limits from neutral Higgs searches in [E. Fuchs, G. W. "19]

the MSSM with and without interference effects:

60
CP-violating case, g
Pat =TT /4

40
H, A are nearly
mass degenerate: 2 30
large mixing 2
possible in CP- 20

violating case!

Pa=ri/d,noInt - gy mod+ gcenario,

. =77/4, with Int |, _
Incoherent sum is 10 Pa=Tu/4, With In . b =1000 GeV
not sufficient!

My [GeV]
= Large CP-violating interference effects between H, A possible
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Sensitivity to the small signal of an additional heavy
HIggs bog,on N a vvo Higgs-Doublet model (2HDM)

>
S. Liebler, G. Moortgat-Pick, G. W. ’15
et —= - %
O e e e e e T O e e e B
Z, ete” — vouudd, /s = 1TeV = ete” — vouudd, /s = 1TeV
Z | Pol(e™,e”) = (0.3, —0.8) E | Pol(e™,e”) =(0.3,—-0.8)
- -
S 2HDM, s5_o = 0.95 Z 2HDM, s5_o = 0.95
] my, = 125 GeV, ﬂzH-—-4OO(}e\7 £8 my, = 125 GeV, WIH'——GOO(}GVT
10% £ ]
10! o |

200 400 600 800 1000 | 1200 400 600 800 1000
(a) i [GeV] (b)  Muadd [GeV]
= |LC: Potential sensitivity beyond the kinematic reach of Higgs pair
production
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HC: sensitivity to an additional heavy Higgs lboson
of a Two-Higgs-Doublet model (2ZHDM)

Recent ATLAS analysis:

ol
C
©

el

nterference effects of heavy
Higgs with background and light
Higgs contribution neglected

[N. Greiner, S. Liebler, G. W. ’15]
Analysis of gg — efe u*u- and
gg — llvv including signal,
background and H-h, H-

background interference 1

contributions using
GoSam [G. Cullen et al. ’14] and
MadEvent [F. Maltoni, T. Stelzer "02]

|||||||||||||||||||||||||||||||
- H—ZZ, m =200 GeV -
- ATLAS  pmtype |
—— Obs 95% CL limit [I] +1o band
- 1s=8TeV ... Exp 95% CL limit [ ] +20 band -
20.3 fb /1 Excluded
| |
08 -06 -04 -02

[ATLAS Collaboration ’15]
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gg — etepty, Invariant mass distribution

sin(3-a) = -0.995, My = 200 GeV, tanf3 = 2 (ATLAS scenario for 13 TeV):

; B | | | | | | | | | | | | | | | | | | | | | | | | | |

[¢}) R
) — All
e | _
= HA2+ 2*Re(H*(h+B))

5107 = N Signal (HA2) —
£ T (h+B)A2 .
o | _
© B _
©

10°E =
1()'3 — ‘ —]
[ | | | | | | | | ! | | | | | | | | | | | | | | —t
100 150 200 250 300 G 350
: m,.... [GeV.
— Pronounced h and H signal peaks erenm
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adronic gg — ZZ cross sections, impact of

interference contributions (ATLAS scen., tanf3 = 2)
Total width of heavy Higgs H:

[N. Greiner, S. Liebler, G. W. ’15]

0
— 10 - T T T T T |
> T 15 ¢ P
D} 100 b L |“ 4
93 = A%
T 5 AN
o : m
1.0 fmmmm———————————— “lil ==
T . -~
Rl s |
101 7 vl
I :’ Vi
: E 05} ¢ u
i :" —X= |H’2 g :I'I
"/~ X =|H|*+ 2Re(H - h) ] s X =|[H]+2Re(H b
-2 L | 10~4 g [~ X=|HF+2Re(H (h+B))| 3 - =X = |H? 4+ 2Re(H - (h + B))
10 Lol Ll Lol il [ R RET] L sl Lol Lol 1ol L1 o1 pyil 0.0 Lo aanul L 1t aannl gl Lol L
10‘510‘410‘310‘210‘12100 1051074103102 10‘12100 102104103 1072 10‘1210c
C C
(a) f-a (c) f-a (e) -

—> Interferences are small in the region where the ATLAS search was sensitive

Sizable interference effects possible, not necessarily correlated with a
large width

Larger interference effects possible for higher values of tanf3
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adronic gg — ZZ cross sections, impact of

interference contributions for larger values of tanf3
[N. Greiner, S. Liebler, G. W. '15]

109 P :

= a
v 102 F =
O, : -
aw
— blo‘lg
ot/ 4 LN
10-2 i B
| —X=1H]
100 - _3 77X:|H|2+2R6(Hh)
: 10 " F =X =|HP+2Re(H - (b +B))
5 10 15 20 25 30 35 40
tan tan
(a) (b)
a L L 4 — 2
T % = —X = |H| _
- /f,o‘ = -~ X = |H|> + 2Re(H - h) tanﬁ =20
<~ 10t} o’ N | X HP 2l (0 +B)
b i //, N ”J
v’ g : ]
. =
./ . i ‘
& < i
77 & ] i
% aS| AN
< 14
lo=="
i ’ )
0 4 - - X = |H|>+2Re(H - h)
10 X P+ 2Re(H - (b + B))
5 10 15 20 25 30 35 40 380 390 400 410 420
tan 3 myz |GeV]

(c) (@)
= Interference effects provide enhanced sensitivity to heavy Higgs H
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What do we know so far about the discovered signal
and how can we interpret it”

Does this make
me look fat?
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What do we know so far about the discovered signal”

Discovery of a signal at about 125 GeV in the Higgs searches at
ATLAS and CMS:

CMS preliminary

> 10000— -~ =~ T T T T e — > T ] T T T T T T 1
8 B Selected diphoton sample 7 O -
N gooo|— ®  Data2011+2012 1 O 30 * Data Vs=7TeV:L= 51fb" -
> — Sig+Bkg Fit (m,=126.8 GeV) _ v, [ ] m,=126 GeV Vs=8TeV:L=19.6fb"
"qC'J' [~ Ygg  eesssee Bkg (4th order polynomial) ] — I | [] Zy*, z2Z
6000 — imi —
L1>J ~ ATLAS Preliminary ] _‘cg I [ z+X
R ~ H-vy . c I
4000 — ] G.>> 20 L =
- ; s T |
| \s=7TeV, |Ldt=481b ] L
2000— —]
~ \s=8TeV, ILdt =20.7fb" =
500 &=——— e

Events - Fitted bkg
o 25385
g
e
e
_._._
e
R =
—o—
e
-9
= =
@
_._.
._._
| il

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

= Discovery mainly based on the yy and ZZ° =4 | channels
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Significance of the signal in ATLAS and CMS

1 e
103 LI LI l L I L L l LI ] L ] L I L q) E
102 - SM H — vy expected P, ATLAS 2107 E
— Observed p ®© 102 K
10 0 > 10_3E '%
j|1 ........... = 10 6.10 E 3
10_2 ................................................. 20 (_U 10-[51 e
18‘3 ...-::;::-‘-"""" 30 3 10:GE ’ é
104 B i UL st 40 o 10_7
105 e TN 10 3
108 Data 20111s =7 TeV 56 10'3 ‘
107 — Obs. 2011 [ 4 10 . e _
1 O:g . EXp 2011 | Ldt = 48 fb 60 10-11(,)1 'I = Observed 7+8 TeV
100 —obs. 2012 Data 2012 \s = 8 TeV v ) ,:.-
11 . Exp. 2012 y 10 ".\ \ CMS Preliminary
107 P Ldt = 20.7 fb 70 10713 . H— ZZ 4l
10-13 10‘14 .'1‘.'-. ¥s=7TeV,L=5.11b"
10-14 | | | | | 1 | : 10" [ EosTevLot9en
10 | | L1 | 1 1 | 1 | | - 1 | 1 1 1 1 1 1 | - 1 | 1 1 | - | - 1 l E l‘ ~I. :.:. 3
110 115 120 125 130 135 140 145 15 10-16|||111|||1111'1|11||||1|1|||..|11|||11||
110 120 130 140 150 160 170 180
my [GeV] m,, [GeV]

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 106



Signal strengths and significances by channel for ATLAS and CMS

Signal strength and significance values
Channel ATLAS CMS
7] z o z
4+0.34 4+0.21 +0.26 +0.13
H— Z7Z 1.44_031 2011 8.1 0.93_0‘23 2 0.09 6.8
H — vy 1.1740.23 1018 5.2 1.14 4 0.2119-09 +6-43 5.7
— 4+0.16 4+0.16 4+0.20
H—WTW~ | 1.08" 1 g3 6.1 0.727 778 4.3
H—rhr- 1.427027 1032 4.5 0.78 £0.27 3.2
VH - H —bb| 054+£03+0.2 1.4 1.0+ 0.5 2.1 o) % Br
ATLAS CMS !Vl -
H— 1t :=.=— H— 1t *I
0.0 0.5 1.0 15 2.0 04 06 08 10 14 16
-_0 —-_0
Oom Osm
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Signal strengths for production modes

[P Savard, EPS 2015]

Obtain production signal strengths assuming SM ratios for
branching ratios

+0.23
MggF = 1.23 55

MyBr = 1.23+0.32
Uy = 0.80 + 0.36

Uay = 1.8120.80

ATLAS
68% CL:

95% CL:

— —

Vs=7TeV,45-47f"
Vs=8TeV,20.3f0”"

T T T

I T T

T T T T T T T T T T T

O S

my = 125.36 GeV

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016

15 2
Signal strength (u)

1 1 I 1 1 1
2.5 3

0.19
Hogh = 0.857) ¢
+0.37

HVBF =1.16 >y
+0.38

My = 0-9200 5

1.08
Ry = 2.907 g4

19.71b" (8 TeV) + 5.1 fb' (7 TeV)

CMS - 68% CL
w— 95% CL
-
-
————
| ——————
L1 1 1 i L1 11 l L1 11 I L1 11 I L1 1 1 I L1 11
1 2 3 4 5 6

Parameter value

108



Properties of the discovered signal

* Mass: ATLAS + CMS = My =125.1 £ 0.2 GeV : already a

precision observable (0.16%)

« Spin: can be determined by discriminating between distinct
hypotheses 0, 1, 2, ... unless signal consists of
superposition of more than one states = spin 0 preferred

« CP properties: compatible with pure CP-even state (SM
case), pure CP-odd state excluded, only very weak
bounds so far on an admixture of CP-even and CP-odd

components

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 109



Mass measurement from ATLAS and CMS

The SM does not predict the Higgs
boson mass: we need to measure it

Given a mass, we can make
predictions™ for the production cross
section and decay rates

Signal strength (u)

Higgs mass measurements (GeV):

ATLAS: 12536 +£0.37 (stat) £0.18 (syst)
CMS: [125.02 +0.27 (stat) +0.15 (syst)

LHC combination:
125.09 £0.21 (stat) £0.11 (syst)

3 I | I | I I | I | I T I I | I | I I | | I I | T | I I | T I I I
B -=-= ATLAS H-yy ]
B ATLAS and CMS === ATLAS H->ZZ 4] _
- LHCRunt1 CMS H—yy -
25~ CMS H—ZZ 4  —
T L Py - All combined |
| Pad “~~ i
A .. X Best fit _
o— —— 68%CL —
o _
B 1 - -=—a ~O |
L X .. i
1.5 % .
- LN ‘, ‘ —
A “, '
— \~~ >< '«2‘ 1 :
| Teeal XS 'I' _|
1 .. Pt T
I ..--____—\‘\l" —
0.5 | I I I I

| | | | | | | | | | | | | | | | | | | | | | | | | |
124 1245 125 1255 126 126.5 127
m,, [GeV]

Precision measurement: <0.2%

*a lot of progress by theory community,
LHCXSWG. Improvements continue...
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Higgs mass measurement: the need for high precision

Measuring the mass of the discovered signal with high
precision is of interest in its own right

But a high-precision measurement has also direct implications
for probing Higgs physics

Mu: crucial input parameter for Higgs physics

BRH — ZZ), BR(H = WW)): highly sensitive to precise
numerical value of M

A change in My of 0.2 GeV shifts BR(H — ZZ) by 2.5%!

=> Need high-precision determination of My to exploit the
sensitivity of BR(H = Z2)), ... to test BSM physics
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Relevance of off-shell effects for Higgs physics

Reason for importance of off-shell effects (and high sensitivity to
Higgs mass value) for BR(H — ZZ), BR(H = WW)):

—
I

- "™ T3} [LHC Higgs XS WG '14]
SM Higgs 2,
branching .
fractions: g

I

R
T

103

LLLL
10-4 1 | | I 1 1 | | \I | 1 I | | | 1 | |
80 100 120 140 160 180 200
M, = 125 GeV M, [GeV]

For a 125 GeV Higgs boson the branching ratios into
BRH — Z7), BR(H = WW)) are far below threshold

= Strong phase-space suppression, steep rise with M
[N. Kauer, G. Passarino '12]

= Sensitive dependence on My, off-shell effects are important
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Total Higgs width: recent analyses from CMS and ATLAS

» Exploit different dependence of on-peak and off-peak
contributions on the total width in Higgs decays to zZ"

- CMS quote an upper bound of I/I'sm < 5.4 at 95% C.L., where

8.0 was expected, ATLAS: I/Isuw < 5.7 at 95% C.L., 8.5 expect.
[CMS Collaboration '14] [ATLAS Collaboration 14|

« Problem: equality of on-shell and far off-shell couplings
assumed; relation can be severely affected by new physics
contributions, in particular via threshold effects (note: effects of
this kind may be needed to give rise to a Higgs-boson width

that differs from the SM one by the currently probed amount)
[C. Englert, M. Spannowsky ’14]

= SM consistency test rather than model-independent bound
Destructive interference between Higgs- and gauge-boson contributions
(unitarity cancellations) = difficult to reach I7I'sm = 1 even for high statistics
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Standard method at a Linear Collider for the
model-independent determination of the total width

: : . Reconstruct Z->I*I-
Linear Collider (LC): absolute measurements independent of Higgs decay

of ZH cross section and Higgs branching  serstvefomvishie Hogs decays
ratios possible

= Model-independent determination of the
total Higgs width _

m?ecoil — (\/g — E%)z _ ’ﬁ%‘Q
Py = T(H — XX)/BR(H — XX)

et el 1%
- -

W+ F(H>WWY)
M(H>Zz*) . _

\\ W= H
H ™, BR(H>WW*)

. BR(H>ZZ*) B > > ”
(&
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LC: constraints on the Higgs width via off-shell effects

, , S. Liebler, G. Moortgat-Pick, G. Weiglein 15
Same theoretical assumptions [ S g S .g ]

VR

as in LHC analyses = ete™ — v + 4jets
>1.04) Vs =1TeV
~ Pol(e™,e¢™) = (0.3, —0.8)
S I
Large negative signal - <,
1.02

background interference B VR [

(reason: unitarity cancellations) \: li% ; lﬁ
1.00 [ IR I I
N(r) = No(1 + Riv/F + Ror) N T
r=I/Iswm _ C L
0 1 2 3 4

= Limited sensitivity even with high integrated luminosity
Qualitative behaviour at the LHC is the same!
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CP properties

CP properties: more difficult than spin, observed state can
be any admixture of CP-even and CP-odd components

Observables mainly used for investigaton of CP-properties

(H — ZZ*,WW* and H production in weak boson fusion)
involve HV'V coupling

General structure of V'V coupling (from Lorentz invariance):

a1(q1.2)g" + as(q1, @) |(qrg2) 9" — ¢i'd5 | + as(q1. @2) """ q1p20

SM, pure CP-even state: a1 = 1,as = 0,a3 = 0,
Pure CP-odd state: a; =0.a9 = 0,a3 = 1

However: in many models (example: SUSY, 2HDM, ...) asz is
loop-induced and heavily suppressed
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CP properties

= Observables involving the HVV coupling provide only
limited sensitivity to effects of a CP-odd component, even
a rather large CP-admixture would not lead to detectable
effects in the angular distributions of H = ZZ" — 4 |, etc.
because of the smallness of as

Hypothesis of a pure CP-odd state is experimentally
disfavoured

However, there are only very weak bounds so far on an
admixture of CP-even and CP-odd components

Channels involving only Higgs couplings to fermions could
provide much higher sensitivity
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Test of spin and C

The SM 0* has been tested against
different JP hypotheses using the

three ATLAS discovery channels

P hypotheses

[ATLAS Collaboration ’13]

0* against 1*-

Combined H>ZZ and H>WW analysis
excludes those hypotheses up to 99.7%

+ - -
0* against 0 assumed | 0" assumed
. c P _ o+ . P _ g+ P _ g+
Channel Exp. po(/ = 0%) | Exp. po(JF = 1) Obs. po(J" =07) | Obs. po(J* =17) || CLy(J" =17)
> [T TS H-ZZ 461073 16107 0.5 1.0- 107 20-1073
c L | U /
S 005 ATLAS —Data H— Ww 0.1 0.08 0.70 0.02 008
et H 7zt Sal 1 Combination | 2.7-107 4710 0.62 12107
3 i -1 _JP = 0+ 1
o 0oL \s=7TeV [Ldt=461b o + . 0
g O oty fezmret =00 » 17 hypothesis has been excluded at 99.97%
2 0.15F | -
;o | - _ 1" assumed 0" assumed P A Y P 1
o1 E I I | Channel Exp. ool = 0%) | Exp. polJ? = 1) Obs. po(J¥ = 0%) | Obs. pp(J* =17) | CLy(J* =17)
i P | ] H-Zzz 091073 38107 0.15 0.051 0.060
0.05[ I { ] H - ww 0.06 0.02 0.66 0.006 0.017
g | \ | i Combination 14107 3.6-107 0.33 18107 27-107°
—_1 N '1 I NN 5;/‘J:1.—.J L L | | i
4540 5 0 5 10 15 » 1- hypothesis has been excluded at 99.7%
_ 0~ assumed 0" assumed _ P as P oA . -
H—2ZZ 1.5-1073 371073 0.31 0.015 0.022

H->ZZ analysis excludes the 0- hypothesis at 97.8% CLs
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Test of spin and C

P hypotheses

[CMS Collaboration '14]

7 Combination of HPWW—202v and H—ZZ—44.
0 All tested hypotheses excluded at more than 99.9% CL..

CMS (preliminary) 19.7 fb ' (8 TeV) + 5.1 fb ' (7 TeV)
=7 T T I T T T I T T T I T T T I T T T I T T L
ZZ 541+ WW 5212y —

= CMS data

Pseudoexperiments

L l l l-.'.?"li- L |

20 40 60
2xIn(L /L)

Hypothesis test for 07 vs. 1-

CMS (preliminary)

0++3o _ JP+30

rfl
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=Xperimental analyses beyond the hypotheses of

oure CP-even / CP-odd states
f a3 |03 [CMS Collaboration ’14]
a3 —

N |LZ1|20'1 + |612|20'2 -+ |613|20'3

CMS (preliminary) 19.7 fb' (8 TeV) + 5.1 fb (7 TeV)
% | | | | | | | | | | | | | | | | | | _l‘ J
S —95% CL
- 68%CL £
w ] <
X Best Fit
0.8 ¢ SM i N
4 —10
0.6 —
0.4 _
0.2 _
0 0
0 0.2 0.4 0.6 0.8 1

f ad
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oure C

—Xperimenta

P-gve

analyses beyond the hypotheses of

N/ C

P-0dd states

Loop suppression of azin many BSM models

— Even a rather large CP-admixture would result in only a very
small effect in fa3!

= Extremely high precision in fa3 needed to probe possible
deviations from the SM

The Snowmass report sets as a target that should be achieved
for fas an accuracy of better than 10!
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Couplings

o What is meant by measuring a coupling?

A coupling is not directly a physical observable; what is
measured is o x BR (within acceptances), etc.

— Need to specify a Lagrangian in order to define the
meaning of coupling parameters

# The experimental results that have been obtained for the
various channels are not model-independent

Properties of the SM Higgs have been used for
discriminating between signal and background

Need the SM to correct for acceptances and efficiencies
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Higgs coupling determination at the LHC

Problem: no absolute measurement of total production cross
section (no recoil method like LEP, ILC: eTe™ — ZH,
Z —ete, ptum)

Production x decay at the LHC yields combinations of Higgs

COupIingS (Fprod,decay ~ g?)rod, decay):

Fp]fodFdecay
)
[ot,

o(H) x BR(H — a+b) ~

Total Higgs width cannot be determined without further
assumptions

— LLHC can directly determine only ratios of couplings,
2 2
e'g' gHTT/gHWW
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Determination of couplings and CP properties need
to be addressed together

Deviations from the SM: in general both the absolute value of
the couplings and the tensor structure of the couplings
(affects CP properties) will change

— Determination of couplings and determination of
CP properties can in general not be treated separately
from each other

Deviations from the SM would in general change kinematic
distributions

— No simple rescaling of MC predictions possible
— Not feasible for analysis of 2012 data set
= LHC Higgs XS WG: Proposal of “interim framework”
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\\

nterim framework” for analyses so far

Simplified framework for analysis of LHC data so far;
deviations from SM parametrised by scale factors” ..

Assumptions:

» Signal corresponds to only one state, no overlapping
resonances, etc.

» Zero-width approximation

» Only modifications of coupling strengths (absolute values of
the couplings) are considered

= Assume that the observed state is a CP-even scalar
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Determination of coupling scale factors

[CMS Collaboration ’13]

Is=7TeV.L<51fb Vs=8TeV.L<19.6fb"

CMS Preliminary i 68% CL
. == 95% CL = Compatible with the SM
Ky el with rather large errors

Assumption xv = 1allows
to set an upper bound on

K -l-— = Upper limit on branching

y : ratio into BSM particles:

o s ————— Py = 0-78 BResw = 0.6 at 95% C.L.
BRBSMI-— [Ky<1] p.,, = 0.88

llllllllllllll l lllllll lllllllllll llllllllll

0051152253354455
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Determination of coupling scale factors

[ATLAS Collaboration '14]

ATLAS Preliminary Total uncertainty
my = 125.5 GeV + 16 + 26
Model: &y Ay A Mg A Mg Kgl | § _ _ ]
P | | = Determination of ratios
Y2 T T 014 || il ‘ :
[ A— of coupling scale factors
Pyz=0.80072 J
| Mz = ¥y /Kz
Ay, 1=0.372%|
G B Awz = Xw/Kz
P |=0.90'0% Mz = Xb/Kz
A :0.73*0-225 Mz = XKi/Xz
| gZ| —0.16 || S .f ----- R S ] ----- SRE:
' Aoz = Kg/ K7
[Agl=0.0"2
. Mg = Ki/Kg
+0.17
|K92|=1'18—0.16i _____ S E— . T ng — Kg . KZ/KH
0 0.5
\s=7TeV |Ldt=4.6-4.8 b Parameter value
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Constraints on coupling scale factors from
ATLAS + CMS + Tevatron data

ATLAS + CMS + Tev:
BR(H — inv.)

Seven fit fiv
parameters

R,
Assumption on *d
additional decay
modes: only fit
invisible final
states; g
no undetectable
decay modes

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
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HiggsSignals

[P Bechtle, S.
Heinemeyer, O. Stal,
I. Stefaniak, G. W.
'14]

= Significantly
improved
precision
compared to

ATLAS or CMS
results alone
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Prospects for Higgs-coupling determinations at
HL-LHC and ILC: with theory assumption on Xy

[P Bechtle S Heinemeyer, O. Stal, T. Stefaniak, G. W., L. Zeune ’14]
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Prospects for Higgs-coupling determinations at
HL-LHC and ILC: without theory assumption on xy

[P Bechtle S. Heinemeyer, O. Stal, T. Stefaniak, G. W., L. Zeune ’14]

0.02 0.04 0. 06 0. 08 0.10
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Ky |
]
Ry
]
kg
]
Ky |
- HL — LHC (T free)
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HiggsSignals -
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Future analyses of couplings and CP properties

Effective Lagrangian approach, obtained from integrating out

heavy particles

Assumption: new physics appears only at a scale
A > My, ~ 126 GeV

Systematic approach: expansion in inverse powers of A;

parametrises deviations of coupling strenghts and tensor
structure

AL = Z Loi= 6+ZX{10§Z 54

How about light BSM particles?

Difficult to incorporate in a generic way, need full structure of
particular models

= Analyses in terms of SI\/I + effective Lagrangian and in
specific BSM mode

199S yS/cs eorg%/e/g/e/n International Moscow Q:hoo/ SICS oscow rey on, 02 /2016
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In which way should experimental results on

coupling properties be presented in future”
« "Simplified cross sections”

Measurement Interpretation
Simplified Lagrangian
. —Pp kK; k —b
Data T Cross sections T 9 T parameters
Minimize Direct theory dependence
theory dependence
Features

@ Minimize theory uncertainties in measurements
» Clearer and systematically improvable treatment at interpretation level

@ Measurements stay long-term useful

@ Decouples measurements from discussions about specific models

@ Allows for interpretation with different model assumptions/BSM scenarios
> i, ki, effective couplings, EFT coefficients, specific models

@ Can be combined with decay pseudo observables in the interpretation
* "Pseudo observables”

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016
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s the discovered signal a Higgs boson?

Couplings to bosons and fermions scale with particle masses in
accordance with BEH mechanism
= Distinction from gauge interactions (generation universality)

19.7 0" (8 TeV) + 5.1 10" (7 TeV)
I T T T I I I T T T T TTrTrrrTTpTT

o HE | |
< [CMS ]
QN Preliminary to.
o 1= R
o - Z x‘ ]
S [ |=68%CL Wel e
< [ o :
- |=—95% CL -
107 E
] b ]

T -7
10%F ' E
i ] ] ] L1 1 II| ] ] ] L 1 1 ||||||||||||||||||||:
1 2 345 10 20 100 200
mass (GeV)

n [CMS Collaboration ’14]

= Strong evidence for interpretation as a Higgs boson
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Are there invisible and / or undetectable decays”
What about the Higgs self-coupling”

- Invisible decays: decay into dark matter particles?

- Undetectable decays: decay products that are buried under
the QCD background (non-b jets, gg, ...)

Iggs self-coupling: needed for experimental access to
iggs potential, the "holy grail” of Higgs physics

- HHH: very difficult, even at HL-LHC

« HHHH: seems out of reach in foreseeable future

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 134



nterpretation of the signal at 125 GeV in extended
Higgs sectors (SUSY): signal interpreted as light state h

- Most obvious interpretation: signal at about 125 GeV is
interpreted as the lightest Higgs state h in the spectrum

- Additional Higgs states at higher masses

- Differences from the Standard Model (SM) could be detected
via:

 properties of h(125): deviations in the couplings, different
decay modes, different CP properties, ...

- detection of additional Higgs states: H, A = tt, H = hh,
H, A= yy, ...

Extended Higgs sector phenomenology and interference effects, Georg Weiglein, Scalars 2015, Warsaw, 12 /2015 135



Interpretation of the signal in terms of the light
MSSM Higgs boson

 Detection of a SM-like Higgs with My > 135 GeV would
have unambiguously ruled out the MSSM (with TeV-scale
masses)

 Signal at 125 GeV is well compatible with MSSM prediction

- Observed mass value of the signal gives rise to lower bound
on the mass of the CP-odd Higgs: M4 > 200 GeV

« = M4 > M, : Decoupling region” of the MSSM, where
the light Higgs h behaves SM-like

« = Would not expect observable deviations from the SM at
the present level of accuracy

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 136



The quest for identifying the underlying physics

In general 2HDM-type models one expects % level
deviations from the SM couplings for BSM particles in
the TeV range, e.q.

200 GeV\*
IhVV ~ 1 —0.3% ( - >
GheVV ma
. 200 GeV'\~
Jhtt _ ghn - 1_1.7%< € >
Ghartt Jhgpice T A
_ 200 GeV '\ *
Jhbb _ dhn - 1—|—40%< € )
ghSMbb ghSMTT mA

= Need very high precision for the couplings
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Possibility of a sizable deviation even if the couplings to gauge
oosons and SM fermions are very close to the SM case

- |f dark matter consists of one or more particles with a mass
below about 63 GeV, then the decay of the state at 125 GeV
into a pair of dark matter particles is kinematically open

« The detection of an invisible decay mode of the state at 125
GeV could be a manifestation of BSM physics

* Direct search for H — invisible

« Suppression of all other branching ratios

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 138



SUSY interpretation of the observed Higgs signal: light Higgs h
Fit to LHC data, Tevatron, precision observables: S|/ vs. MSSM

Observables:

(0 x BR),
(o X BR)iSM

i =

[P Bechtle, S. Heinemeyer, O. Stal, I. Stefaniak, G. W., L. Zeune '14]

= pMSSMY7 best fit point

< Measurement I
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h — Z7Z — 40 (ggH like) [8 TeV] }
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= y° reduced compared to the SM, (slightly) improved fit quality
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Interpretation of the signal in extended Higgs sectors
(SUSY): signal interpreted as next-to-lightest state H

Extended Higgs sector where the second-lightest (or higher)
Higgs has SM-like couplings to gauge bosons

= Lightest neutral Higgs with heavily suppressed couplings to
gauge bosons, may have a mass below the LEP limit of 114.4
GeV for a SM-like Higgs (in agreement with LEP bounds)

Possible realisations: 2HDM, MSSM, NMSSM, ...

A light neutral Higgs in the mass range of about 60-100 GeV
(above the threshold for the decay of the state at 125 GeV into
hh) is a generic feature of this kind of scenario. The search for
Higgses in this mass range has only recently been started at
the LHC. Such a state could copiously be produced in SUSY
cascades.

Higgs Physics, Georg Weiglein, International Moscow School of Physics, Moscow region, 02 / 2016 140



—xample: NMSSM with a light Higgs singlet

2 g2 Coupling of the lightest Higgs to gauge bosons:
“hZZ" “SM [F. Domingo, G. W. ’15]

1

101

N = 75.54
o dy- < 2.20
s 220 < 511 < 4 BB
1.88 < 5y < 9.49
9.49 < §y- < 13.28
13.28 < 532, 2 < 122.04
1o ¥ > 122,04

10+

10—

ID_E:}D M : i E|I:I ; i i |EI:I i a i L i i i 1 i i
100 120
tﬂh[Gevj
l

= SM-like Higgs at 125 GeV + singlet-like Higgs at lower mass

he case where the signal at 125 GeV is not the lightest Higgs
arises generically if the Higgs singlet is light

= Strong suppression of the coupling to gauge bosons
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NMSSM interpretation of the olbserved signal

Extended Higgs sector where h(125) is not the lightest state:

NMSSM with a SM-like Higgs at 125 GeV + a light singlet
[F. Domingo, G. W. ’15]

Best fit values
S7, (singlet composition) / 5323 (singlet composition)

I-U:W!‘ f

nar
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2.20 < 5y < 4.88
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0GF

04r
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02k Il = 122,94
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2

— Additional light Higgs with suppressed couplings to gauge
bosons, in agreement with all existing constraints
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Are LHC searches sensitive to a low-mass Higgs
with suppressed couplings to gauge bosons”

ATLAS h — yy searches in the low-mass region: JATLAS Collaboration '14]

= 180 L L L -
c 160 ATLAS — Observed i
m - s Expected -
- 140 [C+1c —
o - +20 .
S 120 = E
£ 100F \s=8TeV, |Ldt =203 fo" -
S o —;
S 60F =
(@) - _
40— ]
201 —

| 1 | I 1 1 1 I 1 i | I | 1 | I | | | I |

%O 80 100 120 140 160

m, [GeV]

Example: MSSM, H(125) case: BR(h1 = yy) = 8.5 1077, three orders
of magnitude below BR for a SM-like Higgs of this mass (65 GeV)
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ight NMSSM Higgs: comparison of gg —hi1 — yy
with the SM case and the ATLAS limit on fiducial o

[F. Domingo, G. W. ’15]

0
6(gg—>h.— vy) (fb) N 2 =76.12 GrigBR(yy) (fb)
100 s=1 ., 5= 100
- g §yl< 1.42 o -
_ 1.42 < 8y* < 3.66 _
80 f 3.66 < 0t < 7.82 80|
7.82 < 8’ < 11.34
L 2 2 L
sol 11.34-.:§1 , i< 122.94 sol
i X > 12294 i
10k SM -HI'“&H a0}
R"\-\_\_\‘H B
L ‘H"“-\.\_\_H L
20F ~ 20
D L \ L L - - - » mgan®® ¥ . B D IIIIIIIIIIIIIIIIII
B0 80 100 120 140 my (GeV) &0 B0 100 120 140 my (GeV)
5

= Limit starts to probe the NMSSM parameter space
But: best fit region is far below the present sensitivity

Such a light Higgs could be produced in a SUSY cascade, e.q.
5((2) — X?h [O. Stal, G. W. ’11] [CMS Collaboration ’15]
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How about the recently observed excess at about
/50 GeV?
Two analyses, which follow closely

Experimental situation: the Run1 H — ~~ analyses: [K. Tackmann ’16]
x CMS, 2.6fb~*

x ATLAS, 3.2 fb~1
@ Search for diphoton resonances in 2015 13 TeV data

* CMS Search for RS gravitons, setting mass limits at 1.3 TeV (k = 0.01),
3.1 TeV (k =0.1)and 3.8 TeV (k = 0.2)

* ATLAS search for scalar resonances, setting limits on fiducial production
cross section times branching ratio

@ Largest deviation from SM background expectation around
* 750 GeV with 3.6 o local and 2.0 o global significance
* 760 GeV with 2.6 o local and 1.2 o global significance

* No obvious detector or reconstruction effect, no unusual kinematic
properties on excess region compared to other regions within statistical
uncertainties

@ Expect 10 fo—! by summer, and 30 fo—! during 2016
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Invariant mass spectra

2.6 (13 TeV)
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o values for the case of a narrow-width resonance

[K. Tackmann ’16]
Searches for a narrow (width dominated by resolution) diphoton resonance

No really significant excess over the whole mass range:

CMS ATLAS
CMS Preliminary 2.6 fo' (13 TeV) ) U LI L L L L
? -
o
————————————————————————————— -1o © -1 —
“rv % = 0.01 g "
— Observed p, o2l _
--------- 26
107 i ATLAS Prelimi E
102 = reliminary 3
- “ _43 Vs=13TeV,3.2fb" -
10 é_ 4o Observed _g
N S 107500 400 600 800 1000 1200 1400 1600 1800
5x10? 10° 2x10°  3x10°
m, (GeV) my [GeV]
2.6 o local excess at 760 GeV 3.6 o local excess at 750 GeV

1.2 o with LEE (500 GeV - 4.5 TeV) 2.0 o with LEE (200 GeV - 2 TeV)

@ Not very significant! But excess in a similar place.
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ATLAS: non-narrow width case

@ Photon energy resolution nuisance parameter pulled by ~1.50 In
narrow-width fit

@ Largest deviation from background-only hypothesis found for a width of
6°/om77 (F = 45 GeV):

* 3.9 o local
* 2.3 o with LEE (200 GeV - 2 TeV in mass and 1-10%m~~ in width)

@ Photon energy resolution uncertainty is very conservative, ranging from
T55% at 200 GeV to 1197 at 2 TeV, dominated by differences between 8
and 13 TeV detector and reconstruction

* Measurement of energy resolution corrections uses 8 TeV Z — ee
reconstructed with 13 TeV reconstruction

* Resolution is cross checked with 13 TeV Z — ee events
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CMS: non-narrow width case

CMS Preliminary 2.6 (13 TeV) CMS Preliminary 2.6 ' (13 TeV)
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Cross-section limits
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Comparison with 8 TeV data

CMS (8 TeV)
hoo 1y 1 ] b

@ Combination with Higgs (RS
interpretation) and exotics in different
mass ranges for k = 0.01

* Background treatment revisited for
8 TeV exotics analysis o2

0 o8 TV /g3 TV —0.24 S|
I 13TeV
@ 3.0 o local excess at 750 GeV -
1.7 o with LEE (500 GeV - 4.5 TeV) 109 -

@ 8 TeV and 13 TeV results compatible
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. . . fls=8Te : _203f0" | t .
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Summary of the experimental situation

* Interesting excesses seen by ATLAS and CMS roughly at the same
place, but taking into account the LEE the statistical significances
are not overwhelming

- It may very well be just a statistical fluctuation

* There is some tension between the 8 TeV data and the 13 TeV data;
the tension is smallest if the production mechanism is such that it
gives a large enhancement factor at 13 TeV as compared to 8 TeV

* It is not conclusive at present whether there is a preference for a
narrow width or a non-narrow width
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Suppose it really develops into a signal, what could
it be”?

 Large excitement among theorists: around 200 papers since the
announcement in December!

[K. Schmidt-Hoberg ’16]

Simplest explanation: A resonance at 750 GeV o, S50

S -
0003 "g00005
Q'

Narrow width approximation OK

o(pp = vy) = o(pp = ®) - BR(® — vv)

QU0
<) ‘l" o:
““““““

oD
\
QN2

Possible parton initial states are qq, gg, VV

Increase In cross section depends on initial state:

Fec Tss Tdd Tuu Ty

0.1 4.3 2.7 2.0 1.9
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A new scalar resonance”

Landau-Yang theorem:

For a two photon final state the resonance could have spin 0 or spin 2.
98% of papers have considered spin 0 A heavy Higgs boson?

* In "generic” models (SUSY, 2HDM, ...) it is not easy to get a signal
for a 750 GeV particle just in the yy final state and nowhere else

- Need to have a rather high branching ratio into yy

- Lower bound on yy branching ratio can be inferred from the existing
limits in different final states at 8 TeV
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Limits from other resonance searches at 8 TeV

[K. Schmidt-Hoberg ’16]

final o at /s =8TeV implied bound on
state f observed BR(S — f)/BR(S — vv)
ete” +putp” < 1.21b < 0.6 (r/5)
Trr Z 12 1 <6 (r/5)
7y < 4.0 fb <2 (r/5)
77 <12 fb <6 (r/5)
Zh <19 fb < 10 (r/5)
hh < 39 fb <20 (r/5)
WHW- < 40 b < 20 (r/5)
t < 550 fb < 300 (r/5)
b <1pb < 500 (r/5)
7] < 2.5 pb < 1300 (r/5)

BR(® — vv)/BR(® — SM SM)) > 10~°

1512.04933
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Could it be just the SM + a 750 GeV resonance”

[K. Schmidt-Hoberg ’16]

1512.04928

Is it possible to have only SM states contributing to the effective couplings?

Decay: loop induced! Hb-----

Decay to WW, tt, open: SM

BR(® — v7)
BR(® — W+W—/tt)

Can estimate:

@

4mr

Wit

2
) ~ 5% 10

Excluded by bounds from resonance searches in WW, tt, ...

Need additional BSM states!
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A simple working model: resonance + vector-like
fermions (mass above 375 GeV)

Natural production process: gluon fusion

b

A~
NP!

- Expect also contributions to WW, Z2Z, Zy

* Direct searches for extra fermions
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Minimal version: yy production

1512.05751

< 2K

* No new coloured states needed

* Tension with Run 1 data
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Could it be a supersymmetric particle”?

Possible interpretation in the MSSM with R parity violation:

1512.07645

q <
. TL,f’.(WVV\'fy
V; / I
------ « X
N |
_ TR N
q ‘V\/VVV"}/

Large enough rate: Mass of stau 375 GeV <m < 388 GeV

In the given model: dd initial state — strong tension with run 1 data

= Not easy to make phenomenologically viable
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What if the width is large”

* New strong interaction?
» Large invisible width?

* Tree-level decays?

ﬁ\r Could be very collimated
b . photons (not resolved)

Depends on mass and
a%L coupling of a
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Could it be a spin 1 particle”?

Could it be a vector resonance despite Landau-Yang?

collimated

Ingredients naturally present in Z' models:
e Higgs boson to break the U(1)’

 Anomalies: Extra fermions (non-colored)
will generate couplings

3" generation couplings (bb initial state)

Naturally large width (strongest constraint)

1512.06833
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Or even a parent resonance”

1512.04933

A parent resonance would allow for better Run-1/Run-2 compatibility

s i
P §-’ v = 5: ,ii\/y
X Invisible " Soft Hadronic

Naturally additional signatures such as etxra jets, MET, ...
Search is inclusive, but nothing suspicious seen...

To suppress METneed A = mp — mg — mp  small

= |f there is a real signal, there should be more new physics around!
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Conclusions

The spectacular discovery of a signal at ~125 GeV in the Higgs
searches at LHC marks the start of a new era of particle physics

The discovered signal is so far compatible with a SM-like Higgs,

but a variety of interpretations is possible, corresponding to very
different underlying physics

Need high-precision measurements of the properties of the
detected particle + searches for BSM states + precise theory
predictions = direct / indirect sensitivity to physics at higher scales

= Rich physics programme at LHC, HL-LHC and ILC

Interesting excess at 750 GeV, but exp. situation is still unclear; if it
IS a real sighal, one would expect to see additional new states
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