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Text:

At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-­S-­Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given
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Outline
 Lecture #1

From Fermi theory to the Standard Model
Chirality, fermion masses, spontaneous symmetry breaking
Custodial symmetry
Gauge boson masses, unitarity and the Higgs boson

 Lecture #2 
Higgs phenomenology (decay and production at colliders) 
Higgs quantum potential (vacuum (meta)stability, naturalness)
Hierarchy problem

 Lecture #3
Supersymmetry
Composite Higgs
Extra dimensions 

 Lecture #4
Connections particle physics-cosmology
Quantum gravity: landscape vs swampland
BSM searches beyond colliders: AMO, EDMs, nñ, GW, PBH
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SM Higgs phenomenology

!32
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Higgs boson at the LHC
producing a Higgs boson is a rare phenomenon 

since its interactions with particles are proportional to masses 
and ordinary matter is made of light elementary particles

t t

h

probability ~ 1

but no top quark at our disposal

From top quarks
e e

h

probability ~ 10-11

From electrons

!33

NB: the proton is not an elementary particle,  
its mass doesn’t measure its interaction with the Higgs substance
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Higgs boson at the LHC
Difficult task 

Homer Simpson’s principle of life: 

If something’s hard to do, is it worth doing?

!34

Homer Simpson has a famous quote: 

 

If something’s hard to do, then it’s not  

worth doing. 

 

 

 

My version: 

 

If something’s hard to measure, then it’s worth measuring at a 

100 TeV collider! 

 

Nobel Prize® and the Nobel Prize® medal design mark 
are registrated trademarks of the Nobel Foundation

8  OCTOBER 2013

Scientific Background on the Nobel Prize in Physics 2013

T H E B E H-M E C H A N I S M,

I N T E R AC T I O N S W I T H S H O R T R A N G E F O RC E S

A N D

S C A L A R PA R T I C L E S 

Compiled by the Class for Physics of the Royal Swedish Academy of Sciences

THE ROYAL SWEDISH ACADEMY OF SCIENCES has as its aim to promote the sciences and strengthen their influence in society.

BOX 50005 (LILLA FRESCATIVÄGEN 4 A), SE-104 05 STOCKHOLM, SWEDEN 
TEL +46 8 673 95 00, INFO@KVA.SE � HTTP://KVA.SE
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Higgs boson at the LHC



Christophe Grojean Higgs & BSM AEPSHEP, Quy Nhon, Sept. 2018

t
t

t
H

!35

Higgs boson at the LHC



Christophe Grojean Higgs & BSM AEPSHEP, Quy Nhon, Sept. 2018

t
t

t
H

The LHC has produced 106 Higgs bosons  
out of 1017 pp collisions

!35

Higgs boson at the LHC

σ ~ 10 pb ⇔ 106 events for L=100 fb-1

Higgs production Higgs decay
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The LHC has produced 106 Higgs bosons  
out of 1017 pp collisions

!35

Higgs boson at the LHC

σ ~ 10 pb ⇔ 106 events for L=100 fb-1

Higgs production Higgs decay

Exercise: The instantaneous luminosity is 1034cm-2s-1. The LHC beams cross every 25ns. The 
total cross-section in 0.1b. What is the collision rate? One collision occupies about 1MB on 
disk. Given that you cannot record data faster than 1GB/s, what should be the trigger rate?
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SM Higgs @ LHC
The production of a Higgs is wiped out by QCD background 

4. SM Higgs production at the LHC
Physics at the LHC: some generalities

LHC: pp collider

√
s=7+7=14 TeV⇒

√
seff∼

√
s/3 ∼ 5 TeV

L∼10 fb−1 first years and 100 fb−1 later

• Huge cross sections for QCD processes.
• Small cross sections for EW Higgs signal.

S/B >∼ 1010 ⇒ a needle in a haystack!

• Need some strong selection criteria:
Trigger: get rid of uninteresting events...

Select clean channels: H → γγ,VV → ℓ

Use different kinematic features for Higgs

Combine different decay/production channels

Have a precise knowledge of S and B rates.

• Gigantic experimental (+theoretical) efforts!
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ISSCSMB ’08, Mugla, 10–18/09/08 Higgs Physics – A. Djouadi – p.20/47

at 
least
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of 
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only 1 out of 100 billions events  
are “interesting” 

(for comparison, Shakespeare’s 43 works  
contain only 884,429 words in total)
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tr
on

LH
C1

4
furthermore many of the 

background events furiously look 
like signal events
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SM Higgs @ LHC
The production of a Higgs is wiped out by QCD background 

4. SM Higgs production at the LHC
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only 1 out of 100 billions events  
are “interesting” 

(for comparison, Shakespeare’s 43 works  
contain only 884,429 words in total)
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4
furthermore many of the 

background events furiously look 
like signal events

... like finding the paper you 
are looking for in (108 copies of) 

John Ellis’ office
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3. Higgs production at LHC: main processes

Production mechanisms Cross sections at the LHC

There are also subleading processes, gg → HH, etc...

ISSCSMB ’08, Mugla, 10–18/09/08 Higgs Physics – A. Djouadi – p.23/47

Higgs-strahlung

3. Higgs production at LHC: main processes

Production mechanisms Cross sections at the LHC

There are also subleading processes, gg → HH, etc...

ISSCSMB ’08, Mugla, 10–18/09/08 Higgs Physics – A. Djouadi – p.23/47

Vector boson fusion

QQ associated  
production

3. Higgs production at LHC: main processes

Production mechanisms Cross sections at the LHC

There are also subleading processes, gg → HH, etc...

ISSCSMB ’08, Mugla, 10–18/09/08 Higgs Physics – A. Djouadi – p.23/47

∝1/s: Tevatron, LHC forward jet tagging 
central jet veto  

 small hadronic activity

Gluon fusion

3. Higgs production at LHC: main processes

Production mechanisms Cross sections at the LHC

There are also subleading processes, gg → HH, etc...

ISSCSMB ’08, Mugla, 10–18/09/08 Higgs Physics – A. Djouadi – p.23/47

single final state 
large NLO enhancement

(see for instance A. Djouadi, hep-ph/0503172)

3. Higgs production at LHC: main processes

Production mechanisms Cross sections at the LHC

There are also subleading processes, gg → HH, etc...

ISSCSMB ’08, Mugla, 10–18/09/08 Higgs Physics – A. Djouadi – p.23/47

Higgs production @ LHC

!37

SM Higgs Production
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Higgs couples proportionally to masses:  
it decays into the heaviest particle available by phase space

4. Higgs at the LHC: decay modes

f=t,b,c,τ

f̄
•

H

V=W,Z

V
•

H

f

f̄

V=W,Z

V∗•
H

g/γ

g/γ
t•

H

Higgs decays in the SM:

• H decays into the heaviest particle
available by phase space: g ∝ m.

• MH <∼ 130 GeV,H → bb̄

–H → cc, τ+τ−,gg = O(few %)

–H → γγ = O(0.1%)

• MH >∼ 130 GeV,H → WW,ZZ

– below threshold decays possible

– decays into tt̄ for heavy Higgs.

• Total Higgs decay width:
– very small for a light Higgs

- comparable to mass for heavy Higgs.

Orsay, 19/12/08 The Higgs and origin of mass – A. Djouadi – p.16/25

light Higgs

heavy Higgs

decay into VV below threshold

4. Higgs at the LHC: decay modes
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Orsay, 19/12/08 The Higgs and origin of mass – A. Djouadi – p.16/25

decay into massless particles (γ, gluons) at 1-loop

4. Higgs at the LHC: decay modes

f=t,b,c,τ
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•

H
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g/γ

g/γ
t•

H

Higgs decays in the SM:

• H decays into the heaviest particle
available by phase space: g ∝ m.

• MH <∼ 130 GeV,H → bb̄

–H → cc, τ+τ−,gg = O(few %)

–H → γγ = O(0.1%)

• MH >∼ 130 GeV,H → WW,ZZ

– below threshold decays possible

– decays into tt̄ for heavy Higgs.

• Total Higgs decay width:
– very small for a light Higgs

- comparable to mass for heavy Higgs.

Orsay, 19/12/08 The Higgs and origin of mass – A. Djouadi – p.16/25

BRs

!38

SM Higgs Decays
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(SM) Higgs Searches @ Tevatron

•  Low Mass Higgs

49

SM Low Mass Higgs

95%CL Limits at mH = 115 GeV 

Key issues:

• Lepton identification

• B-tagging performance

• Dijet mass resolution

• Background modeling

• W/Z+heavy-flavor jets

• Multijets (ZH bb)

• All analyses use multivariate 
techniques for signal-to-bckg 
discrimination.

1 high pT lepton

MET

2 b-jets

2 high pT leptons

2 b-jets

High MET

2 b-jets

ZH bb (CDF)

Best individual channels have expected limits ~5-6xSM

Analysis Lum

(fb-1)

Limit ( /SM)

Exp. Obs. 

WH l bb (CDF) 2.7 4.8 5.6

WH l bb (DØ) 2.7 6.4 6.7

ZH bb (CDF) 2.1 5.6 6.9

ZH bb (DØ) 2.1 8.4 7.5

ZH l+l-bb (CDF) 2.7 9.9 7.1

ZH l+l-bb (DØ) 2.3 12.3 11.0

1 high pT lepton 
ET 

2 b-jets

•  High Mass Higgs

Issues: 
 lepton identification 
 b-tagging performance 
 dijet mass resolution

50

SM High Mass Higgs

• Highest sensitivity channel for  mH>130 GeV.

• Main backgrounds:

• mH~160 GeV: WW

• mH~130 GeV: W+jets

• Low (l,l) because of spin-0 Higgs. 

• Capitalize on improvements in lepton 
identification and multivariate techniques.

ee, , e

Analysis Lum

(fb-1)

Higgs

Events

Limit ( /SM)

Exp. Obs. 

CDF 3.0 17.2 1.6 1.7

DØ 3.0 15.6 1.9 2.0

95%CL Limits at mH = 165 GeV 

Both experiments approaching SM sensitivity!

8.4 signal events

At early stage of selection:

After full selection:

!39

2 high pT leptons/high ET  
2 b-jets



Christophe Grojean Higgs & BSM AEPSHEP, Quy Nhon, Sept. 2018!40

(SM) Higgs Searches @ the LHC
The Main Production Modes at the LHC   

- Gluon fusion process : 

- Vector Boson Fusion : 

- W and Z Associated Production : 

Dominant process known at 
NNnLO 

Distinctive features with two forward 
jets and a large rapidity gap 

known at NLO TH uncertainty ~O(5%) 

Very distinctive feature with a Z or W 
decaying leptonically 

known at NNLO TH uncertainty ~O(5%) 

- Top Associated Production : 

Quite distinctive but also quite crowded 

known at NLO TH uncertainty ~O(15%) 

* TH uncertainty mostly from scale variation and PDFs, GV PDF-Ds~8-10% and GV Scale~  7-8% 

TH uncertainty ~O(10%) 

~0.5 M events produced! 

~40 k events produced! 

~20 k events produced! 

~3 k events produced! sl
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(SM) Higgs Searches @ the LHC
Decay Modes 

- Dominant decay mode b (57%) 

- The WW�channel (6.3%) 

- The JJ�channel (0.2%) 

Very large backgrounds, associated 
production W,Z H and Boost! 

Discovery channel, high mass resolution 
(High stat, and backgrounds)  

- The WW Channel (22%) 
- Subsequent lvlv very sensitive channel 
- lvqq sensitive mostly at high mass 

- The ZZ Channel (3%) 
- Subsequent all leptons decays (low statistics): 
 golden channel 
- llqq and llvv sensitive mostly at high mass  

VBF, VH, but also ggF with new mass 
reconstruction techniques 

- The PP�channel (0.02%) and ZJ (0.2%) 

- The cc channel (3%) 
Low statistics from the low branching in PP or both the low branching and subsequent decay in leptons (ZJ)  

Very difficult 

W(H o bb) 

Z(H o bb) 

VBF(H o WW) 
H o JJ 

H o�ZZ o�llll 

H o�WWo�lvlv 
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Statistical Interpretation 
How to read Higgs Search Plots 

Hypothesis testing using the Profile likelihood ratio… 
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Relate to Higgs 
mass hypothesis 

Excess 
Deficit 

Expected 
Signal 

Expected 
Background 

Not a measurement of mass 

Not a measurement of cross section 

The Higgs discovery @ the LHC
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The Higgs discovery @ the LHC
gg � H � ZZ* � 4lLooking for gg → h → ZZ* → 4f :

44
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probability 
to observe a 
background 
fluctuation 
instead of 
the signal

Higgs Discovery Reloaded
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probability 
to observe a 
background 
fluctuation 
instead of 
the signal

Higgs Discovery Reloaded
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Combined Higgs Boson Mass
MH - the only parameter not fixed in the Standard Model 
Most precisely determined with H→γγ and 4 lepton channels.
δMH  precision below 0.3% level (PDG2014: δMW~190ppm, δMZ~23ppm, δMtop~0.5%).

 ATLAS:  MH = 125.36 ± 0.37 (stat.) ± 0.18 (syst.) = 125.02 ± 0.41 GeV      
 CMS:      MH = 125.02 ± 0.27 (stat.) ± 0.15 (syst.) = 125.02 ± 0.30 GeV

8

➭ Fixes                .� = M2
H

v2
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Towards Higgs measurements

/ Nuclear Physics B Proceedings Supplement 00 (2015) 1–10 5

Experiment H ! �� H ! ZZ⇤ ! 4` combined

ATLAS 125.98±0.42(stat.)±0.28(syst.) 124.51±0.52(stat.)±0.06 (syst.) 125.36±0.37(stat.)±0.18 (syst.)

CMS 124.70±0.31(stat.)±0.15(syst.) 125.59±0.42(stat.)±0.17(syst.) 125.02±0.27(stat.)±0.15(syst.)

Table 1: ATLAS and CMS fits of the Higgs mass (in GeV) in the H ! �� and H ! ZZ⇤ ! 2`+2`� channels and their combination. From
Refs. [24].

5.1. The Higgs profile as a probe of new physics
A dedicated study of the Higgs boson properties and

couplings o↵ers a way to infer what the structure of
physics beyond the Standard Model can be. Natural
models trying to give a rationale for why/how the Higgs
mass is screened from high energy corrections at the
quantum level generically predict some deviations in the
Higgs couplings compared to the SM predictions of the
order 1% to 100%. The current Higgs data accumulated
at the LHC by the ATLAS and CMS collaborations al-
ready constrain the Higgs couplings to massive gauge
bosons and to fermions not to deviate by more than 20–
30% from the SM predictions [24, 29].

In general, new physics can deform the SM in
many ways but most of these deformations are already
severely constrained by electroweak precision measure-
ments or flavor data. Assuming flavor universality
among the couplings between the Higgs boson and the
SM fermions, it was shown [30, 31] that eight directions
among the leading CP-conserving deformations of the
SM can be probed, at tree-level, only in processes with
a physical Higgs boson. These deformation induce de-
viations in the Higgs couplings that respect the Lorentz
structure of the SM interactions, or generate simple new
interactions of the Higgs boson to the W and Z field
strengths, or induce some contact interactions of the
Higgs boson to photons (and to a photon and a Z boson)
and gluons that take the form of the ones that are gen-
erated by integrating out the top quark. In other words,
the Higgs couplings are described, in the unitary gauge,
by the following e↵ective Lagrangian [32, 33]
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In the SM, the Higgs boson does not couple to massless
gauge bosons at tree level, hence g = � = Z� = 0.
Nonetheless, the contact operators are generated radia-
tively by loops of SM particles. In particular, the top
quark gives a contribution to the 3 coe�cients g, �, Z�
that does not decouple in the infinite top mass limit. For
instance, in that limit � = g = 1 [34, 35].

The coe�cient for the contact interactions of the
Higgs boson to the W and Z field strengths is not in-
dependent but obeys the relation

(1 � cos4 ✓W )VV = sin 2✓W Z� + sin2 ✓W �. (11)

This relation is a general consequence of the so-called
custodial symmetry [36]. When the Higgs boson is part
of an SU(2)L doublet, the custodial symmetry could
only be broken by a single operator at the level of
dimension-6 operators and it is accidentally realized
among the interactions with four derivatives, like the
contact interactions considered. Custodial symmetry
also implies Z = W , leaving exactly 8 free cou-
plings [30, 31]. Out of these 8 coe�cients, only V can
be indirectly constrained by EW precision data at a level
comparable from the direct constraints from LHC Higgs
data [37, 38, 39].

The e↵ective Lagrangian of Eq. (10) can be amended
by 6 extra Higgs couplings that break the CP symmetry
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where F̃µ⌫ = ✏µ⌫⇢�F⇢� is the dual field-strength of Fµ⌫.
It is certainly tempting to consider new sources of CP
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Higgs physics: still very active topic

HESEP - July 2018          Fabio Maltoni

The big news:Top-Higgs interaction

53

• CMS  and  ATLAS  results 
presented at LHCP. 

• Both  collaborations  had  to 
combine  channels  to  obtain 
the  sensitivity  necessary  to 
claim an observation.

• All  possible  advanced  tools 
were  used  (MC’s  at  NLO, 
AMVA, MEM,…)

Very challenging measurement. Direct evidence of top-Higgs coupling 
(but doesn’t yet change the global picture)
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The Higgs program
“With great power comes great responsibility”

Voltaire & Spider-Man

“With great discoveries come great measurements”
BSMers desperately looking for anomalies  

(true credit: F. Maltoni)

which, in particle physics, really means

Higgs properties
1

JPC
Important & nice to see progresses but 
“this question carries a similar potential 
for surprise as a football game between 

Brazil and Tonga” Resonaances

Higgs couplings
2

BSM implications
3

LBSM =?

The Higgs has access to EW coupled New Physics  
which is less constrained by direct searches than strongly coupled NP



Christophe Grojean Higgs & BSM AEPSHEP, Quy Nhon, Sept. 2018!48

M. Zuckerberg, Harvard graduation ceremony speech, May 25, 2017

“the success comes from the freedom to fail”
one doesn’t have to succeed on the first try

LHCHXSWG ’12

How to report Higgs data: from κ to EFT

Oversimplified PR plot
1) not a unique coupling to each particle

2) powerful complementarity/synergy with non-Higgs measurements not visible 
(e.g. EW, diboson, top)

Higgs at FCC.

To summarise the Higgs programme…























Note that y-axis is logarithmic!
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Future colliders

more, depending on the luminosity. The production rate of particles 
already within the LHC reach, such as top quarks or Higgs bosons, 
will increase by even larger factors. During its planned 25 years of 
data-taking, more than 1010�+LJJV�ERVRQV�ZLOO�EH�FUHDWHG�E\�)&&�
hh, which is 10,000 times more than collected by the LHC so far and 
100 times more than will be available by the end of LHC operations. 
7KHVH�DGGLWLRQDO�VWDWLVWLFV�ZLOO�HQDEOH�WKH�)&&�KK�H[SHULPHQWV�WR�
improve the separation of Higgs signals from the huge backgrounds 
WKDW�DIÁLFW�PRVW�/+&�VWXGLHV��RYHUFRPLQJ�VRPH�RI�WKH�GRPLQDQW�
systematics that limit the precision attainable from the LHC. 

While the ultimate precision on most Higgs properties can only be 
DFKLHYHG�ZLWK�)&&�HH��VHYHUDO�GHPDQG�FRPSOHPHQWDU\�LQIRUPDWLRQ�
IURP�)&&�KK��)RU�H[DPSOH��WKH�GLUHFW�PHDVXUHPHQW�RI�WKH�FRXSOLQJ�
between the Higgs and the top quark necessitates that they be pro-
GXFHG�WRJHWKHU��UHTXLULQJ�DQ�HQHUJ\�EH\RQG�WKH�UHDFK�RI�WKH�)&&�HH��
At 100 TeV, almost 109 of the 1012 produced top quarks will radiate a 
Higgs boson, allowing the top-Higgs interaction to be measured with 
a statistical precision at the 1% level – a factor 10 improvement over 
what is hoped for from the LHC. Similar precision can be reached for 
+LJJV�GHFD\V�WKDW�DUH�WRR�UDUH�WR�EH�VWXGLHG�LQ�GHWDLO�DW�)&&�HH��VXFK�
as those to muon pairs or to a Z and a photon. All of these measure-
PHQWV�ZLOO�EH�FRPSOHPHQWDU\�WR�WKRVH�REWDLQHG�ZLWK�)&&�HH��DQG�
will use them as reference inputs to precisely correlate the strength 
of the signals obtained through various production and decay modes. 

One respect in which a 100 TeV proton–proton collider would 
come to the fore is in revealing how the Higgs behaves in private. 
The Higgs is the only particle in the SM that interacts with itself. 
$V�WKH�+LJJV�VFDODU�SRWHQWLDO�GHÀQHV�WKH�SRWHQWLDO�HQHUJ\�FRQWDLQHG�
LQ�D�ÁXFWXDWLRQ�RI�WKH�+LJJV�ÀHOG��WKHVH�VHOI�LQWHUDFWLRQV�DUH�QHDWO\�

GHÀQHG�DV�WKH�GHULYDWLYHV�RI�WKH�
scalar electroweak potential. 
With the Higgs boson being an 
excitation about the minimum of 
this potential, we know that its 
ÀUVW�GHULYDWLYH�LV�]HUR��7KH�VHF-
ond derivative of the potential is 
simply the Higgs mass, which 
is already known to sub-per-
cent accuracy. But the third and 
fourth derivatives are unknown, 
and unless we gain access to 

Higgs self-interactions they could remain so. The rate of Higgs pair-
production events, which in some part occur through Higgs self-
LQWHUDFWLRQV��ZRXOG�JURZ�SUHFLSLWRXVO\�DW�)&&�KK�DQG�HQDEOH�WKLV�
unique property of the Higgs to be measured with an accuracy of 
5% per cent. Among many other uses, such a measurement would 
comprehensively explore classes of baryogenesis models that rely 
on modifying the Higgs potential, and thus help us to understand the 
origin of matter. 
)&&�KK�ZRXOG�DOVR�DOORZ�DQ�H[KDXVWLYH�H[SORUDWLRQ�RI�QHZ�7H9�

scale phenomena. Indirect evidence for new physics can emerge 
from the scattering of W bosons at high energy, from the produc-
tion of Higgs bosons at very large transverse momentum, or by test-
ing the far “off-shell” nature of the Z boson via the measurement 
of lepton pairs with invariant masses in the multi-TeV region. The 
plethora of new particles predicted by most models of symmetry-
breaking alternative to the SM can be searched for directly, thanks 
to the immense mass reach of 100 TeV collisions. The search for 
dark matter, for example, will cover the possible space of param-
eters of many theories relying on weakly interacting massive par-
ticles, guaranteeing a discovery or ruling them out. Theories that 
address the hierarchy problem will also be conclusively tested. 
)RU�VXSHUV\PPHWU\��WKH�PDVV�UHDFK�RI�)&&�KK�SXVKHV�EH\RQG�WKH�
UHJLRQV�PRWLYDWHG�E\�WKLV�SX]]OH�DORQH��)RU�FRPSRVLWH�+LJJV�WKHR-
ries, the precision Higgs coupling measurements and searches for 
new heavy resonances will fully cover the motivated territory. A 
100 TeV proton collider will even confront exotic scenarios such 
DV�WKH�WZLQ�+LJJV��ZKLFK�DUH�QLJKWPDULVKO\�GLIÀFXOW�WR�WHVW��7KHVH�
theories predict very rare or exotic Higgs decays, possibly visible 
DW�)&&�KK�WKDQNV�WR�LWV�HQRUPRXV�+LJJV�SURGXFWLRQ�UDWHV�

Beyond these examples, a systematic effort is ongoing to catego-
ULVH�WKH�PRGHOV�WKDW�FDQ�EH�FRQFOXVLYHO\�WHVWHG��DQG�WR�ÀQG�WKH�ORRS-
holes that might allow some models to escape detection. This work 
ZLOO�LQÁXHQFH�WKH�ZD\�GHWHFWRUV�IRU�WKH�QHZ�FROOLGHU�DUH�GHVLJQHG��
:RUN�LV�DOUHDG\�VWDUWLQJ�LQ�HDUQHVW�WR�GHÀQH�WKH�IHDWXUHV�RI�WKHVH�
GHWHFWRUV��DQG�HIIRUWV�LQ�WKH�)&&�&'5�VWXG\�ZLOO�IRFXV�RQ�FRP-
prehensive simulations of the most interesting physics signals. The 
H[SHULPHQWDO�HQYLURQPHQW�RI�D�SURWRQ²SURWRQ�FROOLGHU�LV�GLIÀFXOW�
due to the large number of background sources and the additional 
noise caused by the occurrence of multiple interactions among the 
hundreds of billions of protons crossing each other at the same 
time. This pile-up of events will greatly exceed those observed 

1.000

0.100

0.010

HL-LHC FCC-ee FCC-hh FCC-eh

0.001
WW ggγγZZ Zγ HH tt bb cc TT BRinv Γtotμμ

(Far left). The FCC accelerator complex in 
the Geneva region, showing the location of 
key experimental areas. (Middle) Proposed 
timeline of the FCC project shown in 
comparison with previous and existing 
CERN colliders. (Left) Fig. 1. Together, 
FCC-ee, hh and eh can provide detailed 
measurements on the Higgs properties. The 
ÀJXUH�VKRZV�LQGLFDWLYH�SUHFLVLRQ�LQ�WKH�
determination of couplings to gauge 
bosons, quarks and leptons, as well as of 
the Higgs self-coupling, of its total width 
and of the invisible decay rate. Firmer 
estimates will appear in the CDR. 

Future colliders 
like the FCC will be 
needed to explore 
these fundamental 
mysteries more 
deeply.

V
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M. Zuckerberg created FaceMash before Facebook

J.K. Rowling  got rejected 12 times by editors before she 
published Harry Potter

Beyonce wrote hundreds of songs before ‘Halo’

... Physicists used signal strengths to report Higgs data before ...

M. Zuckerberg, Harvard graduation ceremony speech, May 25, 2017

“the success comes from the freedom to fail”
one doesn’t have to succeed on the first try

LHCHXSWG ’12

How to report Higgs data: from κ to EFT



Christophe Grojean Higgs & BSM AEPSHEP, Quy Nhon, Sept. 2018
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BR[h ! f ]

(BR[h ! f ])SM

48 11. Status of Higgs boson physics

constrained by the indirect gluon fusion process, in the case of the bb channel, the bulk of
the constraint comes from the ttH process.

Figure 11.14: Two dimensional likelihood contours for individual production
signal strengths for the V BF + V H versus ggF + ttH processes for various Higgs
boson decay modes for the ATLAS and CMS experiment combination.

V. Main quantum numbers and width of the Higgs boson

V.1. Main quantum numbers JPC

Probing the Higgs boson quantum numbers is essential to further unveiling its coupling
properties. The measurements of the signal event yields of the observed new state in all
the channels discussed in Sections III and IV and their compatibility with the SM Higgs
boson predictions, give a qualitative, but nonetheless compelling indication of its nature.
This qualitative picture is further complemented by the implications of the observation of
the particle in the diphoton channel. According to the Landau–Yang theorem [200], the
observation made in the diphoton channel excludes the spin-1 hypothesis and restricts
possibilities for the spin of the observed particle to 0 or 2.

The Landau–Yang theorem does not apply if the observed state is not decaying to a
pair of photons but to a pair of scalars subsequently decaying to two very collimated
pairs of photons (as for example in the case of H → a1a1 → 4γ). This possibility has not
been rigorously excluded but is not experimentally favored since tight selection criteria
are applied on the electromagnetic shower shapes of the reconstructed photons. A more
systematic analysis of shower shapes and the fraction of conversions could be performed to
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In the SM, once the numerical value of the Higgs mass is specified, all the couplings of the Higgs
boson to fermions, bosons and to itself are specified within the model. It is therefore in general not
possible to perform a fit to experimental data within the context of the SM where Higgs couplings are
treated as free parameters. While it is possible to test the overall compatibility of the SM with the data,
it is not possible to extract information about deviations of the measured couplings with respect to their
SM values.

A theoretically well-defined framework for probing small deviations from the SM predictions —
or the predictions of another reference model — is to use the state-of-the-art predictions in this model
(including all available higher-order corrections) and to supplement them with the contributions of addi-
tional terms in the Lagrangian, which are usually called “anomalous couplings”. In such an approach and
in general, not only the coupling strength, i.e. the absolute value of a given coupling, will be modified,
but also the tensor structure of the coupling. For instance, the HW+W− LO coupling in the SM is pro-
portional to the metric tensor gµν , while anomalous couplings will generally also give rise to other tensor
structures, however required to be compatible with the SU(2)×U(1) symmetry and the corresponding
Ward-Slavnov-Taylor identities. As a consequence, kinematic distributions will in general be modified
when compared to the SM case.

Since the reinterpretation of searches that have been performed within the context of the SM
is difficult if effects that change kinematic distributions are taken into account and since not all the
necessary tools to perform this kind of analysis are available yet, the following additional assumption is
made in this simplified framework:

– Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into ac-
count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.
This means in particular that the observed state is assumed to be a CP-even scalar.

3.1 Definition of coupling scale factors
In order to take into account the currently best available SM predictions for Higgs cross sections, which
include higher-order QCD and EW corrections [61–63], while at the same time introducing possible
deviations from the SM values of the couplings, the predicted SM Higgs cross sections and partial decay
widths are dressed with scale factors κi. The scale factors κi are defined in such a way that the cross
sections σii or the partial decay widths Γii associated with the SM particle i scale with the factor κ2i
when compared to the corresponding SM prediction. Table 2 lists all relevant cases. Taking the process
gg → H → γγ as an example, one would use as cross section:

(σ · BR) (gg → H → γγ) = σSM(gg → H) · BRSM(H → γγ) ·
κ2g · κ2γ
κ2H

(2)

where the values and uncertainties for both σSM(gg → H) and BRSM(H → γγ) are taken from Ref. [63]
for a given Higgs mass hypothesis.

By definition, the currently best available SM predictions for all σ · BR are recovered when all
κi = 1. In general, this means that for κi ≠ 1 higher-order accuracy is lost. Nonetheless, NLO QCD
corrections essentially factorize with respect to coupling rescaling, and are accounted for wherever pos-
sible. This approach ensures that for a true SM Higgs boson no artifical deviations (caused by ignored
NLO corrections) are found from what is considered the SM Higgs boson hypothesis. The functions
κ2VBF(κW, κZ,mH), κ2g(κb, κt,mH), κ2γ (κb, κt, κτ, κW,mH) and κ2H(κi,mH) are used for cases where
there is a non-trivial relationship between scale factors κi and cross sections or (partial) decay widths,
and are calculated to NLO QCD accuracy. The functions are defined in the following sections and all re-
quired input parameters as well as example code can be found in Refs. [63,64]. As explained in Sec. 3.2.3
below, the notation in terms of the partial widths ΓWW(∗) and ΓZZ(∗) in Table 2 is meant for illustration
only. In the experimental analysis the 4-fermion partial decay widths are taken into account.
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Figure 11.17: Likelihood contours in the (κF , κV ) plane for the ATLAS-CMS
combination for the main decay channels separately (left) and for the individual
combination of all channels for ATLAS and CMS separately and the complete
combined contour (right) [141].

The global fit is only sensitive to the relative sign of κV and κF . By convention
negative values of κF can be considered. Such values are not excluded a priori, but would
imply the existence of new physics at a light scale and would also raise questions about
the stability of such a vacuum [235]. Among the five low mass Higgs channels, only the
γγ is sensitive to the sign of κF through the interference of the W and t loops as shown
in Eq. (11.19). The current global fit disfavors a negative value of κF at more than five
standard deviations. A specific analysis for the Higgs boson production in association
with a single top quark has been proposed [236, 237] in order to more directly probe the
sign of κF . All available experimental data show a fair agreement of the SM prediction
of the couplings of the Higgs boson to fermions and gauge bosons. The results shown
in Fig. 11.17 assume that κF ≥ 0, however in Ref. [141], a similar combination is done
without this assumption. The combined sensitivity to the exclusion of a negative relative
sign, is approximately 5σ in this model. It is interesting to note that although none of
the channels have a significant sensitivity to resolve the sign ambiguity, the combination
can, mainly through the W − t interference in the H → γγ channel and the H → W+W−

channel. The observed exclusion is fully compatible with the expectation [141]. The
combined measurements of these parameters:

κV = 1.04 ± 0.05

κF = 0.98+0.11
−0.10

Is already at the 5% level for the κV parameter with the Run 1 dataset.
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constrained by the indirect gluon fusion process, in the case of the bb channel, the bulk of
the constraint comes from the ttH process.

Figure 11.14: Two dimensional likelihood contours for individual production
signal strengths for the V BF + V H versus ggF + ttH processes for various Higgs
boson decay modes for the ATLAS and CMS experiment combination.

V. Main quantum numbers and width of the Higgs boson

V.1. Main quantum numbers JPC

Probing the Higgs boson quantum numbers is essential to further unveiling its coupling
properties. The measurements of the signal event yields of the observed new state in all
the channels discussed in Sections III and IV and their compatibility with the SM Higgs
boson predictions, give a qualitative, but nonetheless compelling indication of its nature.
This qualitative picture is further complemented by the implications of the observation of
the particle in the diphoton channel. According to the Landau–Yang theorem [200], the
observation made in the diphoton channel excludes the spin-1 hypothesis and restricts
possibilities for the spin of the observed particle to 0 or 2.

The Landau–Yang theorem does not apply if the observed state is not decaying to a
pair of photons but to a pair of scalars subsequently decaying to two very collimated
pairs of photons (as for example in the case of H → a1a1 → 4γ). This possibility has not
been rigorously excluded but is not experimentally favored since tight selection criteria
are applied on the electromagnetic shower shapes of the reconstructed photons. A more
systematic analysis of shower shapes and the fraction of conversions could be performed to
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In the SM, once the numerical value of the Higgs mass is specified, all the couplings of the Higgs
boson to fermions, bosons and to itself are specified within the model. It is therefore in general not
possible to perform a fit to experimental data within the context of the SM where Higgs couplings are
treated as free parameters. While it is possible to test the overall compatibility of the SM with the data,
it is not possible to extract information about deviations of the measured couplings with respect to their
SM values.

A theoretically well-defined framework for probing small deviations from the SM predictions —
or the predictions of another reference model — is to use the state-of-the-art predictions in this model
(including all available higher-order corrections) and to supplement them with the contributions of addi-
tional terms in the Lagrangian, which are usually called “anomalous couplings”. In such an approach and
in general, not only the coupling strength, i.e. the absolute value of a given coupling, will be modified,
but also the tensor structure of the coupling. For instance, the HW+W− LO coupling in the SM is pro-
portional to the metric tensor gµν , while anomalous couplings will generally also give rise to other tensor
structures, however required to be compatible with the SU(2)×U(1) symmetry and the corresponding
Ward-Slavnov-Taylor identities. As a consequence, kinematic distributions will in general be modified
when compared to the SM case.

Since the reinterpretation of searches that have been performed within the context of the SM
is difficult if effects that change kinematic distributions are taken into account and since not all the
necessary tools to perform this kind of analysis are available yet, the following additional assumption is
made in this simplified framework:

– Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into ac-
count, while the tensor structure of the couplings is assumed to be the same as in the SM prediction.
This means in particular that the observed state is assumed to be a CP-even scalar.

3.1 Definition of coupling scale factors
In order to take into account the currently best available SM predictions for Higgs cross sections, which
include higher-order QCD and EW corrections [61–63], while at the same time introducing possible
deviations from the SM values of the couplings, the predicted SM Higgs cross sections and partial decay
widths are dressed with scale factors κi. The scale factors κi are defined in such a way that the cross
sections σii or the partial decay widths Γii associated with the SM particle i scale with the factor κ2i
when compared to the corresponding SM prediction. Table 2 lists all relevant cases. Taking the process
gg → H → γγ as an example, one would use as cross section:

(σ · BR) (gg → H → γγ) = σSM(gg → H) · BRSM(H → γγ) ·
κ2g · κ2γ
κ2H

(2)

where the values and uncertainties for both σSM(gg → H) and BRSM(H → γγ) are taken from Ref. [63]
for a given Higgs mass hypothesis.

By definition, the currently best available SM predictions for all σ · BR are recovered when all
κi = 1. In general, this means that for κi ≠ 1 higher-order accuracy is lost. Nonetheless, NLO QCD
corrections essentially factorize with respect to coupling rescaling, and are accounted for wherever pos-
sible. This approach ensures that for a true SM Higgs boson no artifical deviations (caused by ignored
NLO corrections) are found from what is considered the SM Higgs boson hypothesis. The functions
κ2VBF(κW, κZ,mH), κ2g(κb, κt,mH), κ2γ (κb, κt, κτ, κW,mH) and κ2H(κi,mH) are used for cases where
there is a non-trivial relationship between scale factors κi and cross sections or (partial) decay widths,
and are calculated to NLO QCD accuracy. The functions are defined in the following sections and all re-
quired input parameters as well as example code can be found in Refs. [63,64]. As explained in Sec. 3.2.3
below, the notation in terms of the partial widths ΓWW(∗) and ΓZZ(∗) in Table 2 is meant for illustration
only. In the experimental analysis the 4-fermion partial decay widths are taken into account.
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Figure 11.17: Likelihood contours in the (κF , κV ) plane for the ATLAS-CMS
combination for the main decay channels separately (left) and for the individual
combination of all channels for ATLAS and CMS separately and the complete
combined contour (right) [141].

The global fit is only sensitive to the relative sign of κV and κF . By convention
negative values of κF can be considered. Such values are not excluded a priori, but would
imply the existence of new physics at a light scale and would also raise questions about
the stability of such a vacuum [235]. Among the five low mass Higgs channels, only the
γγ is sensitive to the sign of κF through the interference of the W and t loops as shown
in Eq. (11.19). The current global fit disfavors a negative value of κF at more than five
standard deviations. A specific analysis for the Higgs boson production in association
with a single top quark has been proposed [236, 237] in order to more directly probe the
sign of κF . All available experimental data show a fair agreement of the SM prediction
of the couplings of the Higgs boson to fermions and gauge bosons. The results shown
in Fig. 11.17 assume that κF ≥ 0, however in Ref. [141], a similar combination is done
without this assumption. The combined sensitivity to the exclusion of a negative relative
sign, is approximately 5σ in this model. It is interesting to note that although none of
the channels have a significant sensitivity to resolve the sign ambiguity, the combination
can, mainly through the W − t interference in the H → γγ channel and the H → W+W−

channel. The observed exclusion is fully compatible with the expectation [141]. The
combined measurements of these parameters:

κV = 1.04 ± 0.05

κF = 0.98+0.11
−0.10

Is already at the 5% level for the κV parameter with the Run 1 dataset.
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µi =
�[i ! h]

(�[i ! h])SM
µf =

BR[h ! f ]

(BR[h ! f ])SM

48 11. Status of Higgs boson physics

constrained by the indirect gluon fusion process, in the case of the bb channel, the bulk of
the constraint comes from the ttH process.

Figure 11.14: Two dimensional likelihood contours for individual production
signal strengths for the V BF + V H versus ggF + ttH processes for various Higgs
boson decay modes for the ATLAS and CMS experiment combination.

V. Main quantum numbers and width of the Higgs boson

V.1. Main quantum numbers JPC

Probing the Higgs boson quantum numbers is essential to further unveiling its coupling
properties. The measurements of the signal event yields of the observed new state in all
the channels discussed in Sections III and IV and their compatibility with the SM Higgs
boson predictions, give a qualitative, but nonetheless compelling indication of its nature.
This qualitative picture is further complemented by the implications of the observation of
the particle in the diphoton channel. According to the Landau–Yang theorem [200], the
observation made in the diphoton channel excludes the spin-1 hypothesis and restricts
possibilities for the spin of the observed particle to 0 or 2.

The Landau–Yang theorem does not apply if the observed state is not decaying to a
pair of photons but to a pair of scalars subsequently decaying to two very collimated
pairs of photons (as for example in the case of H → a1a1 → 4γ). This possibility has not
been rigorously excluded but is not experimentally favored since tight selection criteria
are applied on the electromagnetic shower shapes of the reconstructed photons. A more
systematic analysis of shower shapes and the fraction of conversions could be performed to
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Well suited parametrization for inclusive measurements 
but doesn’t do justice to full possible SM deformations & rich diff. information

LHCHXSWG ’12

How to report Higgs data: from κ to EFT
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Well suited parametrization for inclusive measurements 
but doesn’t do justice to full possible SM deformations & rich diff. information

1) No SU(2)xU(1) gauge invariant formalism

2) Missing some important symmetry properties of SM, 
already well constrained e.g. in EW precision measurements

3) very difficult to go beyond LO

Main drawbacks of µ and κ 

LHCHXSWG ’12

How to report Higgs data: from κ to EFT
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Morphing

Pseudo Anomalous 

EFT

    " #

EFT
Not unique!

Useful tools to probe 
broad classes of dynamics 

and to report  experimental results
in a meaningful way 
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    " # beyond LO

EFT validitymatching

choice
of basis

power
counting

EFT

allow to focus on channels yet 
unconstrained and more likely to offer 

new discovery opportunities

unique to EFT

Pros:
 correlations between different channels/observables
 combination of measurements at different energies

e.g. EW precision data and Higgs measurements
 test of self-consistency

symmetry
linear vs non-linear

EFT

Not unique!
Useful tools to probe 

broad classes of dynamics 
and to report  experimental results

in a meaningful way 
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κ vs EFT

ILC250 +ILC500
 fit EFT fit  fit EFT fit

g(hbb) 1.8 1.1 0.60 0.58
g(hcc) 2.4 1.9 1.2 1.2
g(hgg) 2.2 1.7 0.97 0.95
g(hWW ) 1.8 0.67 0.40 0.34
g(h⌧⌧) 1.9 1.2 0.80 0.74
g(hZZ) 0.38 0.68 0.30 0.35
g(h��) 1.1 1.2 1.0 1.0
g(hµµ) 5.6 5.6 5.1 5.1
g(h�Z) 16 6.6 16 2.6
g(hbb)/g(hWW ) 0.88 0.86 0.47 0.46
g(h⌧⌧)/g(hWW ) 1.0 1.0 0.65 0.65
g(hWW )/g(hZZ) 1.7 0.07 0.26 0.05
�h 3.9 2.5 1.7 1.6
BR(h ! inv) 0.32 0.32 0.29 0.29
BR(h ! other) 1.6 1.6 1.3 1.2

Table 1: Projected relative errors for Higgs boson couplings and other Higgs observables,
in %, for fits in the  and EFT formalisms. The ILC250 columns assume a total integrated
luminosity of 2 ab�1 at

p
s = 250 GeV, shared by (�+,+�,��,++) = (45%, 45%, 5%, 5%)

as described in Section 2. The ILC500 columns assume, in addition, a total integrated lumi-
nosity of 200 fb�1 at

p
s = 350 GeV, shared as (45%, 45%, 5%, 5%), and a total integrated

luminosity of 4 ab�1 at
p
s = 500 GeV, shared as (40%, 40%, 10%, 10%). Three observables

at the HL-LHC, BR��/BRZZ , BR�Z/BR�� and BRµµ/BR�� , are included in all of the fits.
The e↵ective couplings g(hWW ) and g(hZZ) are defined as proportional to the square root
of the corresponding partial widths. The last two lines give 95% confidence upper limits on
the exotic branching ratios. The detailed formulae used in the EFT fit, and the resulting
covariance matrix, can be found in [16].

16

LCC Physics WG, 
1710.07621

EFT is doing much better than κ for 250 GeV 

BECAUSE

EFT automatically implements correlations that 
follow from gauge invariance

EFT@dim-6 level has custodial symmetry built-in

Such a difference is less striking at higher energies 
because direct access to VBF and hWW coupling
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Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h

H
†
DµHf̄�

µ
f

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

vacuum

e.g.

(assuming that the Higgs boson is part of a doublet)
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Higgs physics vs BSM 

Several deformations
 away from the SM 

affecting Higgs properties 
are already probed in the vacuum

One can use h→ZZ→4l to probe this deformation 
but hard time to compete with LEP bounds

consistency check
not discovery mode

(assuming EW symmetry linearly realized 
and that new physics is heavy)
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e.g.

G G

1

g2s
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|H|2
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◆
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2
µ⌫

Effects that on the vacuum, H = v, give only !
a redefinition of the SM couplings:

⨂ ⨂

G G
Not physical!

But can affect h physics:

G G

⨂h
affects GG →h!

operator
not visible in the vacuum

(redefinition of input 
parameter)

this BSM operator is visible only in Higgs physics!

Higgs/BSM Primaries
There are others deformations away from the SM 

that are harmless in the vacuum 
and need a Higgs field to be probed

operator
visible in Higgs physics
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(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|
2Bµ⌫B

µ⌫ , OGG = g2
s
|H|

2GA

µ⌫
GAµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a

µ⌫
, OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O3W =
1

3!
g✏abcW

a ⌫

µ
W b

⌫⇢
W c ⇢µ , O3G =

1

3!
gsfABCG

A ⌫

µ
GB

⌫⇢
GC ⇢µ , (8)

and the CP-odd operators

O
B eB = g02|H|

2Bµ⌫
eBµ⌫ , O

G eG = g2
s
|H|

2GA

µ⌫
eGAµ⌫ , (9)

O
HfW = ig(DµH)†�a(D⌫H)fW a

µ⌫
, O

H eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O3fW =
1

3!
g✏abcfW a ⌫

µ
W b

⌫⇢
W c ⇢µ , O3 eG =

1

3!
gsfABC

eGA ⌫

µ
GB

⌫⇢
GC ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and

gauge bosons, OWB = g0gH†�aHW a

µ⌫
Bµ⌫ and OWW = g2|H|

2W a

µ⌫
W µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O3W and O3G (and the corresponding CP-odd ones) have three field-strengths

and then their corresponding coe�cients should scale as c3W ⇠ g2/g2⇤ and c3G ⇠ g2
s
/g2⇤ respec-

tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to

begin with. Operators of the first class involving the up-type quark are

Oyu
= yu|H|

2Q̄L
eHuR ,

O
u

R
= (iH†

$
DµH)(ūR�

µuR) ,

O
q

L
= (iH†

$
DµH)(Q̄L�

µQL) ,

O
(3) q
L

= (iH†�a
$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�2H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,

that when needed the Hermitian conjugate of a given operator is included in the analysis. In

the first class we have, in addition, the four-fermion operators:

O
q

LL
= (Q̄L�

µQL)(Q̄L�
µQL) , O

(8) q
LL

= (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

O
u

LR
= (Q̄L�

µQL)(ūR�
µuR) , O

(8)u
LR

= (Q̄L�
µTAQL)(ūR�

µTAuR) ,

O
u

RR
= (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4O
H eB + O

B eB + O
W eB = 0 and 4O

HfW + O
WfW + O

W eB = 0.

5
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|H|2|DµH|2

|H|6

|H|2f̄LHfR + h.c.

How many of these effects can we have? 

 As many as parameters in the SM: 8
(assuming CP-conservation)

g

g0

mW

gs

mh

mf

(custodial invariant)

for one family

hZγ coupling

h3 coupling

yet to be measured 
at the LHC
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Higgs/BSM Primaries
Pomarol, Riva ’13

the 6 others have been measured (~15%)

Elias-Miro et al  ’13
Gupta, Pomarol, Riva  ’14
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GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|
2Bµ⌫B

µ⌫ , OGG = g2
s
|H|

2GA

µ⌫
GAµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a

µ⌫
, OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O3W =
1

3!
g✏abcW

a ⌫

µ
W b

⌫⇢
W c ⇢µ , O3G =

1

3!
gsfABCG

A ⌫

µ
GB

⌫⇢
GC ⇢µ , (8)

and the CP-odd operators

O
B eB = g02|H|

2Bµ⌫
eBµ⌫ , O

G eG = g2
s
|H|

2GA

µ⌫
eGAµ⌫ , (9)

O
HfW = ig(DµH)†�a(D⌫H)fW a

µ⌫
, O

H eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O3fW =
1

3!
g✏abcfW a ⌫

µ
W b

⌫⇢
W c ⇢µ , O3 eG =

1

3!
gsfABC

eGA ⌫

µ
GB

⌫⇢
GC ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and

gauge bosons, OWB = g0gH†�aHW a

µ⌫
Bµ⌫ and OWW = g2|H|

2W a

µ⌫
W µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O3W and O3G (and the corresponding CP-odd ones) have three field-strengths

and then their corresponding coe�cients should scale as c3W ⇠ g2/g2⇤ and c3G ⇠ g2
s
/g2⇤ respec-

tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to

begin with. Operators of the first class involving the up-type quark are

Oyu
= yu|H|

2Q̄L
eHuR ,

O
u

R
= (iH†

$
DµH)(ūR�
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|H|2|DµH|2

|H|6

|H|2f̄LHfR + h.c.

How many of these effects can we have? 

 As many as parameters in the SM: 8
(assuming CP-conservation)

g

g0

mW

gs

mh

mf

(custodial invariant)

for one family

hZγ coupling

h3 coupling

yet to be measured 
at the LHC

!53

Higgs/BSM Primaries
Pomarol, Riva ’13

up to a flat direction between between 
the top/gluon/photon couplings

Almost a 1-to-1 
correspondence

Coupling!fit!I!
• VH(>bb!included!in!ATLAS!
• Comparable!numbers!for!κW,κZ,!κt,!and!κγ!between!the!experiments!
• Couplings!can!be!determined!with!2(7%!precision!at!3000Z(1!!for!CMS!
Scenario!2!

!

10/17/14! 6!

ATLAS!ProjecDon!

Atlas projection
With some important differences

1) width hypothesis built-in

2) κW/κZ is not a primary 
(constrained by Δρ and TGC)

3) κg, κγ, κZγ do not separate 
UV and IR contributions

Azatov ’15

c g
=

9c
�
/4

the 6 others have been measured (~15%)

Elias-Miro et al  ’13
Gupta, Pomarol, Riva  ’14
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Why going beyond inclusive Higgs processes?

access to Higgs couplings @ mH 
κV  κF Contours (1) 

All vector and fermion couplings are scaled by!κV and!κF 

All results in agreement with SM (κV = κf = 1) within 1� 

22 

κV  κF Contours (2) 
Allow for negative κF (which changes the sign of t-W loop interference) 

Note: all physical quantities depend on a product of two κ’s ⇔ 
          other two quadrants are symmetric with respect to (0,0)  

•  Almost 5s exclusion  
    of kF < 0  !!! 
 
•  Some decays in least 

significant production 
channels pulled towards 
inverted interference 

27 

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale μ ≈ mH 



Christophe Grojean Higgs & BSM AEPSHEP, Quy Nhon, Sept. 2018!54

Why going beyond inclusive Higgs processes?

access to Higgs couplings @ mH 

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

(important to check that the Higgs boson ensures perturbative unitarity)

1. off-shell gg → h* → ZZ → 4l

2. boosted Higgs: Higgs+ high-pT jet

3. double Higgs production

Examples of interesting channels to explore further:

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale μ ≈ mH 
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Why going beyond inclusive Higgs processes?

access to Higgs couplings @ mH 

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

(important to check that the Higgs boson ensures perturbative unitarity)

1. off-shell gg → h* → ZZ → 4l

2. boosted Higgs: Higgs+ high-pT jet

3. double Higgs production

Examples of interesting channels to explore further:

Combination @ 14 TeV 3ab�1 projections 1608.00977

-1.0 -0.5 0.0 0.5 1.0
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-0.5

0.0

0.5

1.0

cy

c g

HL-LHC

boosted

incl.
tth

hh

off-shell

Figure : orange- Higgs pair production (bb �� final state), red o↵-shell Higgs

pair production, grey - h+j, blue- inclusive, purple- tth

cu = 1� ct

Combination @ 100 TeV 20ab�1 projections 1608.00977
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-0.04

-0.02
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0.06
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FCC

off-shell

hh
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boosted

Figure : orange- Higgs pair production (bb �� final state), red o↵-shell Higgs

pair production, grey - h+j, blue- inclusive, purple- tth

cu = 1� ct

Azatov, Grojean, Paul, Salvioni ’16

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale μ ≈ mH 
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�cZ cZZ cZ� c�� cZ�/10 cgg
eff �yc �yb �y� �y�/10 �Z

0.00

0.01

0.02

0.03

0.04

p
re
ci
si
o
n

precision reach at FCC-ee with and without hZ angular observables
FCC-ee 240GeV(10/ab), Higgs measurements only
FCC-ee 240GeV(10/ab), Higgs measurements & e+e-�WW
FCC-ee 240GeV(10/ab)+350GeV(2.6/ab), Higgs measurements only
FCC-ee 240GeV(10/ab)+350GeV(2.6/ab), Higgs measurements & e+e-�WW

Light shade: angular asymmetries of e+e-� hZ not included
Solid shade: angular asymmetries of e+e-� hZ included

(0.38) (0.17) (0.06) (0.06) (0.06) (0.06) (0.06)

Figure 4: with and without hZ asymmetries. Note that with the inclusion of e+e≠ æ
WW , and especially with the 350 GeV Higgs measurements, the hZ asymmetries become
less useful, which is what we expect (since we have more handles to resolve flat directions).
Note that Higgs measurements include both hZ and ‹‹̄h.

4

1) with a run at 240/250 GeV alone, crucial to have access to angular distributions to break degeneracies

2) with a second run at higher energy makes it less important to look at distributions

D
ur

ie
ux

, G
ro

je
an

, G
u,

 W
an

g 
’1

7

Can access ‘derivative’ operators at ee colliders by using angular observables

Why going beyond inclusive Higgs processes?
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Quantum corrections to % Higgs potential

!56
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Higgs and EW vacuum Stability

V (h) = � 1
2µ

2h2 + 1
4�h

4

vev: v2 = µ2/� mass: m2
H = 2�v2

the vacuum is not empty even classically (~ ! 0)

How is Quantum Mechanics changing the picture?

Higher loops 
Small Yukawa

=

16⇥2 d�

d lnQ
= 24�2 � (3g�2 + 9g2 � 12y2t )�+ 3

8g
�4 + 3

4g
�2g2 + 9

8g
4 � 6y4t+
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Small mass (yt dominated RGE)

New physics should appear before 
that point to restore stability

➾ potential unbounded from below� < 0

� � v e4�
2m2

H/3y4
t v

2

0

�

Q

v

m2
H

2v2

v e4�
2m2

H/3y4
t v

2

�(Q) = �0 �
3

8�2 y40 ln
Q
Q0

1� 9
16�2 y20 ln

Q
Q0

Linde  ’76, ’80 
Weinberg ’76 

Maini et al ’78, ’79 
Politzer, Wolfram ’79 

Lindner ’86 
+...

Higgs and EW vacuum Stability
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Small mass (yt dominated RGE)

New physics should appear before 
that point to restore stability

➾ potential unbounded from below� < 0

� � v e4�
2m2

H/3y4
t v

2

0

�

Q

v

m2
H

2v2

v e4�
2m2

H/3y4
t v

2

Buttazzo et al ’13

�(Q) = �0 �
3

8�2 y40 ln
Q
Q0

1� 9
16�2 y20 ln

Q
Q0

Linde  ’76, ’80 
Weinberg ’76 

Maini et al ’78, ’79 
Politzer, Wolfram ’79 

Lindner ’86 
+...

Higgs and EW vacuum Stability
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Quantum Instability of the Higgs Mass
so far we looked only at the RG evolution of the Higgs quartic coupling (dimensionless 

parameter). The Higgs mass has a totally different behavior: it is highly dependent on the 
UV physics, which leads to the so called hierarchy problem 

= Higher loops 
Smaller Yukawa+

!59

h h

h W± Z

h h

top

h h

�
d4k

(2�)4
1

k2 �m2
⇥ �2

�
d4k

(2�)4
k2

(k2 �m2)2
⇥ �2

�m2
H

=
�
2m2

W
+m2

Z
+m2

H
� 4m2

t

� 3GF⇤2

8
p
2⇡2

m2
H

⇠ m2
0 � (115 GeV)2

✓
⇤

700 GeV

◆2

Weisskopf ’39 
‘t hooft ’79
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The hierarchy problem made easy

we don’t know why gravity is so weak? 
we don’t know why the masses of particles are so small?

only a few electrons are enough to lift your hair (~ 1025 mass of e-)  
the electric force between 2 e- is  1043 times larger than their gravitational interaction

Several theoretical hypotheses 
new dynamics? new symmetries? new space-time structure? 
 modification of special relativity? of quantum mechanics?

!60
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'e Higgs hierarchy problem

!61
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Naturalness principle @ work
Following the arguments of Wilson, ‘t Hooft (and others):  

only small numbers associated to the breaking of a symmetry survive quantum corrections

Beautiful examples of naturalness  to understand the need of “new” physics
see for instance Giudice ’13 (and refs. therein) for an account

 the need of the positron to screen the electron self-energy:  

 the rho meson to cutoff the EM contribution to the charged pion mass:  

 the kaon mass difference regulated by the charm quark: 

 the light Higgs boson to screen the EW corrections to gauge bosons self-energies 

 ... 

 new physics at the weak scale to cancel the UV sensitivity of the Higgs mass? 

⇤ < me/↵em

⇤ < �m2
⇡/↵em

⇤2 <
�mK

mK

6⇡2

G2
F f

2
K sin2 ✓C

Introduce new degrees of freedom to regulate the high-energy behavior
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The different paths to Higgs naturalness
 Single vacuum  Multiple vacua

the low Higgs mass is screened from 
large quantum corrections by

1. a symmetry (Susy, PQ) 
2. a form factor (composite Higgs) 
3. a low UV scale (xdim, RS, large N…) 
4. a combination of the above

many metastable vacua  
with a vast range of values for mH 

Dynamical (or anthropic selection) of mH≪Λ

1. anthropic multiverse  
2. NNaturalness with 1016 copies of SM 
3. relaxion and cosmological scanning 
with non-trivial back reaction
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How to Stabilize the Higgs Potential

a particle of spin s:
2s+1 polarization states 

...with the only exception of a particle moving at the 
speed of light 

... fewer polarization states

... but the Higgs is a spin 0 particle

m=0
Spin 1 Gauge invariance no longitudinal polarization

Chiral symmetry only one helicitySpin 1/2

The spin trick

!64

If the symmetries are broken, the radiative mass will be set by the scale  
of symmetry breaking, not the UV/Planck scale
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Symmetries to Stabilize a Scalar Potential

Supersymmetry

fermion ~ boson

Higher Dimensional  
Lorentz invariance

4D spin 1 4D spin 0

These symmetries cannot be exact symmetry of the Nature. 
They have to be broken. We want to look for a soft breaking in 

order to preserve the stabilization of the weak scale.

gauge-Higgs  
unification models
➾

[Manton ’79, Fairlie 79, Hosotani ’83 +...]

!65

Aµ � A5
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Other approaches to the hierarchy problem
the hierarchy problem can be reformulated as: 

why the weak scale so much smaller than the Planck scale of quantum gravity?

✴ large extra dimensions (~1mm): dilute gravitational interactions into 
large volume not accessible to other forces. Scale of quantum gravity 
around 1TeV. Black holes could be produced at the LHC.  

✴ many different species: M*=MPl/√N. M*~1TeV if N~1032 

✴ composite Higgs: above the scale of compositeness, the Higgs boson 
dissolves into its fundamental constituents. Momentum-dependent form 
factors cut off the divergent integrals 

✴ break EW symmetry without a Higgs boson, aka technicolor models. 
Ruled out by the Higgs boson discovery

MPl =

r
~c
G N

⇠ 1019 GeV/c2
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Could the EW scale accidentally small?
The Sun and the Moon have the same angular size seen from Earth. Why?

Supersymmetry!
(new space-time!
symmetry)

Composite Higgs

Multiverse

anthropic principle?

 Dynamical explanation? 
 Accident? 
 Multiverse… there exist many (exo)planets with moons! 
 Anthropic selection (probably not for the Moon, but maybe for the Higgs)

Number of string vacua: 10500± 272 000

Taylor, Wang ‘15
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What is BSM?

?
I don’t know. Nobody knows

If it were known, it would be part of the SM!
You won’t learn during these lectures what BSM is.

You’ll learn (maybe) what BSM could be.
“Looking and not finding is different than not looking”

We’ll study the limitations/defaults of the SM as a guide towards BSM.
We want to learn from our failures

!68
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What is the scale of New Physics?

Where is everyone?
even new physics at few hundreds of GeV might be difficult to see and could escape our detection

 compressed spectra 

 displaced vertices

 no MET, soft decay products, long decay chains

 uncoloured new physics

    

  

  

 R-susy

 Neutral naturalness 
     (twin Higgs, folded susy)   

 Relaxion

small EDMs, FCNC:

tiny neutrino masses:

slow proton decay:

High Scale Wishes
gFµ⌫ ̄H�

µ⌫
 

M
2
NP

(LH)2

MNP

UUDE

M2
NP

Low Scale Wishes

⤿ light susy?

small EDMs:

tiny vacuum energy:

light Higgs boson:

argdetY  10�10

m2
H

⇡ M2
NP � (125GeV)2

⇤ ⇡ M4
NP �

�
10�3eV

�4
⤿ axion?

⤿ ?


