
Experimental view …
BSM Higgs Searches

Lecture 9
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Standard model cannot be valid  
up to large energy scales Λ ...  
Problem: Higgs self-energy [ΔmH ~ Λ2]  
 

	 -	 Quadratically divergent    
	 - 	Only stable if mH ≈ Λ [“natural” Higgs mass]     
	 - 	Typical value Λ = 1015 GeV,      
	 	 scale of new grand unified theory (GUT)  
	 	 [➛ fine tuning problem: keep mH « Λ] 
 

 
Unification of SM forces  
at GUT scale  
 

	 -	 RGE evolutions of coupling constants            

	 	 do not meet in one point

Theoretical Problems and Open Questions
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Cancellation of chiral anomaly requires “conspiracy”  
between QCD and electroweak theory ...  
 

SM: fulfilled “by accident”; deeper reason? 

	 	      NC(Qu + Qd) = − Qe 

 
Gravity not included in Standard Model ... 
	 Gravity much weaker than all other forces ...  
	 Hierarchy problem, i.e. ...  
 

	 why is the Planck scale (1019 GeV) much larger than EW scale (250 GeV)? 
	 SM = gauge theories of quantum fields in space-time,  
	 but general relativity = non-quantized geometrical field theory ... 
	 No renormalizable quantum theory of gravity so far ...

Theoretical Problems and Open Questions

# colors
quark charges

electron charges



Theoretical Problems and Open Questions

How can we solve the mystery  
of dark energy? 

How did the universe  
come to be? 

Do all forces  
become one?

Why are there so many  
kinds of particles?

What are neutrinos 
telling us?

What happened  
to the antimatter?

What is dark matter?

Are there extra 
dimensions of space?

Are there undiscovered 
principles of nature?

Can we make dark 
matter in the laboratory?



There exists a large number of models which predict  
new physics at the TeV scale accessible @ LHC ...  

• Grand Unified Theories (SU(5), O(10), E6, …) 
embed SM gauge group in larger symmetry 

• Supersymmetry (SUSY - around since a long time) 
• Extended Higgs sector 

e.g. in SUSY models 
• Leptoquarks 
• New heavy gauge bosons 
• Technicolour 
• Compositeness 
• Extra dimensions

What Theorists Think About ...

Any of this is what 
the LHC still hopes for ...

... in addition to the Higgs



LHC BSM Higgs Searches 

BSM Scenarios: 
[see e.g. PDG: Status of Higgs Boson Physics]

Supersymmetric Extensions … !
One neutral Higgs with close to SM properties (h); two extra neutral Higgs bosons (H,A);  
two charged Higgs bosons (H±); potential departures from SM Higgs decay rates (e.g. h ➛ bb) …

Two Higgs-Doublet Models (2-HDMs)… !
Simple extension with 7 free parameters; different types, distinguished based on coupling to fermions …  
Type-I: only one doublet couples to fermions; Type-II (SUSY): φ1/φ2 couples to up/down-type fermions …

Composite Higgs Scenarios … !
Idea: Higgs is composite bound state; e.g. Little Higgs Models; partial compositeness … 
Extra particles at the TeV scale (Zʹ, Wʹ, …); extra Higgs bosons; charged and doubly charged Higgs bosons …

Higgs Triplet Models … !
Add electroweak triplet scalar to SM; motivation: neutrinos acquire Majorana mass … 
Extra Higgs bosons, in particular doubly charged Higgs (H±±); fermiophobic Higgs (also for 2HDM) …



Search Categories …

Three main subgroups: !
  1. Neutral Higgs with SM-like properties …    
   [m ≠ 125 GeV; using the SM as a benchmark …]     !
  2. Neutral Higgs with non-SM properties     
   [additional Higgs @ m ≠ 125 GeV; BSM properties of Higgs @ m = 125 GeV]     !
  3. Charged Higgs Bosons …     
   [Single and doubly charged …]    

Signatures: !
  Hadronic decay channels, decays into gauge bosons    
  leptonic decay channels, invisible Higgs …   



Public Results – ATLAS [CONF Notes]

Search for charged Higgs bosons in the τ+jets final state with pp collision data  
recorded at √s=8 TeV with the ATLAS experiment 
!
Search for a high-mass Higgs boson in the H->WW->lvlv decay channel with  
the ATLAS detector using 21 fb-1 of proton-proton collision data 
!
Search for Higgs bosons in Two-Higgs-Doublet models in the  
H ➛ WW ➛ eνμν  channel with the ATLAS detector 
!
Search for invisible decays of a Higgs boson produced in association  
with a Z boson in ATLAS 
!
Search for a Higgs boson decaying to four photons through light CP-odd scalar  
coupling using 4.9 fb-1 of 7 TeV pp collision data taken with ATLAS detector 
!
Higgs in SM with 4th fermion generation 
[in “Update of the Combination of Higgs Boson Searches in 1.0 to 2.3 fb-1 …”]  
!
A search for a light CP-Odd Higgs boson decaying  
to μ+μ– in ATLAS

CONF-2013-090 
!
!
CONF-2013-067 
!
!
CONF-2013-027 
!
!
CONF-2013-011 
!
!
CONF-2012-079 
!
!
CONF-2011-135 
!
!
CONF-2011-020 

… very similar for CMS



Public Results – ATLAS [Papers]

Search for charged Higgs bosons through the violation of lepton universality  
in tt events using pp collision data at √s = 7 TeV with the ATLAS experiment 
!
Search for a light charged Higgs boson in the decay channel H+ ➛ cs  
in tt events using pp collisions at √s = 7 TeV with the ATLAS detector 
!
Search for the neutral Higgs bosons of the Minimal Supersymmetric Standard  
Model in pp collisions at s = √7 TeV with the ATLAS detector 
!
Search for a fermiophobic Higgs boson in the diphoton decay  
channel with the ATLAS detector 
!
Search for charged Higgs bosons decaying via H± → τν in tt events using  
pp collision data at s = √7 TeV with the ATLAS detector

PH-EP-2012-347 
!
!
PH-EP-2012-338 
!
!
PH-EP-2012-323 
!
!
PH-EP-2012-105 
!
!
PH-EP-2012-083 

… very similar for CMS
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Supersymmetry

A popular benchmark…

"One day, all of these will be supersymmetric phenomenology papers."

Supersymmetry
Higgs Searches
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(mec
2)observed = (mec

2)bare + ∆EC

(mec
2)bare = (mec

2)observed − ∆EC

= 0.511 MeV − 10000 MeV

= −9999.489 MeV

Motivation 
Electrons in classical Electrodynamics

Electromagnetic 
self-energy:

Self-energy must be part of  
electron mass:

Experiment: 		 re < 10-17 cm  ➛  ∆EC > 10 GeV 
	 	 	 	 me = 511 keV = 0.511 MeV

Classical Electrodynamic  
not valid for ∆EC > mec2, i.e. for d < 2.8 ⋅10-13 cm

[from d < e2/4πε0 mec2]

e a−

QED: Photon exchange ⇔ Coulomb law

“fine-tuning 
 problem”

[Murayama, arXiv:0709.3041]



∆E = ∆EC + ∆EPair =
3α

4π
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➛

Motivation 
Electrons in classical Electrodynamics

Introduction of positron ... 
cure of “fine-tuning problem” 
via vacuum fluctuations.

Description of self-energy in 
Quantum Electrodynamics via  
photon exchange.
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e
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QED: Photon exchange ⇔ Coulomb law

∆EPair = −

1

4πϵ0

e2

re

+ . . .
Vacuum fluctuations: e+e–-pair production

Modify physics at 
d ~ c·∆t ~ 200·10-13 cm 
	      with ∆t ~ ħ/∆E ~ ħ/2mec2

smaller 
self-energy !

+e e−

e− a

[Murayama, arXiv:0709.3041]
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Motivation 
Electrons in classical Electrodynamics

e a−

QED: Photon exchange ⇔ Coulomb law

max. 9% 
even @ re = 1/MP

 Doubling d.o.f. & symmetry 
 result in divergence cancellation. 
“Naturally” small mass correction.➛

Vacuum fluctuations: e+e–-pair production

+e e−

e− a

Introduction of positron ... 
cure of “fine-tuning problem” 
via vacuum fluctuations.

Description of self-energy in 
Quantum Electrodynamics via  
photon exchange.

Modify physics at 
d ~ c·∆t ~ 200·10-13 cm 
	      with ∆t ~ ħ/∆E ~ ħ/2mec2

a a
e
+e
−

e−

[Murayama, arXiv:0709.3041]



V = −µ2|H|2 + λ|H|4

t
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Motivation 
Supersymmetry and the Higgs self-energy

Higgs 
self-energy:

Self-energy correction through top-loops:

Standard Model not applicable for d < 10-17 cm; 
i.e. above a scale Λ > 2 TeV ...

Higgs-Top 
coupling

“Higgs radius”

Solution: double d.o.f. introducing  
boson partners for each fermion;  
 

results in loop corrections with opposite sign.

Remaining correction:

“Naturalness” argument: mt not much larger than mt, i.e. mt in TeV range.~ ~➛
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Supersymmetric Particle Spectrum
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Higgs sector  
extended in SUSY: 
          SM:	simplest mechanism to generate   
	 gauge boson and fermion masses 
  

                  ➛	 single SU(2) doublet 
!
 
 
 
 

Minimal model compatible with  
SUSY:	 two Higgs doublet models [2HDM] 
                 ➛ 	 separate fields coupling to    
	 down-type and up-type quarks  
	 [SM:                    for up-type]

SUSY Higgs Sector
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Higgs bosons in 2HDM: 
8 degrees of freedom:  
3 massive vector bosons,  
5 physical Higgs bosons 
2 charged Higgs H± 

1 CP-odd neutral Higgs [A] 
2 CP-even neutral Higgs  
[H (“heavy”) and h (“light”)] 
Key parameter: tan β  
 

Ratio of vacuum expectation  
values of ϕu and ϕd



Minimal Supersymmetric Models

Extension of the Standard Model 
	 Supersymmetric partner for each SM particle     
	 2 Higgs doublets      
	 Minimal structure to guarantee cancellations of anomalies 
	 Two Higgs field needed to give masses to ‘up’  
	 and ‘down’ type quarks in a consistent way !
New quantum number: R-parity Rp 
	 Particles: 	 Rp = +1      
	 S-Particles: 	 Rp = –1 
	 Rp-conservation circumvents proton decay;  
	 conservation of B-L !
Motivation of SUSY 
	 Avoid divergent quantum corrections to Higgs mass     
	 Allows for unification of gauge couplings      
	 Existence of lightest supersymmetric particle (LSP);       
	 candidate for dark matter      

Rp  = (-1)B+L+2S



Supersymmetry is not an exact symmetry 
	 ... as SUSY particles are not observed at low masses     
!
Needs model(s) for (soft) symmetry breaking 
	 Most models assume “hidden” sector ...     
	 	 Hidden sector: particles neutral to SM gauge group      
	 	 Visible sector: MSSM particle spectrum  

	 SUSY breaking occurs in the hidden sector        
	 	 Transmitted to MSSM by specific mechanism:       
	 	 Gravity Mediated Supersymmetry Breaking (mSUGRA, cMSSM)  
	 	 Gauge Mediated Supersymmetry Breaking (GMSB)  
	 	 Anomaly Mediated Supersymmetry Breaking (AMSB)  

SUSY breaking leads to extra parameters 
!
	 Unconstrained models: 105 parameters (Masses, couplings, phases)      
	 Constrained models: 4 or 5 parameters, assuming SUSY breaking scheme      
	 Examples: mSugra, cMSSM ...     

Minimal Supersymmetric Models

“visible” 
sector

“hidden” 
sector

Messengers

completely neutral  
with respect to SM  
gauge group 

LSP: Neutralino

LSP: Gravitino



Unification assumption 
	 Assume universal masses for all bosons and      
	 fermions at the GUT (Grand Unification Theory) scale 
!
Symmetry breaking assumption 
	 Model where breaking is      
	 mediated by gravity  

!
5 remaining parameters 

	 m0:	 universal boson (scalar) mass                
	 m½:    	 universal gaugino mass         
	 A0: 	 universal trilinear coupling              
	 tanβ:  	 ratio of the two Higgs VEVs (vacuum expectation values)         
	 sgn(μ): 	 sign of the higgsino mass parameter       

mSUGRA – A Constrained Model

Results in



mSUGRA Mass Spectrum

Running masses: 
Universal masses at GUT 
scale lead to sparticle  
masses at EW scale  
via RGE evolution



mSUGRA Parameter Space

408 Chapter 13. Supersymmetry

Table 13.1: mSUGRA parameter values for the test points. Masses are given in units
of GeV/c2.

Point m0 m1/2 tan� sgn(µ) A0

LM1 60 250 10 + 0
LM2 185 350 35 + 0
LM3 330 240 20 + 0
LM4 210 285 10 + 0
LM5 230 360 10 + 0
LM6 85 400 10 + 0
LM7 3000 230 10 + 0
LM8 500 300 10 + -300
LM9 1450 175 50 + 0

LM10 3000 500 10 + 0
HM1 180 850 10 + 0
HM2 350 800 35 + 0
HM3 700 800 10 + 0
HM4 1350 600 10 + 0
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Figure 13.3: Position of the test points in the m0 versus m1/2 plane. The lines in this plane
correspond to the assumptions that tan� = 10, A0 = 0 and µ > 0. The shaded regions are
excluded because either the ⇤̃1 would be the LSP or because there is not radiative electroweak
symmetry breaking. The regions excluded by the LEP limit on the h0 or the ⌅̃±1 masses are
delineated by dashed lines. The test CMS points are indicated by stars (LM7 and LM10 are
outside the boundaries) and the points used in the CMS DAQ TDR by triangles. Also shown
are the regions of interest for the decay of the ⌅̃0

2.

[CMS, LHCC-2006-021]

Map of mSUGRA  
parameter space

Position of the test points in the m0 versus m1/2  
plane. The lines in this plane correspond to the  
assumptions  that tan β = 10, A0 = 0 and μ > 0.  
The shaded regions are excluded because either  
the stau1 would be the LSP or because there is  
not radiative electroweak symmetry breaking.  
The regions excluded by the LEP limit on the  
h0 or the chargino masses are delineated by  
dashed lines. The CMS test points are indicated  
by stars and the points used in the CMS DAQ  
TDR by triangles.

from 2006



mSUGRA Parameter Space

[Bear et al., Phys Rev. D87, 2013]

Map of mSUGRA  
parameter space

Contours of ΔHS in the mSUGRA model with A0 = 0  
and tanβ = 10. We take μ > 0 and mt =  173.2 GeV.  
The grey region on the left is excluded either because  
the stau is too light or becomes tachyonic, the grey  
region at the bottom is excluded by LEP1 constraints, 
while in the region on the right we do not get the  
correct pattern of EWSB, since either μ2 or mA2 become 
negative. The region labeled LEP2 is excluded by 
constraints on the chargino mass. The region labeled  
aμ is allowed at the 3σ level by the E821 experiment  
while in the dark-shaded (green-shaded) region, the 
thermal neutralino relic density is at or below the  
WMAP measurement of the cold dark matter density.  
The region below black contour labeled LHC7 is  
excluded by SUSY searches. The lighter Higgs boson 
mass mh < 123 GeV throughout this parameter plane.

are very different, we see only a small part of this contour
(which appears as nearly vertical lines) for very large
values of !HS. We have checked that !HS < 150 is already
excluded by LHC searches, so high-scale fine-tuning of less
than a percent is now mandatory for A0 ¼ 0. If we take the
high-scale origin of the mSUGRA model seriously, we see
that without a theory that posits special relations between
the parameters that could lead to automatic cancellation of
the large logarithms that enter !HS, we are forced to con-
clude that LHC data imply that the theory is fine-tuned to a
fraction of a percent. For the portion of the plane compat-
ible with LHC constraints on sparticles, the smallest values
of !HS occur wherem0 andm1=2 are simultaneously small.
As m0 moves to the multi-TeV scale, !HS exceeds 1000,
and fine-tuning of more than part per mille is required.

In frame (b) of the figure, we show contours of constant
!EW. Over most of the plane, these contours tend to track
contours of constant!2 sinceM2

Z=2"#m2
Hu

#!2 so that

when jm2
Hu
j $ M2

Z=2, then #m2
Hu

"!2. Thus, along the

contours of !EW, the value of m
2
Hu

is independent of m0 at

least until the contours turn around at large values of m0

and m1=2. This is just the focus point behavior discussed in
the second paper of Ref. [19].7 The!EW contours, for large

values of m0 bend over and track excluded region on the
right where !2 becomes negative. This is the celebrated
hyperbolic branch [19] of small j!j. The contours of !EW

then bend around for very large values of m0 because "u
u

contributions, especially from ~t2 loops, increase with m0

and begin to exceed #m2
Hu

’ !2. Indeed, Fig. 2(b) shows

that there is a region close to (but somewhat removed from)
the ‘‘no EWSB’’ region on the right where !EW becomes
anomalously small even for large values of m0 and m1=2. It
is instructive to see that while this low EWFT region is
close to the relic-density consistent region with small !
[19], it is still separated from it.8 While !EW " 100 is
excluded at low m0, this 1% EWFT contour, even with
the resolution of our scan, extends out to very large
m0 " 6 TeV values form1=2 as high as 1 TeV! While these
plots show that relatively low EWFT (!EW of a few tens) is
still allowed by LHC7 constraints on sparticles, it is
important to realize that these planes are now excluded
since they cannot accommodate mh " 125 GeV.
Before moving on to other planes, we remark that for the

smallest values of m0 in the LHC-allowed regions of the
figure, !HS "!EW. As we have explained, !HS is deter-
mined by the value of j"m2

Hu
j [see Eq. (2.5)], which for

m0 " 0 is just jm2
Hu
j that determined !EW when m0 is very

FIG. 2 (color online). Contours of (a) !HS and (b) !EW in the mSUGRA model with A0 ¼ 0 and tan# ¼ 10. We take !> 0 and
mt ¼ 173:2 GeV. The grey region on the left is excluded either because the stau is too light or becomes tachyonic, the grey region at
the bottom is excluded by LEP1 constraints, while in the region on the right we do not get the correct pattern of EWSB, since either!2

or m2
A become negative. The region labeled LEP2 is excluded by constraints on the chargino mass. The region labeled a! is allowed at

the 3$ level by the E821 experiment while in the dark-shaded (green-shaded) region, the thermal neutralino relic density is at or below
the WMAP measurement of the cold dark matter density. The region below black contour labeled LHC7 is excluded by SUSY
searches. The lighter Higgs boson mass mh < 123 GeV throughout this parameter plane.

7More precisely, the discussion in this paper was for a fixed
value of m1=2 so that the range of m0 was limited because we hit
the theoretically excluded region. We see though that the same
value of m2

Hu
can be obtained if we simultaneously increase m0

and m1=2 so that we remain in the theoretically allowed region.

8Much of the literature treats these regions as one. While this
is fine for some purposes, it seems necessary to be clear on the
difference when discussing either dark matter or EWFT. Note
that !HS is large in both regions.

HOWARD BAER et al. PHYSICAL REVIEW D 87, 035017 (2013)

035017-6

`

from 2013



mSUGRA Particle Spectrum

J.A. Aguilar-Saavedra et al.: Supersymmetry parameter analysis: SPA convention and project 53

Table 2. Numerical values of the SM input to SPS1a′. Masses
are given in GeV, for the leptons and the t quark the pole
masses, for the lighter quarks the MS masses either at the
mass scale itself, for c, b, or, for u, d, s, at the scale Q = 2 GeV

Parameter SM input Parameter SM input

me 5.110 · 10−4 mpole
t 172.7

mµ 0.1057 mb(mb) 4.2

mτ 1.777 mZ 91.1876

mu(Q) 3 · 10−3 GF 1.1664 · 10−5

md(Q) 7 · 10−3 1/α 137.036

ms(Q) 0.12 ∆α(5)
had 0.02769

mc(mc) 1.2 αMS
s (mZ) 0.119

of the SUSY particles, and at the two-loop level for the
Higgs masses. QCD effects on the heavy quark masses are
accounted for to two-loop accuracy.

A systematic comparison with the other public pro-
grams ISAJET [59], SOFTSUSY [60] and SuSpect [61] has
been performed in [62] to estimate the technical accuracy
that can presently be reached in the evolution. The codes
include full two-loop RGEs for all parameters as well as
one-loop formulas for threshold corrections. The agreement
between the actual versions of these calculations is in gen-
eral within one percent. A special case are the on-shell
masses of the Higgs bosons which have been calculated by
FeynHiggs [58] starting from the SPheno Lagrangian pa-
rameters as input. Here, discrepancies for the mass of the
lightest Higgs boson amount to 2% or more which can be at-
tributed to different renormalization schemes (see also [63]
for detailed discussions).

Table 3. The DR SUSY Lagrangian parameters at the scale
M̃ = 1 TeV in SPS1a′ from [56] [mass unit in GeV; M2

Hu

negative]. In addition, gauge and Yukawa couplings at this
scale are given in the DR scheme

Parameter SPS1a′ value Parameter SPS1a′ value

g′ 0.3636 M1 103.3

g 0.6479 M2 193.2

gs 1.0844 M3 571.7

Yτ 0.1034 Aτ −445.2

Yt 0.8678 At −565.1

Yb 0.1354 Ab −943.4

µ 396.0 tan β 10.0

MHd 159.8 |MHu | 378.3

ML1 181.0 ML3 179.3

ME1 115.7 ME3 110.0

MQ1 525.8 MQ3 471.4

MU1 507.2 MU3 387.5

MD1 505.0 MD3 500.9

Besides the comparisonbetweendifferent codes for spec-
trum calculations, a crude internal estimate of the theoret-
ical errors at the present level of the loop calculations may
be obtained by shifting the matching point M̃ from 1 TeV
down to 0.1 TeV. A sample of particle mass shifts associ-
ated with such a variation of the SUSY scale parameter is
displayed in Table 5. With errors at the percent level, the
experimental precision at LHC can be matched in general.
However, it is obvious that another order of magnitude,
the per-mil level, is required in the theoretical precision to

Table 4. Mass spectrum of supersymmetric particles [56] and Higgs bosons [58] in the reference point SPS1a′.
The masses in the second generation coincide with the first generation
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ν̃l

τ̃1

τ̃2
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χ̃0
2

χ̃0
3

χ̃0
4

χ̃±
1

χ̃±
2

q̃R

q̃L

g̃

t̃1

t̃2

b̃1

b̃2

h0

H0, A0 H±

Particle Mass [GeV] Particle Mass [GeV]

h0 116.0 τ̃1 107.9

H0 425.0 τ̃2 194.9

A0 424.9 ν̃τ 170.5

H+ 432.7 ũR 547.2

χ̃0
1 97.7 ũL 564.7

χ̃0
2 183.9 d̃R 546.9

χ̃0
3 400.5 d̃L 570.1

χ̃0
4 413.9 t̃1 366.5

χ̃+
1 183.7 t̃2 585.5

χ̃+
2 415.4 b̃1 506.3

ẽR 125.3 b̃2 545.7

ẽL 189.9 g̃ 607.1

ν̃e 172.5

[J.A. Aguillar-Saavedra et al., Eur Phys. J C46 (2006) 43]

Higgs Charginos/ 
NeutralinosSleptons Squarks/ 

Gluino

SUSY parameter  
space too large ... 
Define 
Benchmark points … 
!

Example: SPS1a’ 
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃ ) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃ , g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1 2 e,µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

ℓ̃L,Rℓ̃L,R, ℓ̃→ℓχ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeVℓ̃

χ̃+1 χ̃
−
1 , χ̃

+
1→ℓ̃ν(ℓν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1
χ̃±1 χ̃

0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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tanβ 
m½ 

m0 
A 

sign(μ)

=  	 15 
=   	 800 GeV 
=  	 10 TeV 
=  –	5.45 TeV 
=  +	1

LHC14 [159]. The Higgs bosons, apart from the light CP -even one, can most probably not be observed at
the LHC in this low tanβ and mA region [160].

At the ILC with
√
s ≃ 0.5TeV, we expect e+e− → Ah, ZH to occur at observable rates. As

√
s rises

beyond 600GeV, AH and H+H− production becomes accessible while mixed χ̃0
1χ̃

0
2 pair production, though

accessible, is suppressed. At 1TeV, χ̃±
1 and χ̃0

2 pairs will be produced in addition. Due to heavy sleptons and
the sizable mass gap between χ̃±

1 , χ̃
0
2 and the χ̃0

1, one expects electroweakino decays to realW
± and Z bosons,

very similar to the “Point 5” benchmark studied in the Letter of Intents of the ILC experiments [161, 162].

4.4 mSUGRA/CMSSM

Large portions of mSUGRA model parameter space are now ruled out by direct searches for gluino and
squark production at LHC8. In addition, if one requires mh ≃ 124− 126GeV, then even larger portions of
parameter space are excluded: m1/2 < 1TeV (corresponding to mg̃ < 2.2TeV) for low m0 and m0 < 2.5TeV
(corresponding to mq̃ < 2.5TeV) for low m1/2 [113]. These tight constraints rule out almost all of the co-
annihilation and A-funnel annihilation regions [113, 40]. The HB/FP region moves to very largem0 >

∼ 10TeV
since now |A0| must be large to accommodate the rather large value of mh. Some remaining dark matter
allowed parameter space thus remains.

An example is provided by an mSUGRA benchmark point with m0 = 10TeV, m1/2 = 0.8TeV, A0 =
−5.45TeV and tanβ = 15. The masses are shown in Table 1 and in Figure 5 for all sparticles (left), and for
masses below 500GeV only (right).
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Figure 5: Left: Full spectrum of the mSugra benchmark. Right: Zoom into the spectrum below 500GeV.

At this point, mg̃ = 2130GeV and mq̃ ≃ 10TeV so colored sparticles may be beyond LHC14 reach. The
most promising signature for the LHC may again be pp → χ̃+

1 χ̃
0
2 → W ∗h∗ + Emiss

T .

However, µ ≃ 234GeV and so mχ̃±
1

= 248GeV, mχ̃0
2
= 247GeV and mχ̃0

1
= 229GeV. Thus, this point–

although still fine-tuned in the EW sector (with ∆EW = 321 due to mt̃1,2 ≃ 6− 8TeV)– would allow χ̃+
1 χ̃

−
1

and χ̃0
1χ̃

0
2 production at ILC with

√
s = 0.5TeV. The χ̃0

1 would be of mixed bino-higgsino variety and the
χ̃±
1 − χ̃0

1 mass gap is just 19 GeV. When increasing
√
s towards 1TeV, the heavier neutralinos become

accessible in mixed production and χ̃0
3 pair production.

4.5 Non-universal gaugino masses (NUGM)

In supergravity, gaugino masses arise from the Lagrangian term (using 4-component spinor notation)

LG
F = −

1

4
eG/2∂f

∗
AB

∂ĥ∗j

∣

∣

ĥ→h

(

G−1
)j

k
Gkλ̄AλB (10)

16
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LHC14 [159]. The Higgs bosons, apart from the light CP -even one, can most probably not be observed at
the LHC in this low tanβ and mA region [160].

At the ILC with
√
s ≃ 0.5TeV, we expect e+e− → Ah, ZH to occur at observable rates. As

√
s rises

beyond 600GeV, AH and H+H− production becomes accessible while mixed χ̃0
1χ̃

0
2 pair production, though

accessible, is suppressed. At 1TeV, χ̃±
1 and χ̃0

2 pairs will be produced in addition. Due to heavy sleptons and
the sizable mass gap between χ̃±

1 , χ̃
0
2 and the χ̃0

1, one expects electroweakino decays to realW
± and Z bosons,

very similar to the “Point 5” benchmark studied in the Letter of Intents of the ILC experiments [161, 162].

4.4 mSUGRA/CMSSM

Large portions of mSUGRA model parameter space are now ruled out by direct searches for gluino and
squark production at LHC8. In addition, if one requires mh ≃ 124− 126GeV, then even larger portions of
parameter space are excluded: m1/2 < 1TeV (corresponding to mg̃ < 2.2TeV) for low m0 and m0 < 2.5TeV
(corresponding to mq̃ < 2.5TeV) for low m1/2 [113]. These tight constraints rule out almost all of the co-
annihilation and A-funnel annihilation regions [113, 40]. The HB/FP region moves to very largem0 >

∼ 10TeV
since now |A0| must be large to accommodate the rather large value of mh. Some remaining dark matter
allowed parameter space thus remains.

An example is provided by an mSUGRA benchmark point with m0 = 10TeV, m1/2 = 0.8TeV, A0 =
−5.45TeV and tanβ = 15. The masses are shown in Table 1 and in Figure 5 for all sparticles (left), and for
masses below 500GeV only (right).
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Figure 5: Left: Full spectrum of the mSugra benchmark. Right: Zoom into the spectrum below 500GeV.

At this point, mg̃ = 2130GeV and mq̃ ≃ 10TeV so colored sparticles may be beyond LHC14 reach. The
most promising signature for the LHC may again be pp → χ̃+

1 χ̃
0
2 → W ∗h∗ + Emiss

T .

However, µ ≃ 234GeV and so mχ̃±
1

= 248GeV, mχ̃0
2
= 247GeV and mχ̃0

1
= 229GeV. Thus, this point–

although still fine-tuned in the EW sector (with ∆EW = 321 due to mt̃1,2 ≃ 6− 8TeV)– would allow χ̃+
1 χ̃

−
1

and χ̃0
1χ̃

0
2 production at ILC with

√
s = 0.5TeV. The χ̃0

1 would be of mixed bino-higgsino variety and the
χ̃±
1 − χ̃0

1 mass gap is just 19 GeV. When increasing
√
s towards 1TeV, the heavier neutralinos become

accessible in mixed production and χ̃0
3 pair production.

4.5 Non-universal gaugino masses (NUGM)

In supergravity, gaugino masses arise from the Lagrangian term (using 4-component spinor notation)

LG
F = −

1

4
eG/2∂f

∗
AB

∂ĥ∗j

∣
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(
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tanβ 
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μ
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=  	 10 TeV 
=  –	16 TeV 
=  	 6 TeV
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Figure 3: Left: Full spectrum of the RNS benchmark. Right: Zoom into the spectrum below 500GeV.

χ̃±
1 , χ̃

0
2 and χ̃0

1. In addition, the χ̃0
3 is accessible in mixed production with the lighter neutralinos already at√

s >
∼ 850GeV.

Phenomenologically similar scenarios – which are even more minimal in the sense that the χ̃0
3 and the t̃1 are

in the multi-TeV regime as well – have been suggested by Brümmer and Buchmüller [158]. We will discuss
one example in section 4.8.

4.3 NUHM2 benchmark with light A, H and H±

This benchmark point, constructed within the 2-parameter non-universal Higgs model (NUHM2), provides
a model with relatively light A, H and H± Higgs bosons while the remaining sparticles are beyond current
LHC reach. We adopt parameters m0 = 10TeV, m1/2 = 0.5TeV, A0 = −16TeV, tanβ = 7 with µ = 6TeV
and mA = 275GeV. With such a light H+, then tH+ loop contributions to BF (b → sγ) are large and
non-minimal flavor violation in the b-sector would be needed.

The resulting mass spectrum is listed in Table 1 and displayed in Figure 4 for all sparticles (left), and for
masses below 500GeV only (right).
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Figure 4: Left: Full spectrum of the NUHM2 benchmark. Right: Zoom into the spectrum below 500GeV.

The only colored sparticles accessible to the LHC are the gluinos with mg̃ = 1.46TeV, while most squarks
live at around mq̃ ≃ 10TeV. The gluino decays are dominated by g̃ → χ̃0

1tt̄ and g̃ → (χ̃±
1 → χ̃0

1W
±)tb, and

thus will require dedicated analyses for high multiplicity final states or boosted techniques for identifying
W - or t-jets. The signal pp → χ̃+

1 χ̃
0
2 → Wh + Emiss

T → ℓνℓ + bb̄+ Emiss
T should ultimately be observable at

15

[]NUMH2: 2-parameter non-universal Higgs model]
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Figure 3: Left: Full spectrum of the RNS benchmark. Right: Zoom into the spectrum below 500GeV.

χ̃±
1 , χ̃

0
2 and χ̃0

1. In addition, the χ̃0
3 is accessible in mixed production with the lighter neutralinos already at√

s >
∼ 850GeV.

Phenomenologically similar scenarios – which are even more minimal in the sense that the χ̃0
3 and the t̃1 are

in the multi-TeV regime as well – have been suggested by Brümmer and Buchmüller [158]. We will discuss
one example in section 4.8.

4.3 NUHM2 benchmark with light A, H and H±

This benchmark point, constructed within the 2-parameter non-universal Higgs model (NUHM2), provides
a model with relatively light A, H and H± Higgs bosons while the remaining sparticles are beyond current
LHC reach. We adopt parameters m0 = 10TeV, m1/2 = 0.5TeV, A0 = −16TeV, tanβ = 7 with µ = 6TeV
and mA = 275GeV. With such a light H+, then tH+ loop contributions to BF (b → sγ) are large and
non-minimal flavor violation in the b-sector would be needed.

The resulting mass spectrum is listed in Table 1 and displayed in Figure 4 for all sparticles (left), and for
masses below 500GeV only (right).
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Figure 4: Left: Full spectrum of the NUHM2 benchmark. Right: Zoom into the spectrum below 500GeV.

The only colored sparticles accessible to the LHC are the gluinos with mg̃ = 1.46TeV, while most squarks
live at around mq̃ ≃ 10TeV. The gluino decays are dominated by g̃ → χ̃0

1tt̄ and g̃ → (χ̃±
1 → χ̃0

1W
±)tb, and

thus will require dedicated analyses for high multiplicity final states or boosted techniques for identifying
W - or t-jets. The signal pp → χ̃+

1 χ̃
0
2 → Wh + Emiss

T → ℓνℓ + bb̄+ Emiss
T should ultimately be observable at
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tanβ 
m½ 

m0 
A 
μ

=  	 7 
=   	 500 GeV 
=  	 10 TeV 
=  –	16 TeV 
=  	 6 TeV

[]NUMH2: 2-parameter non-universal Higgs model]



MSSM Higgs Sector

Consider MSSM Higgs:  
!
	 Two Higgs doublets ➛ 5 physical Higgs bosons: h, H, A, H± … !
	 Enhanced coupling to 3rd generation … 
	 Strong coupling to down-type fermions … 
	 [at large tanβ get strong enhancements to h/H/A production rates] 
!
Couplings: gMSSM = ξ・gSM

ξ t b/τ W/Z

h cos α/sin β - sin α/cos β sin (α-β)

H sin α/sin β cos α/cos β cos (α-β)

A cot β  tan β – usually vanishing 
[decoupling limit; MA ≫ MZ]

Large tan β: !
Enhancement of Higgs couplings to b,τ … 
[and decreased coupling to top …]

Mixing angels: α,β !
	 α: Mixing of CP even Higgs Hu,Hd ➛ h,H     
	 β: Mixing of charged fields φ±1,2     !
	 [also: tanβ = vu/vd]    



MSSM Higgs Sector

Consider MSSM Higgs:  
!
	 Two Higgs doublets ➛ 5 physical Higgs bosons: h, H, A, H± … !
	 Enhanced coupling to 3rd generation … 
	 Strong coupling to down-type fermions … 
	 [at large tanβ get strong enhancements to h/H/A production rates] 
!
Enhanced bbφ diagrams [φ = h,H,A] 
[Examples]



MSSM Higgs Sector

Consider MSSM Higgs:  
!
	 Masses of Higgs bosons h,H,A  
	 parametrized by two parameters: tan β, mA …

m2
A = 2b/ sin(2�)

• Consider the case of an MSSM Higgs at the LHC
• 2 Higgs doublets give rise to 5 physical Higgs bosons: h, H, A, H±

• Enhanced coupling to 3rd generation; strong coupling to down-type fermions 
(at large tanβ get strong enhancements to h/H/A production rates)

• Diagrams with bbϕ vertex enhanced proportional to tan2β where ϕ=h,H,A

• Can parameterize the masses of the Higgs bosons with two free parameters: 
tanβ and mA
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• Enhanced coupling to 3rd generation; strong coupling to down-type fermions 
(at large tanβ get strong enhancements to h/H/A production rates)

• Diagrams with bbϕ vertex enhanced proportional to tan2β where ϕ=h,H,A
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	 Decoupling limit … 
	 i.e. mA large …

	 mH ≈ mA, mh ≈ mZ | cos 2β |  
	 [needs radiative corrections to allow mh = 125 GeV]

m2
h,H =

1
2

✓
m2

A + m2
Z ⌥

q
(m2
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Z)2 + 4m2

Am2
Z sin2(2�)

◆

	 Low mA …
	 mh ≈ mA |cos 2β| 
	 mH ≈ mZ
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Searching for the MSSM Higgs
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Fig. 5: Higgs branching ratios for the light MSSM Higgs boson for the relevant final states. The parameters are
chosen according to themmax

h scenario, see Eq. (82), with tanβ = 10(50) in the left (right) plot.
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A popular and well-studied extension … 
!
	 Mass of light CP-even Higgs mh < 135 GeV !
	 For large parts of the parameter space  
	 H ➛ bb and H ➛ ττ decays dominate 
	 [and also H± ➛ τ±ν; see later] !
	 WW/ZZ decays are suppressed 
	 for heavier CP-even Higgs H … 
	 [decoupling limit]

Use mh    Scenario …max
[Carena et al.]

	 MSSM parameters chosen 
	 to maximize mh for given mA, tan β … !
➛	 MA < 130 GeV: mh ≈ mA, mH ≈ 130 GeV 
	 MA > 130 GeV: mh ≈ mH, mh ≈ 130 GeV



MSSM Higgs Production

Figure 4: Tree-level Feynman diagrams for the neutral MSSM Higgs boson production via (a) gluon
fusion and (b) the associated production with b-quarks.

The production cross-sections and decay branching ratios of the Higgs bosons depend on a large
number of standard model parameters. Unless otherwise specified, the following default parameter sets
are used: muds = 190 MeV, mc = 1.40 GeV, mb = 4.75 GeV, mt = 172.5 GeV, MW = 80.398 GeV,
MZ = 91.1876 GeV and GF = 1.16639× 10−5 GeV−2. Pole quark mass values are quoted here. The
strong coupling constant αs is in general taken to be the value from the PDF set used. MSTW2008
determines the αs value as part of its PDF fit: αs(MZ) = 0.13939 at LO, 0.12018 at NLO and 0.11707
at NNLO. On the other hand, the CTEQ collaboration uses the world average values (αs(MZ) = 0.130 at
LO and αs(MZ) = 0.118 at NLO) for its PDF fits.
The cross-section changes with the renormalisation scale µR and factorisation scales µF as a result

of uncalculated higher order effects. Starting from a median scale µ0, which is considered the “natural
scale” of the process and is expected to absorb the large logarithmic corrections, the current standard
convention is to vary the two scales, either collectively or independently, within µ0/ξ ≤ µR,µF ≤ ξ µ0.
Depending on the process, ξ = 2 or larger. The variation of the scales results in a uncertainty band: the
narrower the band is, the smaller the higher-order corrections are expected to be. This is by no means a
rigorous way to estimate the theoretical uncertainty.

2.3 Higgs Boson Decays
The SM Higgs boson decay branching ratios have been estimated taking into account several contri-
butions, namely those included in HDECAY [23] and PROPHECY4f [24] with the addition of the full
two-loop EW corrections evaluated in [25].
The HDECAY program calculates the decay widths and branching ratio of the Higgs boson(s) in the

SM and in the MSSM. For the SM specifically, it includes all the channels kinematically allowed (also
the loop mediated ones), all the relevant higher order QCD corrections to the decays into quark pairs
and into gluons (quark loop mediated decays) and the double off-shell decays of the Higgs boson into
massive gauge bosons which then decay into four massless fermions.
PROPHECY4f is a Monte Carlo event generator for the specific simulations of the Higgs boson de-

cay H → ZZ/WW → 4 fermions (leptonic, semi-leptonic and four-quark) final states. The calculation
of the complete electroweak O(α) and QCD O(αs) corrections to the processes H→ 4 f , includes both
the corrections toWW and ZZ decays and their interference. The QCD corrections additionally include
leading 2-loop corrections from the Higgs boson self-interaction as discussed in [26]. The intermediate
gauge bosons are treated as resonances (and their widths calculated at NLO), without any on-shell ap-
proximation and the calculation covers the full Higgs boson mass range near, and below the gauge-boson
pair thresholds. The bottom quark is treated like any other massless quark. PROPHECY4f provides
Γ(LO) and Γ(NLO) partial width to any of the possible 4 f final states. The H →WW/ZZ on-shell
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