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D. d’Enterria  LHC vs Particle Astrophysics     



Y. Sirois – IN2P3/CNRS - LLR Ecole Polytechnique 

•  The LHC/HL-LHC is on the critical path of every 
conceivable future*** for High Energy Physics 

•  This talk is about why I find this appropriate 
and exciting (!) and how we prepare to live for 
the next 15 years in CMS 

*** FCC’s: Futur Circular Collider, Futur Colinear Collider, 
                Futur CERN Collider, Futur China Collider, 
                Futur Chicago Collider,  etc. 
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The Higgs Boson Discovery 
& 

Aftermaths 
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Rad. corrections:  
 

W, Z meas. sensitive to Mtop MH 

•  SM-like Higgs at ~125 GeV is compatible with global EWK data at 1.3σ (p = 0.18) 
•  Indirect constraints now superior to some precise direct W, Z measurements 

Indirect (EWK fit):         MW = 80.359 ± 0.011  
Direct (World average):  MW = 80.385 ± 0.015  

Couplings to fermions and to weak bosons  
(verified to ~10-30% precision) 

The Landscape (1) 
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The H Boson discovery is now firmly established 

ü  MH ~ 125 GeV  
ü  Couplings to fermions and to weak bosons (verified to ~10-30% precision)  
     consistent with the minimal scalar sector required for the BEH mechanism 
ü   Custodial symmetry verified (~ 15% precision) and the existence of a boson 
     with non-universal family couplings established (ττ evidence + no µµ signal) 

•  Culmination of a reductionism strategy evolving from the question of the 
structure of matter to that of the very origin of interactions (local gauge 
symmetries) and matter (interactions with Higgs field) 

•  We understand the origin of mass (i.e. scalar field, BEH mechanism) 
for particles in a quantum field theory with local (i.e. point like) gauge  
interactions 

A truly astonishing achievement ! 

•  Ignoring gravitation, we have for the first time in the history of science a 
theory which is at least in principle complete, consistent, and coherent 
at all scales … (up to the Planck scale ?) 



The Elegance of the Conceptual Unification 

Existence of identical fermions + marriage of relativity and QM 
 

⇒  The “underlying reality” is made of quantum fields 
⇒  There are interactions (gauge bosons) as a  
      consequence of gauge symmetries 
⇒  All “particles” must be massless. 
⇒  All ordinary particles must have spin 0, ½, 1 
 

⇒  There must exist additional (“external”) structure to  
      explain the origin of mass, i.e. to preserve gauge  
      symmetries at the fundamental level, and to 
      provide unitarisation of the theory at all scales.   
 

Notes:  
Particles with spin 2 (graviton) appear in relation to quantum fluctuations of space-time 
Particles of spin 3/2 (gravitino) appear if adding new quantum dimensions (supersymmetry)  

The SM finds 
•  Its roots in the unification of electricity  
     and magnetism in 19th century 
•  Its body in the marriage of relativity and 
     quantum mechanics in the 20th century 
•  Its shape from symmetry principles 
    (gauge symmetries)   

Fermions Gauge Symmetries 
SU(3)xSU(2)xU(1) 

External structure 
BEH Mechanism, Higgs boson 



The Landscape (2) 
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

The Landscape (3) 



Février 2914 

« I told you … » « The End of Particle Physics …"  

The Higgs boson and nothing else so far … 



“There is nothing new to be discovered 	

  in physics now.  All that remains is 	

  more and more precise measurement” 	

	

  Lord Kelvin  1900	


“The more important fundamental laws 	

  and facts of  physical science have all 	

  been discovered,  and these are so firmly 	

  established that the possibility of their 	

  ever being supplanted in consequence of 	

 new discoveries is exceedingly remote ...”	

	

  Albert Michelson 1903	


An Historical Precedent  … 

And then there was  
Relativity, Quantum Mechanics, anti-matter, cosmic microwave background, ... 



No “Exotic” Discovery at the TeV Scale 

•  A considerable amount of “exotic” models have been tested at the LHC  
    up to the ~ TeV range  
•  Only very few of the models tested so far really address more than  
    one of many problems of the theory !!! 

Arbitrariness of the Higgs potential after EWSB 
(arbitrary Higgs boson mass, of the self-coupling and sign of µ …) 
 

Origin of the flavour structure of the theory 
(three families of fermions, flavour mixing parameters, matter-antimatter  
 asymmetry in the Universe …) 
 

Origin of the specific gauge symmetry / set of conserved charges  
(cancelation of triangle anomalies, gauge unification ? etc.)  
 

Hierarchy between EWK and the Planck scale ( and GUT scale ? ) 
(metastability of the EWK vacuum, problem of quantum gravity etc.) 

•  The rise of √s in coming runs at LHC gives access to new territory for 
the search of the unexpected … but the main excitement is provided by 
the Higgs boson discovery which opens up new possibilities 

•  The scalar sector may be the essential key to understand the universe ! 
8 



The Scalar Sector & The Malicious Higgs Boson (1) 

•  The Higgs boson is not a gauge boson  
      (its mass is not protected by symmetries of the theory) 
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Natural  
verified with high precision; stable  
with respect to quantum corrections;  
highly symmetric  
(gauge and flavour symmetries) 

Ad hoc  
but necessary (other mass terms forbidden by  
EWK gauge symmetries); unstable with respect  
to quantum corrections; at the origin of flavour  
structure and all other problems of the SM 

•  Scalar fields “qualitatively” changes the nature of the vacuum 
 

Cosmological problem:  
quantum fluctuations at Planck scale involves Planckian energies ⇒ space-time gets distorted !  
→  contributes to a vacuum energy density in disagreement with our universe by 10120 orders 
→  the principle of locality (a pillar of quantum field theory) breaks down at the Planck scale ! 
Hierarchy problem:  
fine tuning by 1030 orders to cancel the scalar field coupling to quantum fluctuations  
of space-time at the Planck scale 

•  Scalar fields play a vital role in cosmology: inflation and reheating 

•  The complexity of the Standard Model is encoded a scalar sector 



We live in a very particular corner  
of parameter space ! 

G. Isodori et al.  

The Higgs boson mass at ~ 125 GeV is very special !!! Extrapolation to very large 
scales seems possible but no indication provided for the scale for SUSY breaking   

The Scalar Sector & The Malicious Higgs Boson (2) 
M

to
p 

[G
eV

] 

MHiggs [GeV] 

Assuming SM up to Planck scale, the fate of the Universe 
depends on the precise values of Mtop and MHiggs ! 

m
H
 ~ 126 GeV is compatible with the SM and also 

with the SUSY extensions of the SM

m
H
 ~126 GeV is what you expect from a direct interpretation

of EW precision tests: no fancy conspiracy with new physics 

to fake a light Higgs while the real one is heavy 

(in fact no “conspirators” have been spotted: no new physics)

Strumia

A malicious choice!
m

H
 = 125.6 ± 0.4 GeV

The Higgs epochal discovery



New questions raised following H boson discovery  (1) 
                            “From Particles to the Cosmos” 

•  Can we avoid the arbitrariness of the scalar sector ? 
      Get self-coupling from gauge couplings ? Obtain a more constrained scalar sector ? 
      It is not just the MH problem … but also the problem of arbitrary choices driving  
      the BEH mechanism ! 

By the geometry ? 
Could the Higgs boson emerge from the underlying (quantum) geometry of space-time ? 
e.g. non-commutative geometry from Alain Connes (failed to predict MH at 125 GeV)  

By the gauge sector ? 
Can one get self-couplings starting from gauge couplings ?  
Obtain a more constrained scalar sector ? 
e.g. Supersymmetry (extended scalar sector) ?  Composite Higgs ? Le MODÈLE STANDARD SUPERSYMÉTRIQUE

(contenu minimal)

Spin 1 Spin 1/2 Spin 0

gluons g gluinos g̃

photon γ photino γ̃
—————— −−−−−−−−−− —————————

W
±

Z

winos
�
W

±
1,2

zinos
�
Z1,2

higgsino h̃
0

H
±

h

H, A






bosons

B-E-Higgs

leptons l sleptons l̃

quarks q squarks q̃

4 neutralinos (au moins) qui se mélangent

le plus léger, stable → Matière Sombre (?)

2 doublets de Higgs ⇒ 5 bosons de Higgs, au moins

avec mélange H/h, l’un d’eux à 125 GeV/c
2
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remain mass degenerate within massive (Z) or massless (!)
multiplets of supersymmetry, before the introduction of
extra terms breaking the U!1"A and U!1"R symmetries, the
latter reduced to R-parity.
We now discuss zinos, winos, and charged spin-0 bosons

within massive gauge multiplets, as shown in Table I,
before returning to spin-0 bosons, and how they may be
described by massive gauge superfields, in contrast with
the usual formalism.

IV. ZINOS AND OTHER NEUTRALINOS

The massive gauge multiplet of the Z [1] includes a Dirac
zino, obtained from chiral gaugino and Higgsino compo-
nents transforming under U!1"R according to

gaugino "Z ! e!5#"Z; Higgsino ~hz ! e!!5# ~hz: !28"

It may be expressed as a massive Dirac zino with R # $1,

"ZL $ !! ~hz"R # !"3c$ ! "0s$"L $ ! ~h01c% ! ~h02s%"R: !29"

Or equivalently as two Majorana zinos, degenerate as long
as U!1"R is preserved, with a mass matrix given in the
corresponding 2 ! 2 gaugino-Higgsino basis by [28]

Mzinos #
!

0 mZ

mZ 0

"
: !30"

Supersymmetry remains unbroken in this sector, in the
absence of direct gaugino (m1, m2) and Higgsino (&)
mass terms.
This 2 ! 2 zino mass matrix may be unpacked again into

a 4 ! 4 neutralino matrix expressed in the ("0, "3, ~h
0
1, ~h

0
2)

basis using (29). Including additional !R # %2 super-
symmetry-breaking contributions from gaugino (m1, m2)
and Higgsino (&) mass terms it reads

Minos #

0

BBB@

m1 0 !s$c%mZ s$s%mZ

0 m2 c$c%mZ !c$s%mZ

!s$c%mZ c$c%mZ 0 !&
s$s%mZ !c$s%mZ !& 0

1

CCCA:

!31"

For equal gaugino masses m1 # m2 the photino "! #
"0c$ $ "3s$ is a mass eigenstate. The remaining 3 ! 3 mass
matrix is expressed in the ("Z, ~h01, ~h02) basis (with "Z #
!"0s$ $ "3c$) as

0

B@
m2 c%mZ !s%mZ

c%mZ 0 !&
!s%mZ !& 0

1

CA; !32"

as seen from (29). It further simplifies for tan % # 1 into

0

B@
m2 mZ=

###
2

p !mZ=
###
2

p

mZ=
###
2

p
0 !&

!mZ=
###
2

p !& 0

1

CA: !33"

Next to a pure Higgsino of mass j&j corresponding to
!!5"! ~h01 $ ~h02"=

###
2

p
, the two zinos constructed from "Z and

! ~h01 ! ~h02"=
###
2

p
have the mass matrix

Mzinos #
!
m2 mZ

mZ &

"
; !34"

as obtained directly from (30).
There may also be additional neutralinos, as described

by the extra N/nMSSM singlet S with a "H1H2S super-
potential coupling, leading through hHii # vi##

2
p to a "v##

2
p HAS

superpotential mass term. Here HA # H0
1s% $H0

2c% is the
same “left-over” chiral superfield as obtained in (15), now
acquiring a mass by combining with S [1].

V. THE SPIN-0 w% PARTNER OF THE W%,
AND ASSOCIATED WINOS

We have, in a similar way,

W% !
SUSY

2Diracwinos!
SUSY

spin-0 bosonw%; !35"

with mw% # mW% , also up to supersymmetry-breaking
effects. This is why the charged boson now known as
H% was called w% in [1].
The two doublets being expressed as '00 # !h01; h!1 " and

'0 # !h0&2 ;!h!2 ", as in (5) with ( # %, the would-be
Goldstone field

w%
g # '00% cos ($ '0% sin ( # h%1 cos % ! h%2 sin % !36"

TABLE I. Minimal content of the supersymmetric Standard
Model. Gauginos "0, "3 mix with Higgsinos ~h"1, ~h

"
2 into a photino,

two zinos, and a Higgsino, further mixed into four neutralinos.
The charged w% associated with W% is usually known as H%.
The scalars !z; sA" mix into h and H. The N/nMSSM also
involves an extra singlet superfield S with a trilinear super-
potential coupling "H1H2S, leading to an additional neutralino
(singlino) and two singlet bosons.

gluons
photon

gluinos ~g
photino ~!

W%

Z
winos ~W%

1;2

zinos ~Z1;2

Higgsino ~hA

w%

z

sA; A

9
>=

>;
BE-Higgs bosons

leptons l
quarks q

sleptons ~l
squarks ~q

PIERRE FAYET PHYSICAL REVIEW D 90, 015033 (2014)

015033-4

Traditional view (MSSM): Alternative interpretation: 
Mais on peut encore aller plus loin:

associations entre bosons W±, Z et bosons BEH de spin 0 :

spin-1 W
± SUSY←→ SUSY←→ spin-0 H

±

et

spin-1 Z
SUSY←→ SUSY←→ spin-0 BEH boson

avec aussi des inos de spin-
1
2

le neutralino le plus léger étant candidat pour la Matière Sombre de l’Univers

Les mêmes superchamps peuvent décrire à la fois

les bosons W
±

et Z (de spin 1) et les bosons BE-Higgs (de spin 0) associés

20

Mais on peut encore aller plus loin:

associations entre bosons W±, Z et bosons BEH de spin 0 :

spin-1 W
± SUSY←→ SUSY←→ spin-0 H

±

et

spin-1 Z
SUSY←→ SUSY←→ spin-0 BEH boson

avec aussi des inos de spin-
1
2

le neutralino le plus léger étant candidat pour la Matière Sombre de l’Univers

Les mêmes superchamps peuvent décrire à la fois

les bosons W
±

et Z (de spin 1) et les bosons BE-Higgs (de spin 0) associés

20

The H boson is  
possibly a Z  
without spin ! 

Same superfields 
Can describe 
W±, Z  
and H bosons  



•  Is the Higgs boson sufficient for an exact unitarization of the theory ?  
     ó need to test WLWL scattering at the multi-TeV scale 

•  Can we avoid the problem of Hierarchy with respect to Planck scale ? 
     ó  Supersymmetry, … ? Scalar sector linked to inflation and dark energy ? 

Cosmology : needs scalar fields bringing a cosmic repulsion (inflation)  
                       and re-heating (energy transferred to massive particles and 
                       radiation) bringing new gravitational attraction 
 
LHC :  Discovers a (unique ?) scalar field … and the H Boson resulting 
            from the BEH mechanism  
 
Could the Higgs field (and BEH mechanism) be a key element of cosmology ? 

•  Can the scalar sector destabilize the vacuum ? 
     ó interest in most precise measurements of Mtop, MHiggs, … 

New questions raised following H boson discovery  (2) 
                            “From Particles to the Cosmos” 



•  Could the scalar « Higgs » sector be a portal towards dark matter ? 
     ó need to look for invisible decays and/or invisible DM pairs  
         recoiling against the H boson; 
     ó deviations of SM Higgs couplings from interference with “innert” Higgs bosons 

•  Is the scalar sector responsible for baryogenesis ? 
     ó need additional structure in “true” vacuum for baryogenesis at EWPT 
      e.g. IDM models – extend scalar sector of SM with a “innert” Higgs doublet  
            … interferes only with SM Higgs field …  

•  Is the scalar sector at the origin of fermion families ?  
     ó need precise measurements of H → µµ, H → ττ	


•  Is the scalar sector talking to neutrinos (νL↔νR) ?  
    What about the fermion flavour structure ? 
     ó need for more symmetries (extra gauge bosons) 

New questions raised following H boson discovery  (3) 
                            “From Particles to the Cosmos” 
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The CMS Upgrades 
@ 

LHC and HL-LHC 



LHC/LH-LHC Characteristics 

Phase 1 

(LS1 + LS2 ≡ consolidation and phase 1 upgrades) 

      √spp = 13-14 TeV 

Ldt! = 300 fb"1

Phase 2 Ldt! = 3000 fb"1

2015-2022 

2023-203x 
(LS3 ≡ phase 2 upgrades) 

Phase 0 Ldt! " 25 fb#1
2010-2012 

      √spp = 7-8 TeV 

R&D on-going !!! 
Installation in LS3 : 2023-2024 

14 



•  Operate at 1 x 1034 cm-2 s-1 with 25 ns bunch crossing 
(<PU> ~25) 

•  Conditions to be realized during run 2 in Phase 1 after LS1 
   (2015-2017) 

•  Deal with 2 x 1034 cm-2 s-1 and 300 fb-1 in run 2 after LS2  
   (2019-2022) 

CMS Nominal Design 

CMS Phase 1 Upgrades 



CMS Phase 1 Detector Upgrades 

Hadron calorimeters HF/HE/HB 
Replace photo-detectors  
and read-out (in LS2) 
 

Trigger/DAQ 
New backend electronic systems  
(muons and calorimeters) 
Optical splitting for new trigger     

Muon systems 
Complete m coverage (CSCs,RPCs)  
Higher read-out granularity (CSC) 

New beam pipe 
(reduced diameter) 

Pixel detector - Full replacement  
(during extended YETS 2016/17) 

Pixel: http://cds.cern.ch/record/1481838?ln=en  
L1 Trigger:  http://cds.cern.ch/record/1556311?ln=en  
HCAL: http://cds.cern.ch/record/1481837?ln=en  

+ Tracker going cold  
   for phase 1 longevity  
+ µ system upgrades  
   for better L1 trigger 
+ New DAQ2 for PU 
   & timing/control 
+ New beam pipe to  
   for pixel upgrade 
+ µ shielding walls 
+ Maintenance    
   & repairs 

Prepare for L = 1.5 x 1034 @ 25ns 



Si tracker operation at -15o C  
(tested to -20 oC) greater longevity 

CMS Phase 1 Detector Upgrades – LS1 

Final seal 

Bulkhead with insulation 

New beam-pipe with reduced-diameter ó  
ready for 2017 installation of upgraded pixel 

ME4/2 RE4/2 

New CSC and RPC stations: 



CMS Phase 1 Trigger & Performances 

HLT	  

Need to cope with x 2 L  &  higher cross sections due to √s 

HLT higher PU leads to larger reco. times ó  
      improve tracking algorithms 
 
First full menu aimed at PU=40, ΔT=25 ns  
now implemented in CMS simulation 

Goal: keep the same physics sensitivity 

•  Trigger has to select more wisely 
 

  Calorimeters: PU subtraction, better e isolation, τ ID 
  Muons: take advantage of LS1 detector upgrades 

di-jet  
mass 

•  New Pflow technique using per-particle PU   
Results based on full reconstruction promising 

Improved  ΔM = Mreco. – Mgener. 

ΔM (GeV)                        

•  First full menu aimed at PU=40, ΔT=25 ns  
    now implemented in CMS simulation 



•  Operate at leveled luminosity of  5 x 1034 cm-2 s-1  
    (<PU> ~ 140) to collect 3000 fb-1 from 2023 onward 

CMS Phase 2 (HL-LHC)-Upgrades 

•  Mandatory (radiation damage):  change tracker and endcap calorimeters 
 

•  Rely on particle-flow (PFLOW) for pile-up mitigation 
    1) Increase tracker granularity by a factor ~ 4 
    2) Extend tracker up to |η| ~ 4 
    3) Introduce track info. at L1 trigger (PT ≥ 2 GeV "track-sub” @ 40 MHz) 
    4) Increase forward calorimetry granularity (jet ID and resolution)      
    5) … 

Preparation of a Technical Proposal - on-going 
Decision on forward calorimetry expected in spring 2015 
Full Technical Design Reports (TDR) by fall 2017. 

Tracker extension in |η| and high granularity calorimetry in forward region allow 
→  better cover the peak production region for tag jets in VBF processes  
→  Improve on total and ET

miss  measurements, improve on b-tagging acceptance … 
     e.g. could be essential for  HH production via self-coupling in VBF processes 
→ Improve Jet ID and energy resolution 



CMS Phase 2 Upgrades  	
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Trigger/DAQ 
•  L1 (hardware) with tracks and 
   rate up  ∼  500 kHz to 1 MHz 
•  Latency ≥ 10µs 
•  HLT output up to 10 kHz 

Muons 
•  Replace DT FE electronics 
•  Complete RPC coverage in forward 

region (new GEM/RPC technology) 
•  Investigate Muon-tagging up to η ∼ 4 

New Endcap Calorimeters 
•  Radiation tolerant - high granularity  
•  Investigate coverage up to η ∼ 4 

New Tracker  
•  Radiation tolerant - high granularity - less material  
•  Tracks in hardware trigger (L1) 
•  Coverage up to η ∼ 4 

https://cds.cern.ch/record/1605208/files/CERN-RRB-2013-124.pdf 

Barrel ECAL 
•  Replace FE electronics 



Tracker Upgrade for Phase 2 

Strip and pixel tracker are seriously degraded after Phase 1  
ó need rad-hard replacement 

Outer Tracker: 2-sensor modules:  
Strip-Strip (2S) & Strip-Macro-pixels (PS) 
spacing adjusted for trigger data  
selective readout of track stubs above  
(configurable) PT threshold 
ó “track-trigger” 

•  210 m2 area  - 15500 modules   
•  50M strips - 220M macro-pixels 
•  90/100 µm2 pitch (2S/PS modules)  
•  2.5/5 cm strips (2S/PS) - 1.5 mm  
    long macro-pixels in PS 
•  200 µm active or physical thickness 

•  Total pixel area ∼ 4 m2  - preserve 
ability to replace inner components  

•  10 disks extending coverage to η ∼ 4  
•  50x50 to 25x100 µm2 pixels (min. size) 
•  ≤ 200 µm physical thickness 

Pixel Tracker  



CMS Forward Calorimeter Aging 

At high |η|, the PbW04 crystals of ECAL endcap progressively loose transparency    
o  ECAL trigger noise goes to 200 GeV per tower ! 
o  Cannot replace in situ (absorber is activated), nor only inner portions 

ó Need replacement ! 

Shashlik –  "Conventional dense": 

2 possible calorimetry options (decision in 2015) 

High Granularity  
(HGCAL) 
Highly Segmented 
for particle flow 



The CMS HGCAL Project 

ECAL: ~33 cm, 25 X0, 1λ, 30 layers: 
•  10 planes of Si separated by 0.5 X0 of W/Pb/C 
•  10 planes of Si separated by 0.8 X0 of W/Pb/C 
•  10 planes of Si separated by 1.2 X0 of W/Pb/Cu 
Fine grain pads 0.45 & 0.9 cm2 

HCAL: ~66 cm, 3.5λ:  
•  12 planes of Si separated by ~0.3λ of absorber 

~ 9M channels and 660 m2 of Silicon 

Back HCAL as HE re-build 5λ  
with increased granularity 

300 µm 

200 µm 

100 µm 

Sensor Parameters: 



PFLOW with HGCAL in CMS 
•  3D shower reconstruction; Δ(E)/E ~ 20%/√E for e/γ; improved e/γ Iso 
•  Use detailed shower topology to mitigate PU effect 
•  Use fine granularity to perform EFLOW (E weighting) for jets 
    (possibly already at trigger level) and improve on jet ID  

Pflow:  
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The Future Physics Program 
@ 

LHC and HL-LHC  



CMS LHC/HL-LHC Specific Goals 

•  Complete precision measurements of the Higgs boson 
 
•  Observe Di-Higgs production and access the self-coupling 
 
•  Measure trilinear and quartic couplings of weak bosons 
 
•  Measure rare decays and search for forbidden H decays  
 
•  Search for an extended scalar sector 
 
•  Search for extra-structure, supersymmetric matter, Exotica, … 
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In addition to all the great SM precision measurements with Z, W  
and the top quarks, HI Physics, flavour physics etc. … 
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(6) Extra-structure, Supersymmetric Matter, Exotica … 
•  Considerable extension of the discovery reach for « exotica » 
    ó continue and extend searches for leptoquarks, heavy gauge bosons, large extra dimensions,  
          compositeness and excited fermions, vector-like quarks, etc.   

« Rules of thumb » on the discovery reach 
   will go up by a factor ~ 2 with respect to  Run 1 after ~100 fb-1 at LHC run 2  
   will do up by DM = (new – old reach) ~ 0.07 x √s  with 10 x L 

•  Considerable extension of the discovery reach for « SUSY » 
4 Chapter 1. Introduction

Mass scale [GeV]
500 1000 1500 2000 2500

0
1
!"

0
1
!" tttt# g~g~

0
1
!"

0
1
!" qqqq# g~g~

0
1
!"

0
1
!" WZ# 0

2
!"±

1
!"

-1 discovery: 14 TeV, 3000 fb$5
-1 discovery: 14 TeV, 300 fb$5

95% CL limits: 8 TeV

Summary of CMS SUSY Projections with SMS

Figure 1.2: Reach of searches for supersymmetry.

In case of a discovery during the first phase of he LHC, the large dataset of the HL-LHC will911

be critical to unveil the nature of the observed new particles. This will require precise measure-912

ment of their properties, such as production cross sections, masses, and spin-parity. It will also913

be essential to extend the searches of other new physics signals.914

1.3 Overview of the CMS Phase-II Upgrade915

1.3.1 General Considerations916

For the HL-LHC, the brightness of beams and the new focusing/crossing scheme at the inter-917

action point will enable the accelerator to potentially deliver a luminosity of 2 × 10
35

cm
−2

s
−1

918

at the beginning of each fill. This would increase the interaction rate and collision PU be-919

yond the capabilities of existing and envisioned detector and trigger technologies. It is there-920

fore proposed to maintain a lower, but stable instantaneous luminosity by continuously tun-921

ing the beam focus and crossing profile throughout the duration of beam fills in a process922

referred to as luminosity levelling. The nominal scenario is to operate at a levelled luminosity923

of 5 × 10
34

cm
−2

s
−1

, corresponding to a mean pile-up of 140 interactions per beam crossing
1
.924

The primary goal of the Phase-II upgrade program is therefore to maintain the excellent per-925

formance of the Phase-I detector under these challenging conditions throughout the extended926

operation of HL-LHC.927

The CMS Phase-I detector is illustrated in Figure 1.3. A major focus of CMS has been to identify928

changes that are mandatory for the beam conditions of HL-LHC and significant effort has been929

expended to understand the effect of radiation damage. Performance projections are based on930

a combination of detailed measurements using the data taken in the experiment throughout the931

period 2011-2012 and the exposure of test components to radiation levels matching anticipated932

HL-LHC doses. From these studies it is very clear that the tracker and the endcap calorimeters933

must be replaced for Phase-II.934

1
An average of 140 p-p collisions per beam bunch crossing assumes a high value of the total interaction cross

section extrapolation to 14 TeV, and takes into account bunch to bunch fluctuations as discussed in ref [13]
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CMS studied 5 different SUSY models in 9 generic signatures (to be published soon) 
•  Deviations to be found in one or the other signature for each model in Phase I (300 fb-1) 
•  Evidence or discovery possible in Phase I 
•  HL-LHC (Phase 2, 300 fb-1) will be crucial to confirm an evidence or characterize a SUSY 

discovery made during Phase 1  



It would be surprising that Nature would not choose SUSY somehow 
 
•  Extension of space-time symmetries to quantum coordinates 
•  Natural appearance of spin 0 (scalars) and spin 3/2 particles (gravitino) 
     bosons ⇔ fermions  
•  Possibility of a Gauge-Higgs unification (with extra compact spatial dimensions ?) 
•   Rôle in the Hierarchy between EWK and GUT or Planck scale ?    

SU
SY 

HEP 

But it is a big mistake to think that this  
must lead to easy discoveries at the LHC 
In the few years to come ! 
 
e.g. The discovery of the Higgs boson  
       was made has hard as it possibly  
       be by Nature with the choice of  
       MH ~125 GeV ! …   



*** True original article published in 1996 concerning CDF at the TeVatron 

*** 

2016 

5006 

Note:  5006 = 2875 (ATLAS) + 2131 (CMS)  

SU
SY 

HEP 



CMS LHC/HL-LHC Specific Goals 

•  Complete precision measurements of the Higgs boson 
 
•  Observe Di-Higgs production and access the self-coupling 
 
•  Measure trilinear and quartic couplings of weak bosons 
 
•  Measure rare decays and search for forbidden H decays  
 
•  Search for an extended scalar sector 
 
•  Search for extra-structure, supersymmetric matter, Exotica, … 
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In addition to all the great SM precision measurements with Z, W  
and the top quarks, HI Physics, flavour physics etc. … 
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(1) Precision Measurements of the SM-like H boson 

2 Gluon-Fusion Process13

2.1 Higgs-boson production in gluon–gluon fusion
Gluon fusion through a heavy-quark loop [6] (see Fig. 1) is the main production mechanism of the
Standard Model Higgs boson at hadron colliders. When combined with the decay channels H ! !! ,
H ! WW, and H ! ZZ, this production mechanism is one of the most important for Higgs-boson
searches and studies over the entire mass range, 100 GeV <" MH

<" 1 TeV, to be investigated at the
LHC.

Ht,b

g

g

Fig. 1: Feynman diagram contributing to gg ! H at lowest order.

The dynamics of the gluon-fusion mechanism is controlled by strong interactions. Detailed studies
of the effect of QCD radiative corrections are thus necessary to obtain accurate theoretical predictions.
In QCD perturbation theory, the leading order (LO) contribution [6] to the gluon-fusion cross section
is proportional to !2

s , where !s is the QCD coupling constant. The main contribution arises from the
top quark, due to its large Yukawa coupling to the Higgs boson. The QCD radiative corrections to this
process at next-to-leading order (NLO) have been known for some time, both in the large-mt limit [7,8]
and maintaining the full top- and bottom-quark mass dependence [9, 10]. They increase the LO cross
section by about 80#100% at the LHC. The exact calculation is very well approximated by the large-mt

limit. When the exact Born cross section with the full dependence on the mass of the top quark is used to
normalize the result, the difference between the exact and the approximated NLO cross sections is only
a few percent. The next-to-next-to-leading order (NNLO) corrections have been computed only in this
limit [11–17], leading to an additional increase of the cross section of about 25%. The NNLO calculation
has been consistently improved by resumming the soft-gluon contributions up to NNLL [18]. The result
leads to an additional increase of the cross section of about 7#9% (6#7%) at

$
s = 7 (14) TeV. The

NNLL result is nicely confirmed by the evaluation of the leading soft contributions at N3LO [19–23].
Recent years have seen further progress in the computation of radiative corrections and in the

assessment of their uncertainties. The accuracy of the large-mt approximation at NNLO has been stud-
ied in Refs. [24–29]. These papers have definitely shown that if the Higgs boson is relatively light
(MH

<" 300 GeV), the large-mt approximation works extremely well, to better than 1%. As discussed
below, these results allow us to formulate accurate theoretical predictions where the top and bottom loops
are treated exactly up to NLO, and the higher-order corrections to the top contribution are treated in the
large-mt approximation [30].

Considerable work has also been done in the evaluation of electroweak (EW) corrections. Two-
loop EW effects are now known [31–35]. They increase the cross section by a factor that strongly
depends on the Higgs-boson mass, changing from +5% for MH = 120 GeV to about #2% for MH =
300 GeV [35]. The main uncertainty in the EW analysis comes from the fact that it is not obvious how to
combine them with the large QCD corrections. In the partial factorization scheme of Ref. [35] the EW
correction applies only to the LO result. In the complete factorization scheme, the EW correction instead
multiplies the full QCD-corrected cross section. Since QCD corrections are sizeable, this choice has a
non-negligible effect on the actual impact of EW corrections in the computation. The computation of the
dominant mixed QCD–EW effects due to light quarks [30], performed using an effective-Lagrangian

13M. Grazzini, F. Petriello, J. Qian, F. Stoeckli (eds.); J. Baglio, R. Boughezal, and D. de Florian.

4

q

q

q

q

H

V

V

q

q

q

q

H

V

V

q

q

q

q

H

V V

Fig. 4: Topologies of t-, u-, and s-channel contributions for electroweak Higgs-boson production, qq ! qqH at
LO, where q denotes any quark or antiquark and V stands forW and Z boson.

!. The preferred choice, which should be most robust with respect to higher-order corrections, is the
so-called GF scheme, where ! is derived from Fermi’s constant GF . The impact of EW and QCD
corrections in the favoured Higgs-mass range between 100 and 200 GeV are of order 5% and negative,
and thus as important as the QCD corrections. Photon-induced processes lead to corrections at the
percent level.

Approximate next-to-next-to-leading order (NNLO) QCD corrections to the total inclusive cross
section for VBF have been presented in Ref. [75]. The theoretical predictions are obtained using the
structure-function approach [65]. Upon including the NNLO corrections in QCD for the VBF production
mechanism via the structure-function approach the theoretical uncertainty for this channel, i.e. the scale
dependence, reduces from the 5"10% of the NLOQCD and electroweak combined computations [65,70]
down to 1"2%. The uncertainties due to parton distributions are estimated to be at the same level.

3.2 Higher-order calculations
In order to study the NLO corrections to Higgs-boson production in VBF, we have used two existing par-
tonic Monte Carlo programs: HAWK and VBFNLO, which we now present. Furthermore we also give
results of the NNLO QCD calculation based on VBF@NNLO and combine them with the electroweak
corrections obtained from HAWK.

3.2.1 HAWK – NLO QCD and EW corrections
HAWK [69–71] is a Monte Carlo event generator for pp ! H + 2 jets. It includes the complete
NLO QCD and electroweak corrections and all weak-boson fusion and quark–antiquark annihilation
diagrams, i.e. t-channel and u-channel diagrams with VBF-like vector-boson exchange and s-channel
Higgs-strahlung diagrams with hadronic weak-boson decay. Also, all interferences at LO and NLO
are included. If it is supported by the PDF set, contributions from incoming photons, which are at
the level of 1"2%, can be taken into account. Leading heavy-Higgs-boson effects at two-loop order
proportional to G2

FM
4
H are included according to Refs. [76,77]. While these contributions are negligible

for small Higgs-boson masses, they become important for Higgs-boson masses above 400 GeV. For
MH = 700 GeV they yield +4%, i.e. about half of the total EW corrections. This signals a breakdown
of the perturbative expansion, and these contributions can be viewed as an estimate of the theoretical
uncertainty. Contributions of b-quark PDFs and final-state b quarks can be taken into account at LO.
While the effect of only initial b quarks is negligible, final-state b quarks can increase the cross section
by up to 4%. While s-channel diagrams can contribute up to 25% for small Higgs-boson masses in the
total cross section without cuts, their contribution is below 1% once VBF cuts are applied. Since the
s-channel diagrams are actually a contribution toWH and ZH production, they are switched off in the
following.
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Fig. 7: (a), (b) LO diagrams for the partonic processes pp ! VH (V = W,Z); (c) diagram contributing to the
gg ! HZ channel.

"
s = 7 TeV ATLAS expects to exclude a Higgs boson at 95% CL with a cross section equivalent to

about 6 times the SM one [101], while with 5 fb!1 of data and
"
s = 8 TeV CMS expects to exclude

a Higgs boson at 95% CL with a cross section equivalent to about 2 times the SM one [102]. These
results are very preliminary and partially rely on analyses which have not been re-optimized for the
lower centre-of-mass energy.

One of the main challenges of these searches is to control the backgrounds down to a precision of
about 10% or better in the very specific kinematic region where the signal is expected. Precise differential
predictions for these backgrounds as provided by theoretical perturbative calculations and parton-shower
Monte Carlo generators are therefore crucial. Further studies (e.g. in Ref. [103]) suggest that with data
corresponding to an integrated luminosity of the order of 30 fb!1 the tt̄ background might be extracted
from data in a signal-free control region, while this seems to be significantly harder for theWbb̄ or Zbb̄
irreducible backgrounds, even in the presence of such a large amount of data.

For all search channels previously mentioned, a precise prediction of the signal cross section and
of the kinematic properties of the produced final-state particles is of utmost importance, together with
a possibly accurate estimation of the connected systematic uncertainties. The scope of this section is to
present the state-of-the-art inclusive cross sections for theWH and ZH Higgs-boson production modes
at different LHC centre-of-mass energies and for different possible values of the Higgs-boson mass and
their connected uncertainties.

4.2 Theoretical framework
The inclusive partonic cross section for associated production of a Higgs boson (H) and a weak gauge
boson (V ) can be written as

!̂(ŝ) =

! ŝ

0
dk2 !(V "(k))

d!

dk2
(V "(k) ! HV ) +"! , (2)

where
"
ŝ is the partonic centre-of-mass energy. The first term on the r.h.s. arises from terms where a

virtual gauge boson V " with momentum k is produced in a Drell–Yan-like process, which then radiates
a Higgs boson. The factor !(V ") is the total cross section for producing the intermediate vector boson
and is fully analogous to the Drell–Yan expression. The second term on the r.h.s., "!, comprises all
remaining contributions. The hadronic cross section is obtained from the partonic expression of Eq. (2)
by convoluting it with the parton densities in the usual way.

The LO prediction for pp ! V H (V = W,Z) is based on the Feynman diagrams shown in
Fig. 7 (a),(b) and leads to a LO cross section of O(G2

F ). Through NLO, the QCD corrections are fully
given by the NLO QCD corrections to the Drell–Yan cross section !̂(V ") [104–106]. For V = W, this
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5 ttH Process19

5.1 Higgs-boson production in association with tt pairs
Higgs radiation off top quarks qq/gg ! Htt (see Fig. 12) plays a role for light Higgs masses below
" 150 GeV at the LHC. The measurement of the ttH production rate can provide relevant information
on the top–Higgs Yukawa coupling. The leading-order (LO) cross section was computed a long time
ago [113–117]. These LO results are plagued by large theoretical uncertainties due to the strong de-
pendence on the renormalization scale of the strong coupling constant and on the factorization scales of
the parton density functions inside the proton, respectively. For the LO cross section there are several
public codes available, as e.g. HQQ [64, 118], MADGRAPH/MADEVENT [119, 120], MCFM [112], or
PYTHIA [121]. The dominant background processes for this signal process are ttbb, ttjj, tt!! , ttZ,
and ttW+W! production depending on the final-state Higgs-boson decay.

q

q

H

t

t

H

g

g

t

t

Fig. 12: Examples of LO Feynman diagrams for the partonic processes qq, gg ! ttH.

The full next-to-leading-order (NLO) QCD corrections to ttH production have been calculated
[122–125] resulting in a moderate increase of the total cross section at the LHC by at most " 20%,
depending on the value ofMH and on the PDF set used. Indeed, when using CTEQ6.6 the NLO correc-
tions are always positive and the K-factor varies between 1.14 and 1.22 for MH = 90, . . . , 300 GeV,
while when using MSTW2008 the impact of NLO corrections is much less uniform: NLO corrections
can either increase or decrease the LO cross section by a few percents and result in K-factors between
1.05 and 0.98 forMH = 90, . . . , 300 GeV.

The residual scale dependence has decreased from O(50%) to a level of O(10%) at NLO, if
the renormalization and factorization scales are varied by a factor 2 up- and downwards around the
central scale choice, thus signalling a significant improvement of the theoretical prediction at NLO.
The full NLO results confirm former estimates based on an effective-Higgs approximation [126] which
approximates Higgs radiation as a fragmentation process in the high-energy limit. The NLO effects on
the relevant parts of final-state particle distribution shapes are of moderate size, i.e. O(10%), so that
former experimental analyses are not expected to change much due to these results. There is no public
NLO code for the signal process available yet.

5.2 Background processes
Recently the NLO QCD corrections to the ttbb production background have been calculated [127–131].
By choosing µ2

R = µ2
F = mt

!
pTbpTb as the central renormalization and factorization scales the NLO

corrections increase the background cross section within the signal region by about 20 # #30%. The
scale dependence is significantly reduced to a level significantly below 30%. The new predictions for
the NLO QCD cross sections with the new scale choice µ2

R = µ2
F = mt

!
pTbpTb are larger than the

old LO predictions with the old scale choice µR = µF = mt +mbb/2 by more than 100% within the

19C. Collins-Tooth, C. Neu, L. Reina, M. Spira (eds.); S. Dawson, S. Dean, S. Dittmaier, M. Krämer, C.T. Potter and
D. Wackeroth.
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2.2 Analysis channels

For a given Higgs boson mass hypothesis, the sensitivity for the search and measurements in

a given final state depends on the product of the production cross section and branching fraction

to that final state, the signal selection efficiency, and the level of SM backgrounds in the relevant

Higgs boson signal phase space. A list production and decay channels explored during run I at the

LHC by the ATLAS and CMS experiments is given in Table 1.

Table 1: Production and decay channels explored during

run I at the LHC. The channels labelled “� � �" are ob-

served by the ATLAS and/or CMS experiments and used

for the determination of the Higgs boson mass and spin-

parity state. Evidence is obtained for the channels labelled

“��". A sensitivity approaching SM expectation is obtained

for those labelled “�". All above channels enter the ATLAS

and/or CMS global combinations to constrain the Higgs bo-

son couplings. The sensitivity is found well below SM ex-

pectation for the channels labelled with a “◦". The channels

labelled “- -" are out of reach.

Decay Production Modes

ggH VVH VH tt̄H

H→ bb̄ - - ◦ � � �

H→ τ+τ− � � � � ◦
H→ WW

∗ ��� � � � ◦
H→ ZZ

∗ ��� � ◦ ◦
H→ γγ ��� � � � ◦
H→ Z γ � ◦ - - - -

H→ µ+µ− ◦ ◦ - - - -

The analysis in each experiment is organized in mutually exclusive channels. The H → γγ and

the H → 4� play a special role as they provide a very good mass resolution for the reconstructed

diphoton and four-lepton final states, respectively. These channels will be discussed further in

sections 4 and 5.3. The H → WW → 2�2ν , channel covers a wide mass range, but suffers from the

lack of mass resolution due to the escaping neutrinos. This was the main channel used at the LHC

for early searches of the Higgs boson as discussed in section 3.

The H→ bb̄ decay channel is studied in the VH production mode with V = W or Z, and with

the W or Z undergoing leptonic decays [19, 20]. Final states with 2 b jets from the H decay, and

with zero, one, or two charged leptons (electrons or muons) from the V decays are considered by

the experiments, targeting Z→ νν , W→ eν ,µν , and Z→ ee,µµ respectively. The channel W→ τν
is also considered in CMS in the case where the τ decay involves one charged hadron, i.e. the so-

called “single-prong" decays. Requirements on the missing transverse energy and/or between the

azimuthal opening angle between the missing transverse momentum and the direction of the b jets

or of the leptons are imposed in each final state. To further improve on the sensitivity, the analysis

for each final state is further divided in different categories according to the pT boost of the H or

the V bosons. The H and the V bosons recoil against each other and a substantial reduction of the

background can be achieved in high pT boost kinematic regions [21]. For the statistical analysis of

the selected events, ATLAS employs a binned likelihood constructed as the product of distributions

for the invariant mass m
bb̄

in 26 signal regions, while CMS employs a combination of 14 boosted-

decision tree discriminants. While signal over background (S/B) ratios in the range of 0.1% to

1.0% are expected when integrating around the signal peak at m
bb̄

� 125GeV, this improves up to

about 10% for events with highest BDT scores. The tt̄ production is among main backgrounds in

all event categories. It dominates the event yield in the signal region for WH production after the

full event selection. The V+bb̄ production is the dominating background for ZH production..

5

Production Decay 
State of the Art  
after run I: 

*** = observed (≥ 5σ) 
** = evidence (≥ 3σ) 
* = sensitivity  
° = out-of-reach  

√S = from 8 to 13 TeV ⇒ 
•  Gain factor of 2.6 (for ggH, VBF H), 2.1 (VH), and 4.7 (ttH) in σH 
•  All 4 x 5 main production x decay modes observable with 300 fb-1 

•  Rare decays (H → µµ, Η → Ζγ) & search forbidden decays (H → τµ, …) at HL-LHC 

HL-LHC experiments will each achieve 2-10% precision on the Hff and HVV couplings  

Markus Klute

Higgs Boson Coupling Modifier Fits

10

κg, κγ, κZγ:  loop diagrams allow potential new physics

κW, κZ:        vector bosons
κt, κb:         up- and down-type quarks
κτ, κμ:        charged leptons
total width from sum of partial widths

alternatively:

assumption here κW, κZ < 1

coupling precision 2-10 %
factor of ~2 improvement from HL-LHC

* additional channels under study, e.g. ttH, H to VV

CMS ProjectionSnowmass 2013  CMS extrapolation 



How large are expected 
deviations on couplings  
from BSM physics ?  

Why Precision at HL-LHC ?:  For Discovery 

Gupta, Rzehak & Wells, PRD 2012 
Dawson et al., arXiv:1310.8361 (« Snowmass »)  

1.2 Coupling Measurements 9

fermions, such as top partners, and colored scalars can contribute to H → gg and H → γγ, while electrically

charged scalars and heavy leptons can contribute to H → γγ. Below we examine some representative models,

in order to get a feel for the size of the possible effects.

In Little Higgs models with T parity, the couplings scale with the top partner mass, MT , and assuming the

Higgs couplings to Standard Model particles are not changed, the loop induced couplings are [32],

∆κg � −
m

2
t

M
2
T

∼ O(−8%)

�
600 GeV

MT

�2

, ∆κγ � −0.28∆κg ∼ O(+2%)

�
600 GeV

MT

�2

. (1.7)

In this scenario the production rate from gluon fusion is suppressed, while the width into γγ in increased.

Adding a vector-like SU(2) doublet of heavy leptons does not change the gg → H production rate, but can

give an enhancement in κγ of order ∼ 20%, although large Yukawa couplings are required [33].

Colored scalars, such as the stop particle in the MSSM, also contribute to both κg and κγ . If we consider

two charge-
2
3 scalars as in the MSSM, then for a stop squark much heavier than the Higgs boson [32],

∆κg �
1

4

�
m

2
t

m
2
t̃1

+
m

2
t

m
2
t̃2

−
m

2
tX

2
t

mt̃1mt̃2

�
∼ O(+17%)

�
300 GeV

mt̃

�2

(for Xt = 0), (1.8)

where again ∆κγ � −0.28∆κg. Here Xt =| At −µ cotβ | is the stop mixing parameter. If Xt = 0, the Higgs

couplings to gluons is always increased and the coupling to photons decreased. If the stops are light, and

the mixing is small, large enhancements are possible. In the MSSM, there are other loop contributions to

the Hγγ and Hgg couplings which have been extensively studied. Enhancements in the H → γγ coupling

can be obtained with light staus and large mixing, with effects on the order of ∼ 25% [34].

In Table 1-8, we summarize the generic size of coupling modifications when the scale of new physics is

consistently taken to be M ∼ 1 TeV.

Table 1-8. Generic size of Higgs coupling modifications from the Standard Model values when all new

particles are M ∼ 1 TeV and mixing angles satisfy precision electroweak fits. The Decoupling MSSM

numbers assume tanβ = 3.2 and a stop mass of 1 TeV with Xt = 0 for the κγ prediction.

Model κV κb κγ

Singlet Mixing ∼ 6% ∼ 6% ∼ 6%

2HDM ∼ 1% ∼ 10% ∼ 1%

Decoupling MSSM ∼ −0.0013% ∼ 1.6% ∼ −.4%

Composite ∼ −3% ∼ −(3− 9)% ∼ −9%

Top Partner ∼ −2% ∼ −2% ∼ +1%

1.2.3 Theory Uncertainties on LHC Higgs Production

The uncertainty on Higgs production has been studied by the LHC Higgs cross section working group for the

various channels and is summarized in Table 1-9 [35]. These uncertainties must be included in extractions of

the scale factors κi from LHC data. The error includes factorization/renormalization scale uncertainty and

the correlated uncertainty from αs and the PDF choice, which are added linearly. The scale uncertainty on

the gluon fusion rate is ∼ ±10%, which can potentially be significantly reduced with the inclusion of recent

Community Planning Study: Snowmass 2013



HL-LHC experiments will each achieve ~30% precision λ in SM case … but HH prod. 
could be enhanced from BSM  

Double Higgs production cross section

Double Higgs production cross section is sensitive to λ. Two main diagrams are

involved in the main production channel gg → HH:

Double Higgs production cross section depends on the value of the normalized

Higgs self-coupling λ (triangle) as well as on the coupling yt to top quark (box).

SM: λ = 1, yt = 1.

Luca Cadamuro (LLR) Higgs self coupling 3 / 26

Delicate HH prod. cancellation in SM …  
enhanced with anomalous ttH couplings 

(2) Di-Higgs production and the self-coupling 

How large are the 
possible deviations on 
Triple-H couplings ?  

26 Higgs working group report

Table 1-21. Cross sections for double Higgs production in pp collisions, including the current estimate

for the theoretical uncertainty from Ref. [90], for mH = 125 GeV. The uncertainty on the tt̄HH process has

not been evaluated.

Cross sections (fb) and theoretical uncertainties (%)
√
s gg → HH qq → qqHH qq̄ → WHH qq̄ → ZHH qq̄/gg → tt̄HH

(TeV) NLO NLO NNLO NNLO LO

14 33.89+37.2%
−29.8% 2.01+7.6%

−5.1% 0.57+3.7%
−3.3% 0.42+7.0%

−5.5% 1.02

33 207.29+33.0%
−26.7% 12.05+6.1%

−4.2% 1.99+3.5%
−3.1% 1.68+7.9%

−6.7% 7.91

100 1417.83+29.7%
−24.7% 79.55+6.2%

−4.1% 8.00+4.2%
−3.7% 8.27+8.4%

−8.0% 77.82

deviation in a variety of models were recently made in Ref. [94], under the constraint that no other new
physics associated with the model would be discovered by the LHC:

• Mixed-in singlets. Assuming that the mixing angle and heavy Higgs mass are such that the heavy
Higgs is not detectable at the LHC, (∆λ/λ)max � −18%.

• Higher-dimension operators. These can come from composite Higgs models or be introduced to
strengthen the electroweak phase transition to help with baryogenesis. Imposing precision electroweak
constraints yields (∆λ/λ)max � ±20%.

• MSSM. The presence of the second doublet leads to mixing effects. Inclusion of top quark/squark
radiative corrections is important. The largest deviations occur for low tanβ and low MA. For
tanβ ∼ 5 and MA ∼ 200 GeV and top squarks in the range 1–2.5 TeV, the maximum deviation is
(∆λ/λ)max � −15%, but this number depends strongly on the other MSSM parameters and can be as
low as −2%. For higher MA the coupling deviation becomes smaller in accordance with decoupling.

• NMSSM. The additional coupling parameter λS from the singlet affects the scalar potential even when
the singlet is decoupled. Deviations as large as (∆λ/λ)max � −25% are possible for tanβ ∼ 7.5,
MA ∼ 500 GeV (outside the LHC reach) and top squark mass parameter MS ∼ 500 GeV, assuming
that λS remains perturbative up to at least 10 TeV. Heavier stops lead to a smaller λS and the deviation
becomes more similar to the MSSM.

In other models, large deviations of the triple Higgs coupling from the SM prediction can be used as
characteristic signatures of the model. For example, a recent proposal [95] to improve the naturalness
of SUSY models by boosting the Higgs mass using “auxiliary” scalar fields with tadpoles predicts a triple
Higgs coupling much smaller than in the SM, as a consequence of the Higgs mass being generated mostly
by its couplings to the auxiliary scalars. A separate study [96] of electroweak baryogenesis in a two-Higgs-
doublet model or the MSSM found that successful baryogenesis resulted in deviations of the triple Higgs
coupling of at least 10% or 6%, respectively.

We point out that exclusion of a coupling deviation of 20% at 95% CL requires a measurement at the
10% level; discovery of such a deviation at 5σ requires a measurement at the 4% level. This is a seriously
challenging target for both future LHC upgrades and proposed e

+
e
− colliders.

Community Planning Study: Snowmass 2013

Production cross-section: 

value of λS required to raise the Higgs mass to 126 GeV in-
creases (this can be understood from the sin2 2β factor in
eq. 47). For tan β = 2 we find λS ≤ 0.7, which satisfies
the condition for perturbativity up to the Grand Unification
scale [23] (MGUT ∼ 2× 1016 GeV), whereas for tan β = 7.5 we
find λS ≤ 2, the upper value (λS = 2) leading to a divergence
in λS at ∼ 10TeV [39]. For tan β > 7.5 we find that the con-
dition for perturbativity up to 10 TeV, λS < 2, is not satisfied.
Thus the maximum possible deviation, if we require perturba-
tivity up to 10 TeV is about −25% for tan β = 7.5,mA = 500
GeV.
Now we come to the question, would the heavier Higgs re-

main undetected by the LHC for this point tan β = 7.5,mA =
500 GeV? In the case of the MSSM this point lies outside
the LHC reach of heavy supersymmetric Higgs searches (see
Fig. 1.21 of Ref. [24]). In the NMSSM the coupling of the
heavier Higgs bosons to down-type quarks and vector bosons
is the same up to the percent level while the coupling to
up-type quarks is reduced with respect to the MSSM. This
means that the we expect similar (in processes controlled
by heavy Higgs boson couplings to down-type fermions like
bb → H → ττ ) or smaller cross-sections (if the process
involves, for instance, gluon fusion where coupling to the
top would be suppressed relative to the MSSM). Thus we
would expect that if a point like tanβ = 7.5,mA = 500
GeV is beyond LHC reach for the MSSM the same would
hold for the NMSSM too, given our construction. Thus
tan β = 7.5,mA = 500 GeV indeed represents a point where
the self-coupling deviation from SM is maximal, and the heavy
Higgs bosons are beyond the LHC reach. The self-coupling
deviation for this point, −25% is thus the target in the case
of the NMSSM.

Model ∆ghhh/g
SM
hhh

Mixed-in Singlet −18%
Composite Higgs tens of %
Minimal Supersymmetry −2%a −15%b

NMSSM −25%
LHC 3 ab−1 [36] [−20%,+30%]

Table 1: Summary of the physics-based targets for the triple
Higgs boson coupling. The target is based on scenarios where
no other exotic electroweak symmetry breaking state (e.g.,
new Higgs bosons or “ρ particle”) is found at the LHC except
one: the ∼ 126GeV SM-like Higgs boson. Percentages quoted
are approximate maximal deviations for each model based on
the discussion in the text. For the ∆ghhh/g

SM
hhh values of super-

symmetry, superscript a refers to the case of high tan β > 10
and no superpartners are found at the LHC, and superscript
b refers to all other cases, with the maximum value of −15%
reached for the special case of tan β � 5. In the last row,
the best estimates for the 1σ accuracy of the measurement of
the triple Higgs coupling at the LHC with 3 ab−1 integrated
luminosity is given. It is assumed here that no additional dy-
namics or operators contribute to non-SM shifts in pp → hh

except the self-coupling.

4 Conclusions

To summarize, we have found that the 150MeV uncertainty
on the Higgs boson mass that ATLAS and CMS are scheduled
to achieve is likely to be better than we will ever need to
know it in the foreseeable future. Better determinations yield
no obvious advantage in testing any proposed question about
nature that we can formulate today.
On the other hand, we have shown that in beyond the SM
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(3) Trilinear and Quartic Couplings of the Weak Bosons 

•  Measure SM tri-linear couplings & observe EWK production of WW pairs 
set constraints on aTGC;  set first constraints on aQGC; observe WWW prod ?  

TGC and QGC allowed in SM WW → WW to be observed in Phase 1 

Note: only operators of dimension up to 4 are allowed in a renormalizable QFT;      
aTGC and aTGC must be parametrized in terms of an effective theory 

•  Measure VVV prod. at TeV scale; establish the existence of gauge boson 
quartic self-couplings; set stringent constraints on aQGC  

Well known Never observed so far ! 

EW gauge boson carry weak charges <=> self-interactions exists  (TGC, QGC) 
 

•  Non-Abelian gauge structure of the SM predicts the existence of QGCs besides TGCs 
•  The QGCs are particularly interesting: they can involve  
     four longitudinal components which, according to the  
     equivalence theorem, manifest at high energies as  
     pure Goldstone boson interactions  
     (i.e. independent of SM Gauge couplings) 

32 



A very personnal view of Effective Theories 

Animals with more than 4 legs are scary !!! 

… but possibly unavoidable 

e.g. 
Dimension-8 
operators 



(4) Rare and Forbidden Decays 

HL-LHC experiments sensitive to rare decay BSM enhancement (possibly >> 10%) 

BSM easily competes  
with SM decays  

... with H → bb, H → ττ because of small  couplings;  
… with H → ZZ*, WW* because of V off-shell;  
… with H → γγ, Zγ because of loops 

H → µµ    expected very small – enhanced in leptonic-Higgs models 

H → τµ    forbidden FCNC – enhanced in some multi-Higgs models 

H → Zγ    expected small – enhanced alternative (non-Higgs) interpretations  

H → γ + Invisible X   sensitive to BSM – enhanced e.g. for coupling to DM 
X could be a Z (→ νν), a new particle, a pair of new particles, … 

), %τµ→Best Fit to Br(h
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

 %-0.37
+0.400.89  
τµ→h

 %-0.97
+1.580.05  

, 2 Jetseτµ

 %-0.78
+0.850.81  

, 1 Jeteτµ

 %-0.62
+0.660.87  

, 0 Jetseτµ

 %-0.88
+1.091.24  

, 2 Jets
had
τµ

 %-1.12
+1.070.03  

, 1 Jet
had
τµ

 %-1.15
+1.180.72  

, 0 Jets
had
τµ

 = 8 TeVs, -119.7 fbCMS preliminary

B(H → µτ) = 0.89 ± 0.38 
The CMS combined excess is 2.5 σ	

(local p-value below 10-2 at MH ~ 125 GeV) 

H → µτ 

State of the art 



(5) Extended Scalar Sector 
High tan β :  	

φ → ττ, φ → µµ; H+ → τν, tb 

Low tan β :  
A → Zh; H → hh, tt;  
H+ → cs, cb, tb, Wh 

In general: must explore extended scalar sector e.g. effective 2HDM models 

and fixing Mh to the measured value Mh ≈ 125 GeV, one can perform a fit in the plane

[tan β,MA]. This is shown in the left–hand side of Fig. 6 where the 68%CL, 95%CL and

99%CL contours from the signal strengths only are displayed when, again, the theoretical

uncertainty is considered as a bias. We also display the best-fit contours for the signal

strength ratios at the 68%CL and 95%CL. The best-fit point for the signal strengths when

the theoretical uncertainty is set to zero, is obtained for the values tan β = 1 and MA =

557 GeV, which implies for the other parameters, when the radiative corrections entering

the Higgs masses and the angle α are derived using the information Mh = 125 GeV :

MH = 580 GeV, MH± = 563 GeV and α = −0.837 rad. Regarding this best-fit point, one

should note that the χ2
value is relatively stable all over the 1σ region shown in Fig. 6.

It is interesting to superimpose on these indirect limits in the [tan β,MA] plane, the

direct constraints on the heavy H/A/H
±

boson searches performed by the ATLAS and

CMS collaborations as shown in the right–hand side of Fig. 6. As discussed in Ref. [9]

(see also Ref. [24]), besides the limits from the A/H → τ+τ− and to a lesser extent

t → bH
+ → bτν searches which exclude high tanβ values and which can be extended to

very low tan β as well, there are also limits from adapting to the MSSM the high mass

SM Higgs searches in the channels
6
H → WW and ZZ as well as the searches for heavy

resonances decaying into tt̄ final states that exclude low values of tanβ and MA. For values

250 <∼ MA
<∼ 350 GeV, only the intermediate tan β ≈ 2–10 range is still allowed.
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Figure 6: Left: best-fit regions at 68%CL (green), 95%CL (yellow) and 99%CL (light gray) for

the Higgs signal strengths in the plane [tanβ,MA]; the best–fit point is shown in blue and the

theoretical uncertainty is taken into account as a bias as in the previous figures. The best-fit

contours at 1σ (dashed) and 2σ (dotted) for the signal strength ratios are also shown. Right: we

superimpose on these constraints the excluded regions (in red, and as a shadow when superim-

posed on the best-fit regions) from the direct searches of the heavier Higgs bosons at the LHC

following the analysis of Ref. [9].

expected to be small in contrast to the SUSY case: one can then parametrise the couplings of the h boson,

that are given by eq. (6), by still two parameters α and β but with the angle α being a free input.
6
At low tanβ, channels such as A → hZ and H → hh need also to be considered [9]. In the latter case,

special care is needed in the treatment of the trilinear Hhh coupling as will be discussed in Ref. [25].

9

Interm. tan β : 
H/A → χi

0χj
0, χi

+χj
- 

H+ → χi
+χj
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β (H → χχ) < 58% 

DM Exists – Does it couple to H Sector ? 
 CM

S H
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-13-030 (April 2014) 

E.g. use recoil in ZH and VBF H 

A. D
jouadi et al., Eur.Phys.J. C73 (2013) 2650 
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Conclusions 
•  HEP physics is not quite the same after the discovery of a Higgs boson  
    with properties so far consistent with minimal scalar sector of the SM 
    and the BEH mechanism.  
 

•  The existence of a scalar field with non-zero v.e.v. qualitatively 
     changes the understanding of the vacuum; could have a major 
     impact on the story of the Universe; and open news domains of  
     HEP physics (extended scalar sector, coupling to DM, etc.)  
 

•  The full precision reachable at the LHC or HL-LHC must be exploited 
     to possibly observe deviations caused by extra structure or an  
     extended scalar sector 
  

•  One must be prepared now for a non-trivial discovery [if things pop-up 
    quickly at √s ~ 13 GeV, no one will leave or complain anyway !] 
 
•  As a consequence, one must not compromise on the quality of the  
    upgraded detectors capable to withstand the PU and radiation.  


