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Status of SM Higgs boson searches in nutshell 
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Figure 2: The CLs values for the SM Higgs boson hypothesis as a function of the Higgs boson
mass in the range 110–600 GeV (left) and 110–145 GeV (right). The observed values are shown
by the solid line. The dashed line indicates the expected median of results for the background-
only hypothesis, while the green (dark) and yellow (light) bands indicate the ranges that are
expected to contain 68% and 95% of all observed excursions from the median, respectively. The
three horizontal lines on the CLs plot show confidence levels of 90%, 95%, and 99%, defined as
(1 � CLs).
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Figure 3: The 95% CL upper limits on the signal strength parameter µ = s/sSM for the SM
Higgs boson hypothesis as a function of the Higgs boson mass in the range 110–600 GeV (left)
and 110–145 GeV (right). The observed values as a function of mass are shown by the solid line.
The dashed line indicates the expected median of results for the background-only hypothesis,
while the green (dark) and yellow (light) bands indicate the ranges that are expected to contain
68% and 95% of all observed excursions from the median, respectively.
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Figure 5: The 95% CL upper limits on the signal strength parameter µ = s/sSM for the SM
Higgs boson hypothesis as a function of mH, separately for the combination of the ZZ + gg
(left) and bb+ tt +WW (right) searches. The observed values as a function of mass are shown
by the solid line. The dashed line indicates the expected median of results for the background-
only hypothesis, while the green (dark) and yellow (light) bands indicate the ranges that are
expected to contain 68% and 95% of all observed excursions from the median, respectively.
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Figure 6: The observed local p-value p0 (left) and best-fit µ̂ = s/sSM (right) as a function of the
SM Higgs boson mass in the range 110–145 GeV. The global significance of the observed maxi-
mum excess (minimum local p-value) in this mass range is about 2.1s, estimated using pseudo-
experiments. The dashed line on the left plot shows the expected local p-values p0(mH), should
a Higgs boson with a mass mH exist. The band in the right plot corresponds to the ±1s uncer-
tainties on the µ̂ values.in SM: only small mass intervall unexcluded       what is the situation in BSM?  

interesting deviations from backgr.-only-hypothesis, not incompatible with HSM 
also compatible with BSM Higgs?                       additional deviations? 
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Quantifying the Excess

● Two different tests of the data, comparing to S+B and B-only predictions

− Left:  Local p-value distribution for background-only expectation.
● Minimum local p-value:                      2.7 standard deviations
● Global p-value with LEE factor of 4:  2.2 standard deviations

− Right:  Maximum likelihood fit to data with signal as free parameter.
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Upper Limits on BEH Boson Production

● 95% C.L. upper limits on SM Higgs boson production at the Tevatron

− Expected exclusion:   100 < M
H
 < 120 GeV       141 < M

H
 < 184 GeV

− Observed exclusion:  100 < M
H
 < 106 GeV        147 < M

H
 < 179 GeV
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Figure 2: The observed (full line) and expected (dashed line) 95% CL combined upper limits on the SM

Higgs boson production cross section divided by the Standard Model expectation as a function of mH

in the full mass range considered in this analysis (a) and in the low mass range (b). The dotted curves

show the median expected limit in the absence of a signal and the green and yellow bands indicate the

corresponding 68% and 95% intervals.
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Figure 5: The local probability p0 for a background-only experiment to be more signal-like than the ob-

servation, for individual channels and the combination. The full curves give the observed individual and

combined p0. The dashed curves show the median expected value under the hypothesis of a SM Higgs

boson signal at that mass. The two horizontal dashed lines indicate the p0 corresponding to significances

of 2% and 3% . The points indicate the combined observed local p0 estimated using ensemble tests and

taking into account energy scale systematic uncertainties (ESS).

exclusion limits and significance, µ is not allowed to be negative; however, this restriction is not applied

in Fig. 7 and Fig. 8, in order to illustrate the presence and extent of downward fluctuations. Nevertheless,

the µ parameter is still bounded to prevent negative values of the probability density functions in the

individual channels, hence for negative µ̂ values close to the boundary, the !2ln' (µ) < 1 region does

not reflect a 68% confidence interval. The excess observed for mH = 126 GeV corresponds to µ̂ of

approximately 0.9+0.4
!0.3, which is compatible with the signal strength expected from a SM Higgs boson at

that mass (µ = 1).

6 Conclusion

The full dataset recorded by the ATLAS experiment in 2011, corresponding to an integrated luminosity

of 4.6 fb!1 to 4.9 fb!1, has been used to update searches for the SM Higgs boson. Higgs boson masses

between 120 GeV and 555 GeV are expected to be excluded at the 95% CL or higher. The observed

95% CL exclusion regions extend from 110.0 GeV to 117.5 GeV, 118.5 GeV to 122.5 GeV, and 129 GeV

to 539 GeV. The mass regions between 130 GeV and 486 GeV are excluded at the 99% CL.

An excess of events is observed in the H " "" and H " ZZ(#) " !+!!!+!! channels at Higgs boson

mass hypotheses close to 126 GeV, with local significances of 2.8% and 2.1% respectively. The expected

sensitivities for a 126 GeV SM Higgs boson are 1.4% for both channels. The local significance of the

observed excess when all channels are combined is 2.5% , where the expected significance in the presence

of a SM Higgs boson with mH=126 GeV is 2.9% . A preliminary estimate of the global probability for

such an excess to occur anywhere in the full explored Higgs boson mass region (from 110 GeV to
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Keep your mind open ...  

Examples from BSM Higgs boson searches  

Hàττ                                (2 HDM, MSSM) 

H+àτν (cs)                       (2HDM, MSSM) 

Fermiophobic Model 

4th Generation „SM“  

aàµµ                      (extra singlet, NMSSM) 

H++ à l+l+                (Higgs Triplett, Little Higgs) 

Long lived H       (Hidden Valley, R-Par-Vio.   

                             SUSY, NMSSM) 
S. Kraml et al., CERN-2006-009, hep-ph/0608079 

despite the interesting observation of deviation from backgr.-only-hypothesis 
(whether hint for new (Higgs) particle or not, whether SM-like Higgs or not) )  
there might be Higgs bosons realized with diff. properties in other places 

M. Schumacher                              BSM Higgs Boson Searches at LHC            LHC2TSP-WS, CERN, 27 March 2012      



2HDM and MSSM Signatures 
so far only: SM-like production kinematics 

                
interpretation in terms of limits on:  
- cross section x BR 
- in MHMAX scenario 

 
we know: acceptances might be changed   
e.g. - effect of b-loop in gluon fusion 
       - SUSY-QCD and -EW corrections 
see 

other scenarios need some more work 

no completely model independent limits possible 

limits on σxBRxacceptance  (if neglect influence on shape of final. discriminant) 

for discovery: wrong acceptance and signal model dilute sensitivity 

M. Schumacher                              BSM Higgs Boson Searches at LHC            LHC2TSP-WS, CERN, 27 March 2012      

arXiv:1201.3084v1  [hep-ph]  15 Jan 2012
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Handbook of LHC Higgs cross sections:
2. Differential Distributions

Report of the LHC Higgs Cross Section Working Group
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Hàττ in MSSM 
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(b)

Fig. 104: Central predictions for the total MSSM production cross sections via gluon fusion and Higgs radiation
off bottom quarks within the 5FS for

!
s = 7 TeV using NNLO and NLO MSTW2008 PDFs [107, 114] for the

no-mixing scenario; (a) tan! = 5, (b) tan! = 30.

12.2.2 Santander matching
A simple and pragmatic formula for the combination of the four- and five-flavour scheme calculations
of bottom-quark associated Higgs-boson production has been suggested in Ref. [370]. The matching
formula originated from discussions among the authors of Ref. [370] at the Higgs Days at Santander
2009 and is therefore dubbed “Santander matching”. We shall briefly describe the matching scheme and
provide matched predictions for the inclusive cross section pp " (bb)H +X at the LHC operating at a
centre-of-mass energy of 7 TeV within the Standard Model for illustrative purposes.

The 4FS and 5FS calculations provide the unique description of the cross section in the asymptotic
limits MH/mb " 1 and MH/mb " #, respectively. For phenomenologically relevant Higgs-boson
masses away from these asymptotic regions both schemes are applicable and include different types of
higher-order contributions. The matching suggested in Ref. [370] interpolates between the asymptotic
limits of very light and very heavy Higgs bosons.

A comparison of the 4FS and 5FS calculations reveals that both are in numerical agreement for
moderate Higgs-boson masses (see Fig. 23 of Ref. [7]). Once larger Higgs-boson masses are considered,
the effect of the collinear logarithms ln(MH/mb) becomes more and more important and the two ap-
proaches begin to differ. The two approaches are combined in such a way that they are given variable
weight, depending on the value of the Higgs-boson mass. The difference between the two approaches is
formally logarithmic. Therefore, the dependence of their relative importance on the Higgs-boson mass
should be controlled by a logarithmic term. The coefficients are determined such that

(a) the 5FS gets 100% weight in the limitMH/mb " # ;
(b) the 4FS gets 100% weight in the limit where the logarithms are “small”. There is obviously quite

some arbitrariness in this statement. In Ref. [370] it is assumed that “small” means ln(MH/mb) =
2. The consequence of this particular choice is that the 4FS and the 5FS both get the same weight
for Higgs-boson masses around 100GeV, consistent with the observed agreement between the 4FS
and the 5FS in this region.48

48Note that one should use the pole mass formb here rather than the running mass, since it is really the dynamical mass that
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MSSM$neutral$Higgs$
!  Search%for%φ(H,h,A) →% τ+τ�#

!  Dependence%on%tanβ%and%M
A%

!  Two%main%production%modes%%
!  0%btag%jets%%%or%%%>1%btag%jets%%
%

!  BR(φ →%bb)~90%%%%%%BR(φ →% τ+τ�)~10%%%%
!  couplings%to%“down%type”%fermions%enhanced%at%high%tanβ%

!  Search%%ττ  signature%in%3%clear%channels:%µτ
h
%,%eτ

h%%%
and%eµ #

!  Isolated%high%P
T
%lepton%+%hadronic%tau/opposite%sign%lepton%

!  Veto%on%2%or%more%µ%or%e%%

!  BKGD:%Z%→% ττ,µµ,ee%%%%W+jets,%QCD,%tt,%WW,%ZZ%

Moriond%QCD%March%11,%2012%Paolo%SPAGNOLO%% 4%
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enhanced coupling to IW,3= -1/2 fermions 
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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 tan! = 10(50) in the left (right) plot.
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 Markus Klute - MIT LHC New Physics Forum  - 12/20/2011 14

φ→ττ

φ φb

b

b

● Di-Tau selection: µ-τ, e-τ, e-µ

● Standard Model (110-145 GeV): 3 channels

● MSSM (90-1000 GeV): 2 channels

Inclusive VBF Boosted

w/o b-tag w/ b-tag

CMS (4.7 fb-1): eτhad3ν, µτhad3ν .  eµ4v and now also µµ4v   (54%) 
                         analysis optimisation:  at least 1 b-tagged or no-btagged jet  
 
ATLAS (1.1 fb-1) eτhad3ν, µτhad3ν, eµ4v, τhadτhad2v                  (91%) 
                          only inclusive analysis published 

M. Schumacher                              BSM Higgs Boson Searches at LHC            LHC2TSP-WS, CERN, 27 March 2012      



CMS: Hàττ with 4.6 fb-1   (CMS PAS HIG-11-029/-12-029) 

6 

b-tag category:          ≤  1 jet with pT > 30 GeV,  ≥ 1 b-jet with pT>20 GeV 
non b-tag category:   ≤ 1 jet with pT>30 GeV,      no b-jet with pT>20 GeV 

M. Schumacher                              BSM Higgs Boson Searches at LHC            LHC2TSP-WS, CERN, 27 March 2012      
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Figure 6: Distributions of the muon-pair invariant mass (left) and the tau-pair invariant mass
(right) for events selected in the B-Tag category. CMS data, respresented by circles, are com-
pared to the expectations from samples of simulated background events, displayed as filled
histograms, and simulated MSSM signal events expected for mA = 200 GeV/c2 and tan b = 20,
shown as dashed histograms.
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Figure 7: Distributions of the muon-pair invariant mass (left) and the tau-pair invariant mass
(right) for events selected in the Non B-Tag category. CMS data, respresented by circles, are
compared to the expectations from samples of simulated background events, displayed as filled
histograms, and simulated MSSM signal events expected for mA = 200 GeV/c2 and tan b = 20,
shown as dashed histograms.
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(right) for events selected in the B-Tag category. CMS data, respresented by circles, are com-
pared to the expectations from samples of simulated background events, displayed as filled
histograms, and simulated MSSM signal events expected for mA = 200 GeV/c2 and tan b = 20,
shown as dashed histograms.
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Figure 7: Distributions of the muon-pair invariant mass (left) and the tau-pair invariant mass
(right) for events selected in the Non B-Tag category. CMS data, respresented by circles, are
compared to the expectations from samples of simulated background events, displayed as filled
histograms, and simulated MSSM signal events expected for mA = 200 GeV/c2 and tan b = 20,
shown as dashed histograms.

cut based  
 
final discriminat: mττ 

CMS: Hàττ with 4.6 fb-1   (CMS PAS HIG-11-029/-12-029) 

eτhad3ν, µτhad3ν.  eµ4v  
 

µµ4v    
                          
multivariate analysis 
 
extract sensitivity 
2-dim fit in  
mµµ and mττ	

	

(MET and mττ for non 
 b-tagged and M>250 GeV) 
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CMS: Exclusion limits in MHMAX scenario 
20 7 Results
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Figure 12: Region in the parameter space of tan b versus mA excluded at 95% CL in the context
of the MSSM mh� max scenario. The expected one- and two-standard-deviation ranges and
the observed 95% CL upper limits are shown together with the observed excluded region.

Table 8: Expected and observed 95% CL upper limits for tan b in the mh� max scenario as
functions of mA, for the MSSM search.

MSSM Higgs Expected Limit on tan b
mA [ GeV/c2 ] �2s �1s Median +1s +2s Obs. Limit

90 13.2 14.5 17.1 20.1 24.3 16.9
100 15.0 16.4 19.4 23.3 26.4 20.3
120 13.8 15.9 18.2 21.2 23.9 18.2
130 12.8 15.9 19.0 22.4 25.0 17.3
140 13.7 18.1 20.2 23.2 25.9 20.8
160 14.3 17.5 19.9 23.6 27.1 24.5
180 16.4 18.6 22.4 26.2 30.6 26.2
200 17.6 21.8 25.4 29.7 36.4 26.4
250 23.5 30.2 34.7 40.9 48.4 44.2
300 26.1 32.4 37.2 43.7 51.1 41.7
350 36.0 42.6 49.2 56.5 64.8 52.5
400 41.5 46.2 52.9 63.0 - 53.5

 eτhad 3 ν, µτhad 3 ν   eµ   4v                                                     µµ4v    

my opinion: unfortunately no limits on σ x BR in recent publication 
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ATLAS: Incl. Analysis with 1.1 fb-1 (ATLAS-CONF-2011-132) 

J. Kroseberg                  BSM Higgs Searches with ATLAS         Moriond QCD 2012    

MSSM Higgs → ττ : Results

16

τlτl τlτh τhτhelectron-muon lepton-hadron

visible mass

hadron-hadron

effective mass MMC mass

ATLAS-CONF-2011-132 (1.06 fb-1)

J. Kroseberg                  BSM Higgs Searches with ATLAS         Moriond QCD 2012    

MSSM Higgs → ττ : Results

16

visible masseffective mass MMC mass

ATLAS-CONF-2011-132 (1.06 fb-1)

M. Schumacher                              BSM Higgs Boson Searches at LHC            LHC2TSP-WS, CERN, 27 March 2012      



ATLAS: Incl. Analysis with 1.1 fb-1 

J. Kroseberg                  BSM Higgs Searches with ATLAS         Moriond QCD 2012    

MSSM Higgs → ττ : Exclusion Limits

17

cross section x BR

ATLAS-CONF-2011-132 (1.06 fb-1)

J. Kroseberg                  BSM Higgs Searches with ATLAS         Moriond QCD 2012    

MSSM Higgs → ττ : Exclusion Limits

17

tanβ-mA plane

ATLAS-CONF-2011-132 (1.06 fb-1)

my opinion: show cross section limits for each production mode  
maybe also publish:  acceptances A or limits on σxBRxA? 
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Charged Higgs H+àτν	


so far: light H± (mH± < mtop)  
produced in top quark decay 

ATLAS (4.6 fb-1): 3 final states 
„tau + jets“    Hàτhadν   Wàqq  (44%) 
„tau+lepton“  Hàτhad ν  Wàlν    (13%) 
„lepton+jets“„ Hàl3ν     Wàqq  (24%)    

CMS (2.1 fb-1): 3 final states 
Hàτhadν      Wàqq       (44%) 
Hàτ hadν     Wàlν        (13%) 
Hàµ(e)3ν   Wàe(µ)ν  (4%)    

J. Kroseberg                  BSM Higgs Searches with ATLAS         Moriond QCD 2012    

Charged Higgs : Overview
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considered channels:

for mH+ < mtop :

ATLAS-CONF-2012-011 (4.6 fb-1)
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Fig. 122: The branching fraction BR(t ! bH±) calculated with FEYNHIGGS and HDECAY as a function of
tan! for different values of µ andMH± .
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Fig. 123: Left: Relative uncertainty in !(t ! bH±) assuming a 3% residual uncertainty in "b. Right: "tt ·
BR(t ! bH±) · BR(t ! bW±) · 2 including scale and PDF uncertainties, uncertainties for missing electroweak
and QCD corrections, and"b-induced uncertainties.
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BR(H± à τν) ~ 100% in not excluded parameter space of  MHMAX scenario  
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ATLAS: H+àτν with 4.6 fb-1 (ATLAS-CONF-2012-011) 

selection:
1 electron or 1 muon with
pT > 25 GeV / pT > 20 GeV
at least 4 jets 
(2 of them b-tagged)
with pT > 20 GeV  
ETmiss > 40 GeV (>20 GeV for small φl,miss) 
event kinematics consistent with 
signal topology

discriminating variables:

related to invariant mass of b jet and 
lepton from same top decay

lower bound on charged (W or H) 
boson mass from top decay

J. Kroseberg                  BSM Higgs Searches with ATLAS         Moriond QCD 2012    

Charged Higgs : Lepton + Jets

20

ATLAS-CONF-2012-011 (4.6 fb-1)

selection:
1 electron or 1 muon with
pT > 25 GeV / pT > 20 GeV
at least 4 jets 
(2 of them b-tagged)
with pT > 20 GeV  
ETmiss > 40 GeV (>20 GeV for small φl,miss) 
event kinematics consistent with 
signal topology

discriminating variables:

related to invariant mass of b jet and 
lepton from same top decay

lower bound on charged (W or H) 
boson mass from top decay
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Charged Higgs : Lepton + Jets
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ATLAS-CONF-2012-011 (4.6 fb-1)
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Charged Higgs : Tau + Lepton

21

selection:
1 electron or 1 muon with
pT > 25 GeV / pT > 20 GeV
1 hadronic tau decay
with pT > 20 GeV 
opposite charge
at least 2 jets 
(1 of them b-tagged)
with pT > 20 GeV
sum of primary-vertex 
track pT: ΣpT > 100 GeV

discriminating variable:
ETmiss 

ATLAS-CONF-2012-011 (4.6 fb-1)
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Charged Higgs : Tau + Jets

22

selection:
Tau + Etmiss trigger
1 hadronic tau decay
with pT > 40 GeV 
ETmiss > 65 GeV

                           > 13 

jet kinematics consistent 
with signal topology

discriminating variable:
transverse mass mT 

ATLAS-CONF-2012-011 (4.6 fb-1)
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selection:
1 electron or 1 muon with
pT > 25 GeV / pT > 20 GeV
1 hadronic tau decay
with pT > 20 GeV 
opposite charge
at least 2 jets 
(1 of them b-tagged)
with pT > 20 GeV
sum of primary-vertex 
track pT: ΣpT > 100 GeV

discriminating variable:
ETmiss 

ATLAS-CONF-2012-011 (4.6 fb-1)

M. Schumacher                              BSM Higgs Boson Searches at LHC            LHC2TSP-WS, CERN, 27 March 2012      



 [GeV]+
H

m

90 100 110 120 130 140 150 160

+
 b

H
!

t 
B

-210

-110

1

Observed CLs
Expected

" 1±
" 2±

ATLAS Preliminary

Data 2011

 = 7 TeVs

-1
Ldt = 4.6 fb#

lepton+jets

(a)

 [GeV]+
H

m

90 100 110 120 130 140 150 160

+
 b

H
!

t 
B

-210

-110

1

Observed CLs
Expected

" 1±
" 2±

ATLAS Preliminary

Data 2011

 = 7 TeVs

-1
Ldt = 4.6 fb#

+lepton$

(b)

 [GeV]+
H

m

90 100 110 120 130 140 150 160

+
 b

H
!

t 
B

-210

-110

1

Observed CLs
Expected

" 1±
" 2±

ATLAS Preliminary

Data 2011

 = 7 TeVs

-1
Ldt = 4.6 fb#

+jets$

(c)

 [GeV]+
H

m

90 100 110 120 130 140 150 160

+
 b

H
!

t 
B

-210

-110

1

Observed CLs
Expected

" 1±
" 2±

ATLAS Preliminary

Data 2011

 = 7 TeVs

-1
Ldt = 4.6 fb#

combined

(d)

Figure 7: Expected and observed 95% CL exclusion limits on B(t ! H+b) for charged Higgs boson

production from top quark decays as a function of mH+ , assuming B(H+ ! !") = 100%. Shown are the

results for: (a) lepton+jets channel; (b) !+lepton channel; (c) !+jets channel; (d) combination.
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Fig. 122: The branching fraction BR(t ! bH±) calculated with FEYNHIGGS and HDECAY as a function of
tan! for different values of µ andMH± .
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Fig. 123: Left: Relative uncertainty in !(t ! bH±) assuming a 3% residual uncertainty in "b. Right: "tt ·
BR(t ! bH±) · BR(t ! bW±) · 2 including scale and PDF uncertainties, uncertainties for missing electroweak
and QCD corrections, and"b-induced uncertainties.
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Figure 8: 95% CL exclusion limits on tan ! as a function of mH+ . Results are shown in the context of

the MSSM scenario mmax
h

for: (a) lepton+jets channel; (b) "+lepton channel; (c) "+jets channel; (d)
combination. The blue dashed lines indicate the theoretical uncertainties on B(t ! bH+) described in

the text.
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ATLAS: H+àτν with 4.6 fb-1 (ATLAS-CNF-2012-011) 

assuming BR(H+àτν)=1 
 
tau+jets most sensitive: 1 to 6%  
lepton+jets: 4 to 18%   
tau+lepton:  3 to   7% 
 
translation in tanβ-vs.-MH+ plane 
with add.uncertainty on BR(tàH+b) 
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transverse mass distribution                     event counting only 

MSSM$charged$Higgs$

Moriond%QCD%March%11,%2012%Paolo%SPAGNOLO%% 7%

!  If%m(t)>m(H±)%produce%in%top%decays%

!  Top%pair%production%yields%modify%by%Higgs%diagrams%

One%isolated%hadronic%tau,%%%no%isolated%leptons%
%Large%missing%ET%%

At%least%3%jets%with%at%least%a%b%jet%

One%isolated%hadronic%tau%%
One%isolated%opp%sign%lepton%

Large%missing%ET%%
At%least%2%jets%with%at%least%a%b%jet%

%
%One%isolated%muon%and%one%isolated%electron%
Large%missing%ET%%

At%least%2%jets%with%at%least%a%b%jet%
%
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CMS: H+àτν with 2.2(1) fb-1 (CMS PAS HIG-2012-019) 
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expected exclusion sensitivity on BR(tàH+b) 
hadronic  2 to   6 %     eτhad       7 to15%   
        µτhad  6 to 12 %     eµ      20 to 25% 
 
   

CMS: H+àτν with 2.2(1) fb-1 (CMS PAS HIG-2012-019) 
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Fermiophobic Higgs Model 

γγ γγ 

simple benchmark:  no couplings to fermions (loop induced decays ignored) 

enhanced BRs to gauge bosons for low MH         no production in gluon fusion and ttH 

VBF and VH production dominant à  larger PT of Higgs  
à optimise sensitivity  e.g. for Hà2 photons decay mode 
LEP: MH<109 GeV excluded    TEVATRON: MH<119 GeV excluded  
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Table 2: Expected signal mass resolution (�CB and FWHM, in GeV) and number of signal events (NS)
for mH = 120 GeV in each of the nine analysis categories and for the inclusive case. The number of
events in data (ND) for the full mass range 100 – 160 GeV and the signal-to-background ratio (S/B) in a
mass window containing 90% of the signal for each category are also shown.

Category �CB FWHM NS ND S/B

Unconverted central, low pTt 1.4 3.3 6.2 1763 0.03

Unconverted central, high pTt 1.3 3.2 8.6 235 0.37

Unconverted rest, low pTt 1.7 3.9 12.1 6234 0.02

Unconverted rest, high pTt 1.6 3.8 16.0 1006 0.13

Converted central, low pTt 1.6 3.8 4.0 1318 0.02

Converted central, high pTt 1.5 3.5 5.8 184 0.26

Converted rest, low pTt 2.0 4.6 11.8 7311 0.01

Converted rest, high pTt 1.9 4.4 16.1 1072 0.09

Converted transition 2.3 5.8 10.8 3366 0.01

All categories 1.7 3.9 91.2 22489 0.03

 [GeV]!!m

100 105 110 115 120 125 130 135 140

 /
 0

.5
 G

e
V

!
!

1
/N

 d
N

/d
m

0

0.02

0.04

0.06

0.08

0.1
ATLAS simulation
Preliminary

!!"Fermiophobic H
 = 120 GeVHm

 categories
Tt

High p

FWHM = 3.7 GeV

 = 1.6 GeVCB#

Figure 1: Diphoton invariant mass spectrum from simulated signal samples with mH = 120 GeV
summed over the high pTt categories, superimposed with the signal model.

4 Systematic uncertainties

Systematic uncertainties a↵ecting the extraction of a possible signal arise from uncertainties on the
predicted signal yields, the expected partition of the signal among the categories and the modelling of the
signal and background shapes. The dominant experimental uncertainty on the signal yield is due to the
imperfect knowledge of the photon reconstruction and identification e�ciencies, and is estimated to be
±11%. This uncertainty is studied with collision data electrons from W and Z boson decays, and photons
from radiative decays of Z bosons to electrons and muons. In addition, the e↵ect of pileup on photon
identification gives a further contribution to the signal yield uncertainty of ±4%. Uncertainties related to

4

ATLAS: Hà 2 γ Fermiophobic (FP)  (ATLAS CONF 2012-13)  

enhance signal/background ratio  
and mass resolution by splitting  
in 9 categories (as in SM): 

converted/ non converted 
central / foward/ transition 
low high pT

γγ > (≤)40 GeV 
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Figure 2: Composition of the inclusive data sample as a function of m!! , extracted from the double two-

dimensional sideband method after the inclusive event selection. The various components are stacked on

top of each other. The error bars correspond to the statistical uncertainties on each component separately.

The gray bands show the overall uncertainty on each component.

• Unconverted central: both photons are unconverted and located in the central part of the barrel
calorimeter (|# | <0.75). This is the category with the best invariant mass resolution;

• Unconverted rest: both photons are unconverted and at least one photon does not lie in the central
part of the barrel calorimeter;

• Converted central: at least one photon is converted and both photons are found in the central part
of the barrel calorimeter;

• Converted transition: at least one photon is converted and at least one photon is located near the
transition between barrel and endcap calorimeter (1.3< |# | <1.75). Given the larger amount of
material in this region, the energy resolution, in particular for converted photons, can be signifi-

cantly degraded;

• Converted rest: all other events with at least one converted photon.

With the increased data set corresponding to 4.9 fb!1 it is possible to further split some of the cate-
gories to optimize the sensitivity to a potential Higgs boson signal. This analysis therefore introduces a

new diphoton observable, pTt, which is defined as the component of !p
!!
T transverse to the diphoton thrust

axis [13, 14], as shown in Figure 3.
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Figure 3: Sketch of the pTt definition.
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Table 2: Expected signal mass resolution (�CB and FWHM, in GeV) and number of signal events (NS)
for mH = 120 GeV in each of the nine analysis categories and for the inclusive case. The number of
events in data (ND) for the full mass range 100 – 160 GeV and the signal-to-background ratio (S/B) in a
mass window containing 90% of the signal for each category are also shown.

Category �CB FWHM NS ND S/B

Unconverted central, low pTt 1.4 3.3 6.2 1763 0.03

Unconverted central, high pTt 1.3 3.2 8.6 235 0.37

Unconverted rest, low pTt 1.7 3.9 12.1 6234 0.02

Unconverted rest, high pTt 1.6 3.8 16.0 1006 0.13

Converted central, low pTt 1.6 3.8 4.0 1318 0.02

Converted central, high pTt 1.5 3.5 5.8 184 0.26

Converted rest, low pTt 2.0 4.6 11.8 7311 0.01

Converted rest, high pTt 1.9 4.4 16.1 1072 0.09

Converted transition 2.3 5.8 10.8 3366 0.01

All categories 1.7 3.9 91.2 22489 0.03
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Figure 1: Diphoton invariant mass spectrum from simulated signal samples with mH = 120 GeV
summed over the high pTt categories, superimposed with the signal model.

4 Systematic uncertainties

Systematic uncertainties a↵ecting the extraction of a possible signal arise from uncertainties on the
predicted signal yields, the expected partition of the signal among the categories and the modelling of the
signal and background shapes. The dominant experimental uncertainty on the signal yield is due to the
imperfect knowledge of the photon reconstruction and identification e�ciencies, and is estimated to be
±11%. This uncertainty is studied with collision data electrons from W and Z boson decays, and photons
from radiative decays of Z bosons to electrons and muons. In addition, the e↵ect of pileup on photon
identification gives a further contribution to the signal yield uncertainty of ±4%. Uncertainties related to

4

better S/B than in SM for high PT  
categories:  ~ factor 3: 
 
e.g. uncoverted  high pT  
       S/B:   FP 0.37     SM 0.11 
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Table 1: Higgs boson production cross section multiplied by the branching ratio into two photons for
the fermiophobic benchmark model (� ⇥ BR), the expected number of signal events for 4.9 fb�1 of data
after the full event selection and the selection e�ciencies for various Higgs boson masses.

mH [GeV] 110 115 120 125 130 135 140 145 150

� ⇥ BR [fb] 163 90 53 32 21 13 8.9 5.9 3.9

Signal events 255 149 91 58 38 25 17 12 7.9

E�ciency [%] 32 34 35 37 38 38 39 40 42

3 Signal and background modelling

A full MC simulation of Higgs boson events decaying into two photons in the ATLAS detector is
used to model the expected signal. The signal yields are normalised to next-to-next-to-leading order
production cross sections [15–20] and branching ratios are calculated using HDECAY [21]. Higgs boson
production via vector boson fusion is simulated using POWHEG [22] interfaced with PYTHIA [23] for
showering and hadronisation, while PYTHIA is chosen for the VH processes. Pileup e↵ects are simulated
by overlaying each MC event with a variable number of simulated inelastic pp collisions, taking into
account the LHC bunch train structure.

Corrections are applied to the simulated events in order to better match the data-taking conditions.
The simulated events are re-weighted to reproduce the distribution of the average number of interactions
per bunch crossing reconstructed in the data, which has a mean value of approximately 9 for the data
sample of this analysis. The energies of the simulated photons are smeared to account for di↵erences
observed in studies of the calorimeter resolution with Z ! e+e� decays. Calorimeter shower shapes used
in the photon identification are shifted to agree with the observed distributions in data events.

Table 1 lists the Higgs boson � ⇥ BR and the number of expected events after analysis selection at
several values of the Higss boson mass. The signal selection e�ciency increases from 32% to 42% for
Higgs boson masses from 110 to 150 GeV.

The signal is modelled as the sum of a core component described by a Crystal Ball (CB) function [24]
and a wider Gaussian component incorporating outlying events. The wide Gaussian typically accounts
for less than 5% of the signal. Table 2 lists the expected-full-width-at-half-maximum (FWHM) and
width (�CB) of the core resolution for each of the nine event categories. The expected number of signal
events for mH = 120 GeV, the number of background events in the diphoton mass range of 100 GeV
to 160 GeV, and the signal-to-background ratio in a mass window containing 90% of the signal are also
shown. The main sensitivity to the fermiophobic production modes comes from the high pTt categories
due to their enhanced signal over background ratios. Figure 1 shows the summed signal in the high pTt
categories for a Higgs boson mass of 120 GeV.

The diphoton invariant mass distribution in each category is modelled by an exponential function for
which the slope and normalisation are unconstrained in the fit. Studies with large samples of simulated
diphoton events show that this simple function gives a good description of the expected shape. Small
associated systematic uncertainties are discussed below. Figure 2 shows the sum of the fits for the low
and high pTt categories separately, where the converted transition category is included in the former. The
number of data events for each subset and the expected signal for mH = 120 GeV are also shown.
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Figure 2: Diphoton invariant mass spectra for the low (a) and high (b) pTt categories, overlaid with the
sum of the background-only fits from the individual categories. The bottom plots show the residual of
the data with respect to the fitted background. The signal expectation for a Higgs boson with a mass of
120 GeV is shown on top of the background fit.

the trigger e�ciency (±1%), isolation cut e�ciency (±5%) and luminosity (±3.9%) are also considered.
Uncertainties on the signal cross section include a combination of the uncertainties on the parton

density functions [25, 26] and ↵s, and uncertainties on the QCD scale. Combining the VBF and VH
production modes this uncertainty is within ±4% over the considered mass range. To this number, ±5%
is added linearly as an upper estimate of the radiative corrections that are not known in the fermiophobic
model [20]. This yields uncertainties of ±9% on the theoretical signal yield and ±16% on the total signal
expectation. In addition, the uncertainty on the Higgs boson pT modelling is estimated by comparing
signal samples of alternative MC generators – HERWIG [27] for VBF and ResBos [28] for VH. The result
is a 1% signal migration between the low and high pTt categories with a negligible e↵ect on the signal
selection e�ciency.

The dominant uncertainties on the signal mass resolution are the uncertainty on the calorimeter en-
ergy resolution (±12%) and the uncertainty on the photon calibration extrapolated from electrons (±6%).
The latter comes from the imperfect knowledge of the material in front of the active part of the calorime-
ter and is estimated using simulations with di↵erent amounts of material. This quantity also a↵ects the
fraction of expected events in the categories with converted photons; the maximal migration between
converted and unconverted categories is estimated to be ±4.5%. Other e↵ects on the signal mass res-
olution are due to pileup fluctuations contributing to the cluster energy measurement (±3%) and the
uncertainty on the photon angle resolution (±1%) which is studied in Z ! e+e� decays using the track-
based direction measurement. The total relative uncertainty on the diphoton invariant mass resolution is
thus ±14%.

Systematic uncertainties on the background modelling arise from a possible deviation of the back-
ground mass distribution from the assumed exponential shape. This uncertainty is estimated by checking
how accurately the chosen model fits diphoton mass distributions predicted by ResBos [29]. The largest
deviations were found at small invariant masses and these uncertainties are then applied over the whole
mass range. The resulting uncertainties ranges from ±0.1 to ±7.9 events in the individual analysis cate-
gories. The magnitude of the uncertainties are cross-checked by fitting the data with di↵erent functional
forms and comparing the result to the exponential fit. A summary of all the systematic uncertainties
relating to signal and background is shown in Table 3.
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Figure 2: Diphoton invariant mass spectra for the low (a) and high (b) pTt categories, overlaid with the
sum of the background-only fits from the individual categories. The bottom plots show the residual of
the data with respect to the fitted background. The signal expectation for a Higgs boson with a mass of
120 GeV is shown on top of the background fit.

the trigger e�ciency (±1%), isolation cut e�ciency (±5%) and luminosity (±3.9%) are also considered.
Uncertainties on the signal cross section include a combination of the uncertainties on the parton

density functions [25, 26] and ↵s, and uncertainties on the QCD scale. Combining the VBF and VH
production modes this uncertainty is within ±4% over the considered mass range. To this number, ±5%
is added linearly as an upper estimate of the radiative corrections that are not known in the fermiophobic
model [20]. This yields uncertainties of ±9% on the theoretical signal yield and ±16% on the total signal
expectation. In addition, the uncertainty on the Higgs boson pT modelling is estimated by comparing
signal samples of alternative MC generators – HERWIG [27] for VBF and ResBos [28] for VH. The result
is a 1% signal migration between the low and high pTt categories with a negligible e↵ect on the signal
selection e�ciency.

The dominant uncertainties on the signal mass resolution are the uncertainty on the calorimeter en-
ergy resolution (±12%) and the uncertainty on the photon calibration extrapolated from electrons (±6%).
The latter comes from the imperfect knowledge of the material in front of the active part of the calorime-
ter and is estimated using simulations with di↵erent amounts of material. This quantity also a↵ects the
fraction of expected events in the categories with converted photons; the maximal migration between
converted and unconverted categories is estimated to be ±4.5%. Other e↵ects on the signal mass res-
olution are due to pileup fluctuations contributing to the cluster energy measurement (±3%) and the
uncertainty on the photon angle resolution (±1%) which is studied in Z ! e+e� decays using the track-
based direction measurement. The total relative uncertainty on the diphoton invariant mass resolution is
thus ±14%.

Systematic uncertainties on the background modelling arise from a possible deviation of the back-
ground mass distribution from the assumed exponential shape. This uncertainty is estimated by checking
how accurately the chosen model fits diphoton mass distributions predicted by ResBos [29]. The largest
deviations were found at small invariant masses and these uncertainties are then applied over the whole
mass range. The resulting uncertainties ranges from ±0.1 to ±7.9 events in the individual analysis cate-
gories. The magnitude of the uncertainties are cross-checked by fitting the data with di↵erent functional
forms and comparing the result to the exponential fit. A summary of all the systematic uncertainties
relating to signal and background is shown in Table 3.
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6 Conclusion

A search for a fermiophobic Higgs boson in the diphoton final state using data corresponding to an in-
tegrated luminosity of 4.9 fb�1 collected by the ATLAS experiment has been presented. In the considered
benchmark model the Higgs boson has vanishing couplings to all fermions and the coupling strengths
to bosons are the same as in the SM. Furthermore, the Higgs pT distribution is larger compared to the
SM case, which gives additional discrimination from the background. The largest excess with respect
to the background-only hypothesis is found at 125.5 GeV, with a significance of 1.6 standard deviations
when taking the look elsewhere e↵ect into account. The data exclude this benchmark model in the ranges
110.0 – 118.0 GeV and 119.5 – 121.0 GeV at 95% confidence level, compared to an expected exclusion
from 110.0 – 123.5 GeV.
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6 Conclusion

A search for a fermiophobic Higgs boson in the diphoton final state using data corresponding to an in-
tegrated luminosity of 4.9 fb�1 collected by the ATLAS experiment has been presented. In the considered
benchmark model the Higgs boson has vanishing couplings to all fermions and the coupling strengths
to bosons are the same as in the SM. Furthermore, the Higgs pT distribution is larger compared to the
SM case, which gives additional discrimination from the background. The largest excess with respect
to the background-only hypothesis is found at 125.5 GeV, with a significance of 1.6 standard deviations
when taking the look elsewhere e↵ect into account. The data exclude this benchmark model in the ranges
110.0 – 118.0 GeV and 119.5 – 121.0 GeV at 95% confidence level, compared to an expected exclusion
from 110.0 – 123.5 GeV.
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A Additional Plots and Tables

The combined best-fit of the fermiophobic Higgs boson signal strength as a function of the Higgs
boson mass hypothesis (mH) is shown in Fig. 5. The bands correspond to ±1 standard deviation (�)
around the central value. A loss in sensitivity for increasing mH is observed due to the rapid decrease of
the number of expected signal events.

Figure 6 shows the best-fit signal strength for the low and high pTt categories separately and their
combination. The combination is driven by the high pTt categories with a larger signal-to-background
ratio (Table 2).

The fermiophobic analysis has an increased sensitivity compared to the SM analysis because the
larger Higgs pT of the fermiophobic model discriminates better from the backgrounds. This is illustrated
in Fig. 7 with the cross section times branching ratio limits compared to the SM analysis.
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production processes for a Higgs boson with mH=120 GeV and for data. A Higgs boson with
mH=120 GeV is chosen for the signal, and the data are counted in the mass range 100-180
GeV. The table also shows the mass resolution, evaluated both as seff, half-the-width of the
narrowest window containing 68.3% of the distribution, and as the full width at half maximum
(FWHM) of the invariant mass distribution divided by 2.35. The resolution in the endcaps is
noticeably worse than in the barrel due to a number of factors, of which worse intercalibration
predominates.

Table 3: Number of selected events in different event classes, for a FP Higgs boson signal
(mH=120 GeV), and for data in the mass range 100-180 GeV. Fraction of the total number of
events present in each category is in parentheses. The mass resolution for the 120 GeV FP
Higgs boson signal in each event class, is also given.

Dijet + lepton Both photons in barrel One or both in endcap
tag Rmin

9 >0.94 Rmin
9 <0.94 Rmin

9 >0.94 Rmin
9 <0.94

FP signal expected 24.7 (27.4%) 22.3 (24.7%) 23.0 (25.5%) 9.5 (10.5%) 10.7 (11.9%)
Data (events) 129 (0.8%) 3740 (22.9%) 5363 (32.9%) 2991 (18.3%) 4090 (25.1%)
seff (GeV) 1.72 1.39 1.84 2.76 3.19
FWHM/2.35 (GeV) 1.37 1.19 1.53 2.81 3.18

6 Analysis Method

We construct an extended likelihood function based on sum of analytic probability density
functions (p.d.f) for the signal and background shapes. The likelihood function L is

L(m|~q) = e�(rNs+Nb)(rNs + Nb)N

N!

N

’
i=1

(rNsP i
s(m|~q1) + NbP i

b(m|~q2)) (1)

where m denotes the dataset in which the observables are set of kinematic variables (mgg, pgg
T ),

Ps and Pb are pdfs for event i to be the signal and background. In the exclusive channels, dijet-
tag and lepton-tag, the only observable is mgg, while in the inclusive channel pgg

T is also used.
N is the total number of events observed, and Ns and Nb are the expectations for the number
of signal and background events, r is the signal strength, ~qi set of shape parameters used for
analytical functions which describe pdfs. The signal modeling of mgg is common for the exclu-
sive and inclusive channels. In the inclusive channel only, we construct a 2-dimensional model
using an additional observable, pgg

T , for both the signal and the background, as described later.

The description of the Higgs boson signal used in the search is obtained from Monte Carlo sim-
ulation using the next-to-leading order (NLO) matrix-element generator POWHEG [18, 19] inter-
faced with PYTHIA [20]. The uncertainty on the signal cross section due to the uncertainties in
parton distribution function (PDF) has been determined using the PDF4LHC prescription [21–
25]. We have verified that the effect of this variation on the rapidity of the Higgs boson is very
small and can be neglected. Corrections are made to the measured energy of the photons based
on detailed study of the mass distribution of Z ! ee events and comparison with Monte Carlo
simulation. After the application of these corrections the Z ! ee events are re-examined and
values are derived for the random smearing that needs to be made to the Monte Carlo simu-
lation to account for the energy resolution observed in the data. These smearings are derived
for photons separated into four h regions (two in the barrel and two in the endcap) and two
categories of R9. The uncertainties on the measurements of the photon scale and resolution are

6 5 Event classes

significantly reduces the otherwise predominant QCD backgrounds giving an excellent signal-
to-background ratio, which is larger than one.

Candidate diphoton events for the lepton-tagged channel have the same selection requirements
imposed on the photons as for the inclusive selection with the exception of the pT thresholds
which have been set to pg1

T > 45 ⇥ mgg/120, and pg2
T > 25 GeV in this class. We define two

classes in this channel depending on whether the lepton is identified as muon or electron. In-
formation from the tracker, ECAL, and HCAL are used to identify an electron, while for the
identification of a muon the muon detector is also used. Only the electrons with transverse
momentum above 20 GeV and pseudorapidity |h| < 2.4 are considered. Leptons are required
to be separated in the detector from the photons by imposing a requirement of DR> 1 be-
tween the lepton and each photon, where R is defined as

p
h2 + f2. To distinguish leptons

from misidentified jets and account for multiple collisions in each bunch crossing, an isolation
algorithm similar to the one described for photons is used. To protect against the background
in the electron tagged events that arise from an electron misidentified as a photon in the SM
process Z ! ee, we apply an additional requirement that the invariant mass of photon-electron
system is at least 5 GeV greater than or less than the nominal mass of the Z boson. For each
muon and electron class of the lepton-tagged channel the expected background yield is about
0.5 events in the mgg range 117.5-122.5 GeV.

5.3 Inclusive channel event classes

We supplement the exclusive channels with events that pass inclusive diphoton selection. We
use the fact that Higgs bosons produced by VBF and VH mechanism have a harder trans-
verse momentum spectrum than those of the photon pairs produced by the background pro-
cesses [17]. To reduce the backround while retaining high signal efficiency, we impose a re-
quirement on pgg

T ⌘ pgg
T /m > 0.1 to define the inclusive diphoton channel. Two photon

classifiers are used: the minimum R9 of the two photons, Rmin
9 , and the maximum pseudora-

pidity (absolute value) of the two photons, giving four classes based on photon properties. The
class boundary values for R9 and pseudorapidity are chosen to match those used to catego-
rize photon candidates for the photon identification cuts. These photon classifiers are effective
in separating diphotons whose mass is reconstructed with good resolution from those whose
mass is less well measured and in separating events for which the signal-to-background prob-
ability is higher from those for which it is lower. Every event that passes diphoton selection
and is also tagged by the exclusive channels is removed from the categories of the inclusive
channel. The fraction of events remaining in the inclusive channel is shown in Table 2.

Table 2: Fractions of Higgs boson signal and data events remained in the four classes of the
inclusive channel after removal of dijet alone and dijet or lepton tagged events.

All EB high R9 (0) EB low R9 (1) non EB high R9 (2) non EB low R9 (3)
MC Signal
Dijet tag 0.79 0.74 0.77 0.85 0.85
Dijet or lepton tag 0.74 0.70 0.73 0.80 0.81
Data
Dijet tag 0.995 0.992 0.994 0.998 0.996
Dijet or lepton tag 0.994 0.991 0.993 0.997 0.996

The number of events in the exclusive channels and in the four inclusive classes and the relative
fraction to all classes togehter are shown in Table 3, for signal events from both FP Higgs boson
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Figure 1: Data (points) and the background model fits (blue line) to the mgg distribution for the
three diphoton event classes from exclusive channels: for dijet-tag with 2nd order polynomial
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(red line) is overlaid for reference.
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Figure 6: Measured boson signal strength for fermiophobic Higgs boson at m=126 GeV in each
event class (black squares), and the best fit to this signal strengths in all classes (black line) with
1s band (green).

in the context of the fermiophobic Higgs model where the Higgs boson production is restricted
to only vector boson fusion and associated production with a vector boson. Upper bounds on
the production cross section times the branching ratio of fermiophobic Higgs boson decaying
to photon pairs for masses between 110 and 150 GeV have been derived.

The expected exclusion limit at 95% confidence level is between 0.1 and 3.0 times the fermio-
phobic model cross section in the mass range between 110 and 150 GeV, while the expected ex-
clusion range is below 136 GeV. The observed limit excludes at 95% confidence level the fermio-
phobic model Higgs boson decaying into two photons in the mass range 110 to 124 GeV and
128-136 GeV. The largest excess of events over the expected background is observed around
126 GeV. The excess has a local significance of 2.7 s. When taking in consideration the look-
elsewhere effect in the search range 100�150 GeV, the global significance is 1.2 s. More data
are required to ascertain the origin of this excess.
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intervals in the mass range 110< mH < 150 GeV. The local p-values for the dijet-tag and
lepton event classes, and for the combination of the four other classes, are also shown (dash-
dotted, dotted and dashed lines respectively). The local p-value quantifies the probability for
the background to produce a fluctuation at least as large as observed, and assumes that the
relative signal strength between the event classes follows the Monte Carlo signal model for
the FP Higgs boson. The local p-value corresponding to the largest upwards fluctuation of
the observed limit, at 126 GeV, has been computed to be 3.6⇥10�3 (2.7 s) in the asymptotic
approximation, as shown for total and individual channel contributions in Fig. 5. When taking
in consideration the look-elsewhere effect [34] in the search range 100�150 GeV, the global
significance is 1.2 s. The best fit to the measured signal strength at m=126 GeV obtained from
all event classes is 0.68±0.31 times the FP Higgs-boson cross section, shown in Fig. 6.
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Figure 5: The p-value, which measures the probability that the observed events are compatible
with a background-only hypothesis.

8 Systematic Uncertainties

Table 4 lists the systematic uncertainty that have been taken into account in the analysis. All
photon related systematics are the same as in reference [35]. The systematic uncertainties re-
lated to the VBF dijet, VH leptonic and 2D inclusive channel, listed in the Table 4 are specific
to this analysis, and they do not contribute significantly to the final result. Signal shape uncer-
tainty in the inclusive channel contributes less than 1% to the expected exclusion limit.

9 Conclusion

We have performed the search the Higgs boson with mass between 110 and 150 GeV decaying
into gg with 4.8 fb�1 data recorded by the CMS detector at the LHC. This search is interpreted

13

of diphoton momentum over invariant mass pgg
T , were used for the four inclusive classes de-

fined by diphoton properties. The statistical approach considered in evaluating the limit is the
asymptotic CLs [32] approach using profile likelihood ratio as a test statistic, as documented
elsewhere [33]. Given the narrowness of the Higgs mass peak which has a resolution approach-
ing 1 GeV in the classes with the best resolution, the search is carried out with steps of 0.5 GeV
in the signal hypothesis mass.

All known sources of systematic uncertainties described in previous sections are included in
the likelihood model which is used for the limit setting. Systematic errors which are correlated
between event classes (theory, luminosity, photon and trigger efficiency, etc) are included as
common nuisance parameters in the likelihood model.

In the fermiophobic scenario the Higgs boson production is restricted to vector boson fusion
and associated production with vector bosons. The limit setting has been run for a signal model
including only boson coupling mechanisms and enhanced branching ratios as described in
Section 1.

Figure 4 shows the limit relative to the FP model expectation, where the systematic uncer-
tainties on the expected cross section and branching fraction are included in the limit setting
procedure. The contribution to the expected limit of the dijet and lepton tagged classes as
well as other four classes are shown separately. The expected exclusion limit at 95% CL covers
the mass range between 110-136 GeV, while the data excludes ranges from 110-124 GeV and
128-136 GeV. The excess of events around 126 GeV has been investigated in detail.
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Figure 4: The measured signal cross section times the branching ratio to photon pairs excluded
at 95% CL over expected by the FP model as a function of the Higgs boson mass for combina-
tion of inclusive and exclusive analyses. The green (yellow) band corresponds to the expected
exclusion in the case of 1s (2s) fluctuation of the background-only distribution of the test statis-
tic. The Asymptotic CLs method was used. Individual contributions to the expected limit are
shown for each of the channels (dotted lines).

Figure 5 shows the local p-value calculated, using the asymptotic approximation [33], at 1 GeV

exp. exclusion:  110 to 136 GeV 
obs. exclusion:  110 to 124, 128 to 136 GeV 
 
excess at 126 GeV:  local 2.7 σ    
                 global 1.2 σ (110 to 150 GeV) 
                 best µ = 0.68+0.31 
 
in SM:   local 2.9 σ   µ= 1.7+0.7	

 
excess also compatible with FP scenario 
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CMS: Interpretation in FP Scenario (CMS PAS 12-008) 

reinterpretation of searches for SM Higgs boson + dedicated Hàγγ  searches 
(theo. uncertainties increased by 5%, acceptances as in SM interpretation) 

excluded:  
95% CL 110 to 192 GeV 
99% CL 110 to 188 GeV 
        not [124.5,128] and    
              [148,154] GeV 

local p-values at M=125 GeV similar to SM result 
smaller value for best signal strength w.r.t. SM 
result (some tension w.r.t. simple FP scenario) 
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Figure 11: (Left) The observed and expected 95% CL upper limits on the signal strength param-
eter µ = s/sFP for the fermiophobic Higgs boson hypothesis as a function of the Higgs boson
mass (Right) The observed and expected 95% CL upper limits on the signal strength parameter
µ = s/sFP as a function of the fermiophobic Higgs boson mass for the three explored Higgs
boson decay modes and their combination.
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Figure 12: (Left) The observed and expected local p-values p0(mH) as a function of Higgs boson
mass mH for the fermiophobic Higgs boson search. The local p-values for the three Higgs boson
decay modes channels and their combination are obtained with the asymptotic formula (lines);
the combined local p-value is validated by generating ensembles of background-only pseudo-
datasets (points). The dashed line indicates the expected combined local p-values, should a
fermiophobic Higgs boson with a mass mH exist. (Right) The best-fit value of a signal strength
modifier µ̂ = s/sFP as a function of Higgs boson mass mH for the fermiophobic Higgs boson
search.

16 5 Results

FP Higgs boson mass (GeV)
100 150 200 250 300

FP
σ/

σ
95

%
 C

L 
lim

it 
on

 

-110

1

10

Observed
Expected (68%)
Expected (95%)

Observed
Expected (68%)
Expected (95%)

CMS Preliminary
 = 7 TeVs

-1L = 4.6-4.8 fb

FP Higgs boson mass (GeV)
100 150 200 250 300

FP
σ/

σ
95

%
 C

L 
lim

it 
on

 

-110

1

10

210 CMS Preliminary
 = 7 TeVs

-1L = 4.6-4.8 fb

Combined obs.
Combined exp.

)-1    (4.8 fbγγ →H 
)-1 WW  (4.6 fb→H 
)-1 ZZ    (4.7 fb→H 

Combined obs.
Combined exp.

)-1    (4.8 fbγγ →H 
)-1 WW  (4.6 fb→H 
)-1 ZZ    (4.7 fb→H 

Figure 11: (Left) The observed and expected 95% CL upper limits on the signal strength param-
eter µ = s/sFP for the fermiophobic Higgs boson hypothesis as a function of the Higgs boson
mass (Right) The observed and expected 95% CL upper limits on the signal strength parameter
µ = s/sFP as a function of the fermiophobic Higgs boson mass for the three explored Higgs
boson decay modes and their combination.

FP Higgs boson mass (GeV)
110 115 120 125 130 135 140 145

Lo
ca

l p
-v

al
ue

-610

-510

-410

-310

-210

-110

1
σ1

σ2

σ3

σ4

Combined obs.
Exp. for FP Higgs

Comb. ensemble
)-1    (4.8 fbγγ →H 

)-1 WW  (4.6 fb→H 
)-1 ZZ    (4.7 fb→H 

in range 110-300 GeV
σGlobal significance 1.1

CMS Preliminary
 = 7 TeVs

-1L = 4.6-4.8 fb

FP Higgs boson mass (GeV)
115 120 125 130 135 140 145

FP
σ/

σ
B

es
t f

it 

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5
68% CL band68% CL band

CMS Preliminary
 = 7 TeVs

-1L = 4.6-4.8 fb

Figure 12: (Left) The observed and expected local p-values p0(mH) as a function of Higgs boson
mass mH for the fermiophobic Higgs boson search. The local p-values for the three Higgs boson
decay modes channels and their combination are obtained with the asymptotic formula (lines);
the combined local p-value is validated by generating ensembles of background-only pseudo-
datasets (points). The dashed line indicates the expected combined local p-values, should a
fermiophobic Higgs boson with a mass mH exist. (Right) The best-fit value of a signal strength
modifier µ̂ = s/sFP as a function of Higgs boson mass mH for the fermiophobic Higgs boson
search.

16 5 Results

FP Higgs boson mass (GeV)
100 150 200 250 300

FP
σ/

σ
95

%
 C

L 
lim

it 
on

 

-110

1

10

Observed
Expected (68%)
Expected (95%)

Observed
Expected (68%)
Expected (95%)

CMS Preliminary
 = 7 TeVs

-1L = 4.6-4.8 fb

FP Higgs boson mass (GeV)
100 150 200 250 300

FP
σ/

σ
95

%
 C

L 
lim

it 
on

 

-110

1

10

210 CMS Preliminary
 = 7 TeVs

-1L = 4.6-4.8 fb

Combined obs.
Combined exp.

)-1    (4.8 fbγγ →H 
)-1 WW  (4.6 fb→H 
)-1 ZZ    (4.7 fb→H 

Combined obs.
Combined exp.

)-1    (4.8 fbγγ →H 
)-1 WW  (4.6 fb→H 
)-1 ZZ    (4.7 fb→H 

Figure 11: (Left) The observed and expected 95% CL upper limits on the signal strength param-
eter µ = s/sFP for the fermiophobic Higgs boson hypothesis as a function of the Higgs boson
mass (Right) The observed and expected 95% CL upper limits on the signal strength parameter
µ = s/sFP as a function of the fermiophobic Higgs boson mass for the three explored Higgs
boson decay modes and their combination.

FP Higgs boson mass (GeV)
110 115 120 125 130 135 140 145

Lo
ca

l p
-v

al
ue

-610

-510

-410

-310

-210

-110

1
σ1

σ2

σ3

σ4

Combined obs.
Exp. for FP Higgs

Comb. ensemble
)-1    (4.8 fbγγ →H 

)-1 WW  (4.6 fb→H 
)-1 ZZ    (4.7 fb→H 

in range 110-300 GeV
σGlobal significance 1.1

CMS Preliminary
 = 7 TeVs

-1L = 4.6-4.8 fb

FP Higgs boson mass (GeV)
115 120 125 130 135 140 145

FP
σ/

σ
Be

st
 fi

t 

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5
68% CL band68% CL band

CMS Preliminary
 = 7 TeVs

-1L = 4.6-4.8 fb

Figure 12: (Left) The observed and expected local p-values p0(mH) as a function of Higgs boson
mass mH for the fermiophobic Higgs boson search. The local p-values for the three Higgs boson
decay modes channels and their combination are obtained with the asymptotic formula (lines);
the combined local p-value is validated by generating ensembles of background-only pseudo-
datasets (points). The dashed line indicates the expected combined local p-values, should a
fermiophobic Higgs boson with a mass mH exist. (Right) The best-fit value of a signal strength
modifier µ̂ = s/sFP as a function of Higgs boson mass mH for the fermiophobic Higgs boson
search.



M. Schumacher                              BSM Higgs Boson Searches at LHC            LHC2TSP-WS, CERN, 27 March 2012      

„4th Generation SM“ Scenario 

14 Predictions for Higgs production and decay with a 4th SM-like fermion generation56

14.1 General setup
We study the extension of the SM that includes a 4th generation of heavy fermions, consisting of an up-
and a down-type quark (t!,b!), a charged lepton (l!), and a massive neutrino (νl

!). The 4th-generation
fermions all have identical gauge couplings as their SM copies and equivalent Yukawa couplings propor-
tional to their masses, but do not mix with the other three SM generations. The masses of the hypothetical
new fermions in this study are

mb! = ml! = mνl
! = 600 GeV,

mt! = mb! +

!
1 +

1

5
ln

"
MH

115 GeV

#$
50 GeV, (102)

where the relation among them is used to escape current exclusion limits from electroweak (EW) preci-
sion data (see Refs. [426, 427]). In the following we call the Standard Model with 3 generations “SM3”
and the Standard Model with a 4th generation of fermions “SM4”. Owing to screening (see Section 14.2),
leading-order (LO) or next-to-leading-order (NLO) QCD predictions typically depend only weakly on
the precise values of masses of the heavy fermions. This is completely different for NLO EW corrections,
which are enhanced by powers of the masses of the heavy fermions and induce a strong dependence of
the results on these masses.

Part of the results shown in the following have already been anticipated in Ref. [428].

14.2 Higgs production via gluon fusion
So far, the experimental analysis has concentrated on models with ultra-heavy 4th-generation fermions,
excluding the possibility that the Higgs boson decays to heavy neutrinos. Furthermore, the 2-loop EW
corrections have been included under the assumption that they are dominated by light fermions. At the
moment the experimental strategy consists in computing the cross-section ratio R = !(SM4)/!(SM3)
with HIGLU [405] while NLO EW radiative corrections are switched off.

In this section we concentrate on full 2-loop EW corrections to Higgs-boson production (through
gg-fusion) at LHC in SM4 and refer to the work of Refs. [66,429] for the inclusion of QCD corrections.
The naive expectation is that light fermions dominate the low-Higgs-boson-mass regime and, therefore,
EW corrections can be well approximated by the ones [28,29] in SM3. It is worth noting that the leading
behaviour of the EW corrections for high values of masses in the 4th generation has been known for a
long time [430, 431] (see also Ref. [432]) showing an enhancement of radiative corrections.

To avoid misunderstandings we define the following terminology: for a given amplitude A, in the
limit mf ! " we distinguish decoupling for A # 1/m2

f (or higher negative powers), screening for
A ! constant (or A # lnm2

f ), and enhancement for A # m2
f (or higher positive powers). To discuss

decoupling we need few definitions: SM3 is the usual SM with one t$b doublet; SM4 is the extension
of SM3 with a new family of heavy fermions, t!$b! and l!$νl!. All relevant formulae for the asymptotic
limit can be found in Refs. [430, 431]. Considering only EW corrections, the amplitude for gg-fusion
reads57

ASM3 = A1-loopt +ANLO
3 , ANLO

3 = A2-loopt + "FR
t A1-loopt ,

ASM4 = A1-loopQ +ANLO
4 , ANLO

4 = A2-loopQ + "FR
Q+L A

1-loop
Q , (103)

where

AQ = At+t!+b!, "FR
Q+L = "FR

t+t!+b!+l!+νl
! . (104)

56A. Denner, S. Dittmaier, A. Mück, G. Passarino, M. Spira, C. Sturm, S. Uccirati and M.M. Weber.
57Here we neglect the contributions of bottom-quark loops which amount to up to about 3% within SM4 and 5!10% in

SM3. The bottom-quark contributions are, however, included in our numerical results for the gluon-fusion cross section.
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Table 48: SM4 Higgs-boson production cross section via gluon fusion including NNLO QCD and NLO EW
corrections using MSTW2008NNLO PDFs for

!
s = 7 TeV.

MH [GeV] ! [pb] MH [GeV] ! [pb] MH [GeV] ! [pb] MH [GeV] ! [pb] MH [GeV] ! [pb]
100 244 166 77.5 188 56.7 339 13.5 400 9.59
110 199 167 76.3 189 56.0 340 13.5 410 8.80
120 165 168 75.2 190 55.2 341 13.4 420 8.04
130 138 169 74.1 195 51.8 342 13.3 430 7.33
140 117 170 73.0 200 48.6 343 13.3 440 6.67
145 107 171 71.9 210 43.0 344 13.2 450 6.05
150 99.2 172 70.9 220 38.2 345 13.1 460 5.49
151 97.6 173 69.9 230 34.2 346 13.1 470 4.98
152 96.1 174 68.8 240 30.7 347 13.1 480 4.50
153 94.6 175 67.9 250 27.7 348 13.1 490 4.08
154 93.1 176 66.9 260 25.1 349 13.1 500 3.70
155 91.7 177 65.9 270 22.8 350 13.1 550 2.26
156 90.2 178 65.0 280 20.8 351 13.0 600 1.40
157 88.7 179 64.0 290 19.1 352 13.0 650 0.875
158 87.3 180 63.1 300 17.6 353 12.9 700 0.556
159 85.8 181 62.2 310 16.3 354 12.9 750 0.360
160 84.5 182 61.4 320 15.2 355 12.9 800 0.235
161 83.3 183 60.6 330 14.2 360 12.6 850 0.156
162 82.1 184 59.8 335 13.8 370 12.0 900 0.104
163 81.0 185 59.0 336 13.8 375 11.6 950 0.0690
164 79.8 186 58.3 337 13.7 380 11.2 1000 0.0456
165 78.6 187 57.5 338 13.6 390 10.4

""("100)
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Fig. 131: Ratio of branching fractions in SM4 with respect to SM3 forWW, ZZ, gg, bb̄, and γγ decay channels
(γγ ratio multiplied with 100).
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2 1 Introduction

boson depend strongly on its mass mH. The results presented here are based on the following
five decay modes: H ! gg, H ! tt, H ! bb, H ! WW, and H ! ZZ. Figure 1 shows the
dependence of the cross sections and branching fractions on the SM Higgs boson mass.

There are three types of independent theoretical uncertainties on Higgs boson production: un-
certainties associated with (i) parton density functions (PDFs), (ii) incomplete perturbative cal-
culations (also known as QCD scale uncertainties), and (iii) the treatment of the finite width of
the Higgs boson. All these uncertainties are taken from Ref. [16].

1.2 SM4 Higgs boson

In an extension of the standard model including a fourth generation of fermions (the SM4
model) [66], the additional heavy quarks in the quark loop associated with the gg ! H process
greatly enhance its production cross-section. Other production mechanisms are not affected.
The Higgs boson decay branching fractions are also strongly affected by the presence of the
virtual heavy quarks. Figure 2 shows the ratio of the SM4 to SM gg ! H cross section (left)
and branching fractions (right) for the SM4 benchmark parameters recommended by the LHC
Higgs cross section group in Ref. [67]: mD4 = mL4 = 600 GeV and mU4 � mD4 = (50 + 10 ·
ln(mH/115)) GeV. Here mU4 and mD4 are the masses of the “up” and “down” quarks of the
4th generation, and mL4 is the mass of the 4th generation charged lepton.

Following the LHC Higgs cross section group prescription, the theoretical uncertainties on the
production and decay of the SM4 Higgs boson are kept the same as for the SM Higgs boson.

For the SM4 Higgs boson search, for each of the production-decay modes, a signal acceptance
as used in the SM interpretation is assumed.
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Figure 2: Scale factors for the SM4 Higgs boson gg ! H cross section (left) and decay branching
fractions (right). The plots are obtained using the numbers from Ref. [67]. The scale factor
curves for different decay modes are shown in the mass ranges as used in the corresponding
analyses.

1.3 Fermiophobic Higgs boson

If the Higgs boson responsible for the electroweak symmetry breaking does not couple to
fermions, then the gg ! H and tt̄H production modes disappear, while the VBF and VH

simple benchmark model 
(Yukawa coulings derived from mass values) 

production in ggàH 
enhanced by factor 4 to 9 

decays in gluons and bb largely enhanced 
à supression of Hà 2 photons and  
     partially also HàWW and ZZ 
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CMS: Interpretation in SM4-scenario (CMS PAS HIG 12-008) 

5.3 Fermiophobic Higgs boson 15
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Figure 9: (Left) The observed and expected 95% CL upper limits on the signal strength pa-
rameter µ = s/sSM4 for the SM4 Higgs boson hypothesis as a function of the Higgs boson
mass (Right) The observed and expected 95% CL upper limits on the signal strength parameter
µ = s/sSM4 as a function of the SM4 Higgs boson mass for the five explored Higgs boson decay
modes and their combination.
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Figure 10: (Left) The observed and expected local p-values p0(mH) as a function of Higgs bo-
son mass mH for the SM4 Higgs boson search. The local p-values for the five Higgs boson
decay modes and their combination are obtained with the asymptotic formula (lines); the com-
bined local p-value is validated by generating ensembles of background-only pseudo-datasets
(points). The dashed line indicates the expected combined local p-values, should a SM4 Higgs
boson with a mass mH exist. (Right) The best-fit value of a signal strength modifier µ̂ = s/sSM4
as a function of Higgs boson mass mH for the SM4 Higgs boson search.
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adding a Higgs singlet as  e.g. as in the NMSSM 

mixing with A of MSSM: 

coupling to Iw,3 =-1/2 fermions  

BR(aàµµ) depends on ma and tanβ (10-3 to 10-4 for tanβ=1 to 20) 
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1 Introduction

Low energy supersymmetry (SUSY) is an elegant solution to the hierarchy problem that arises
in the Standard Model (SM), while providing a candidate for dark matter and allowing in
addition the unification of gauge couplings at the GUT scale. The simplest SUSY model is
the Minimal Supersymmetric Model (MSSM). However, the ad hoc nature of the µ term in the
MSSM superpotential and the very large stop masses needed if the LHC hints of a SM-like
Higgs boson with mass near 125 GeV survive [1, 2] argue strongly for an extension. By far
the simplest is the Next-to MSSM (NMSSM) (see [3] for a review) which extends the MSSM by
introducing a complex singlet superfield. The latter has a scalar component field and associated
superpotential term that automatically generates an effective µ term of order the electroweak
scale as a result of spontaneous symmetry breaking. In addition, scalar interactions associated
with the new superpotential term can easily raise the mass of the light Higgs boson into the
mass range above 125 GeV. The added scalar field expands the Higgs sector to three CP-even
scalars (h1, h2, h3), two CP-odd scalars (a1, a2) and two charged scalars (H+, H�). The NMSSM
has two very natural symmetries that emerge when one of two pairs of parameters are set to
zero. If either is imposed (e.g. at the GUT scale), it is quite natural for the a1 to be very light.
Indeed, ma1 < 2mB, where mB is the B meson mass, is a very natural possibility. The light a1 is
a superposition of the MSSM CP-odd doublet scalar and the additional CP-odd singlet scalar
of the NMSSM: a1 = cos qAaMSSM + sin qAaS. Small mixing, | cos qA| ⌧ 1, corresponding
to the a1 being mainly singlet, occurs when one of the above U(1) symmetries is imposed
at the GUT scale. However, the coupling of the a1 to µ+µ�, t+t� and bb̄ is proportional to
Ca1bb̄ = tan b cos qA and is therefore appreciable for large values of tan b, even if cos qA is small.
In the following, we refer to the light pseudoscalar as a except when specifically probing the
NMSSM parameter space (a1).

More generally, superstring modeling suggests the possibility of many light a’s, at least some of
which couple to µ+µ�, t+t� and bb̄. In the SUSY context, detection of a light CP-odd boson a
would be compelling evidence for a model with more than two Higgs doublets and the a would
be most naturally accommodated in the NMSSM or an extended NMSSM structure. A light a
could also alter Higgs phenomenology significantly by virtue of h ! aa, with a ! 2t, 2g, 2c, 2s
decays being dominant [4].

Searches for a light a are mainly sensitive to Cabb̄. For ma < MU1S the strongest constraints on
Cabb̄ are those from BaBar in the U3S ! ga channel [5, 6]. However, for ma above MU1S only
the Tevatron and LHC have sensitivity. The a can be produced at the Tevatron and LHC via
gg ! a, where the coupling Cagg derives from quark (especially bottom and top) triangle loops,
as shown in Figure 1. This process, plus higher corrections thereto, leads to a large cross section
due to the large gg “luminosity” at small gluon momentum fractions, provided the Caqq̄ (q = t, b
in particular) couplings deriving from the doublet component of the a are not too suppressed.
This large cross section will typically lead to a significant number of gg ! a ! µ+µ� events
even though BR(a ! µ+µ�) is small.

The LEP experiments considered various Higgs scenarios in the MSSM [7] and placed limits on
certain Higgs-like event topologies that can be relevant for the NMSSM Higgs searches. Also,
there are constraints on gg ! a ! µ+µ� from the CDF collaboration [8, 9]. While these can
be reinterpreted in terms of limits on Cabb̄ [10], the analysis was only performed in the mass
range 6.3 GeV  Mµµ  9 GeV; additionally, the limits on Cabb̄ are weaker than those set by
BaBar. In the NMSSM context, where Ca1bb̄ = tan b cos qA, the weakness of the pre-LHC limits
translates to rather modest limits on | cos qA| that do not strongly constrain the NMSSM models
of interest. As estimated in [10] and explicitly demonstrated here, CMS can definitely improve
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the BaBar and CDF limits, the latter due to the higher production yield [sLHC(pp ! a) ⇠ 4.5
sTeV(pp̄ ! a)] and by virtue of better performance in the muon reconstruction. Further, the
CMS analysis can extend the limits into the ma > MU3S mass range.

The branching ratio for a ! µ+µ� depends on the mass and on tan b but not on cos qA at tree
level [10]. It is nearly constant for ma > 5 GeV and ranges from 10�3 to 4 ⇥ 10�3 for tan b = 1
to tan b = 20. Figure 1 also shows the cross section for gg ! a at 7 TeV for several values of
tan b and cos qA = 1. While BR(a ! µµ) changes very little with increasing values of tan b once
tan b > 2, in contrast, the production s(gg ! a) increases rapidly with tan b due to the fact
that Cabb̄ µ tan b. However, because of subtleties related to top-quark loop contributions and
higher-order corrections this increase is slower than tan2 b. In the context of the NMSSM, all qq̄
couplings of the a1 are proportional to cos qA, implying that s(gg ! a1) µ cos2 qA.
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Figure 1: Left: Feynman diagram for a production and decay. Right: cross section for gg ! a
production at

p
s = 7 TeV for tan b = 1, 2, 3, 10, 30, 50. We plot the cross section including all

available higher order corrections as per HIGLU [11], especially those from resolvable parton
final state contributions (gg ! ag).

This paper presents the results of a search for a light a decaying into two oppositely charged
muons in the invariant mass range around the Upsilon resonances in proton-proton collisions.
The data were recorded at the LHC at

p
s = 7 TeV, by the Compact Muon Solenoid (CMS)

experiment in 2011, corresponding to an integrated luminosity of 1.3 fb�1.

2 CMS Detector

The central feature of the CMS detector is a superconducting solenoid, of 6 m internal diam-
eter, providing a field of 3.8 T. Within the field volume are the silicon pixel and strip tracker,
the crystal electromagnetic calorimeter (ECAL) and the brass/scintillator hadron calorimeter
(HCAL). Muons are measured in gas-ionization detectors embedded in the steel return yoke.
In addition to the barrel and endcap detectors, CMS has extensive forward calorimetry. The
muons are measured in the pseudorapidity range |h| < 2.4, (h ⌘ � ln[tan(q/2)], where q is the
polar angle of the trajectory of a particle with respect to the direction of the counterclockwise
proton beam) with detection planes made using three technologies: Drift Tubes (DT) (for the
range |h| < 1.2), Resistive Plate Chambers (RPC) (for |h| < 1.6) and Cathode Strip Chambers
(CSC) (for |h| < 2.4). The DT and RPC are indicated as the central ”barrel” while the CSC
detector comprises the ”endcaps”. Matching the muons to the tracks measured in the silicon
tracker results in a transverse momentum resolution between 1 and 5 %, for pT values up to
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search performed in mass ranges 5.5 to 8.8 GeV and 11.5 to 14 GeV 
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Figure 2: Dimuon invariant mass distribution for the central region (left) and for the endcaps
(right) after the optimization of the cuts for the background reduction. The invariant mass
distributions are fitted (red curves) accounting for the three bottomonium resonances and QCD
background.

distribution. For the QCD background, we use a first-order polynomial probability density
function (PDF). Each U is parametrized via a double Crystal Ball (CB) function. A CB function
is formed convoluting a core Gaussian resolution with a power law side tail describing final
state radiation. The resolution of one CB is left free in the fit but is constrained to be the same
for all the three resonances. The resolution of the other CB function is determined from the
fit on the U(1S) peak, and forced to scale with the mass of the other two resonances. As the
resonances overlap, we fit for the presence of all three U states simultaneously. Therefore the
PDF consists of three double CB functions. The mean of the CB of the U(1S) is left free in the
fit, to accommodate a possible bias in the momentum scale calibration. The number of free
parameters is reduced by fixing the U(2S) and U(3S) mass difference, relative to U(1S), to their
world average values.

The fit to the U shape and continuum background is performed in the two acceptance regions
(barrel and endcaps) separately, as shown in Figure 2. The number of events of U and contin-
uum determined from the fit are given in Table 1.

Table 1: Summary of the number of events of U and continuum background from the invariant
mass fit. The U contribution is summed over the three resonances.

Contribution Number of events (barrel) Number of events (endcap)
U 93753 ± 396 95876 ± 454

Continuum background 41210 ± 320 45792 ± 385

8 Efficiency

The efficiency of the selection of the a decaying into dimuon pairs can be factorized into three
main contributions:

e = eacc ⇥ etrig ⇥ esel (2)

look for mass resonance of  
two isolated. low pt muons 
 
background modelling 
completely data driven 
 
eff. = 1% to 3.5% (Ma 6 to 13 GeV) 
σM/M =  50 to 190 MeV 
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10 Systematic uncertainties

Several sources of systematic uncertainty affect these results, including a 4.5% uncertainty on
the integrated luminosity. The efficiency corrections are determined using the tag-and-probe
results described above. We determine event-by-event the uncertainty on the total efficiency
corrections by propagating the uncertainties on the single muon corrections. This total event
uncertainty on the efficiency is largely independent of mass, with a maximum value of 12%.
We conservatively apply this value as a systematic uncertainty for every bin in the scan.

For the isolation cut, we assign as a systematic uncertainty the largest discrepancy between data
and MC in the entire relevant pT range, which is 5%. To take into account a possible systematic
effect due to the simulation of the pseudoscalar experimental width, we evaluate the systematic
uncertainty on the resolution of the a as the quadrature sum of the difference between the mass
resolution of the a with a mass of 10 GeV and the resolution of the U(2S) (which has the same
mass) in MC simulation, and the difference between the latter and the mass resolution obtained
for the U(2S) from data. Additionally, the finite statistics for the determination of the mass
resolution as a function of the dimuon mass contributes a source of uncertainty. We consider
the mass ranges separately and include this systematic uncertainty in the calculation of the
upper limit on the cross section times branching ratio. Overall, this adds a 11% (4%) effect for
the barrel (endcaps).

We also consider systematic uncertainties on the background description (see Section 11). To
estimate the shape uncertainty of the first-order polynomial background PDF, we fit the back-
ground with alternative shape hypotheses (a second order polynomial and an exponential
function). We then generate toy-MC experiments using the alternative background hypotheses
and fit the experiments using the first order polynomial. We then determine the systematic
error on the first order polynomial from the distribution of the fitted parameters in the toy-MC
experiments.

Finally, we note that the a modeling lacks a complete MC generator that accurately represents
the kinematic of the scalar production and decay. Since no generator is currently considered
to be appropriate for this model, at present we do not assign any systematic uncertainty to
account for this effect.

11 Determination of the upper limit

In Figure 3 we show the invariant mass spectrum of data for the barrel and endcap regions. We
perform the mass scan on this spectrum, dividing mass range 1 into 110 bins and mass range 2
in 100 bins of 30 MeV each. For each bin, we build a signal Gaussian PDF with a mean fixed to
the center of the bin and a width determined from the fits described above. We use a first order
polynomial to characterize the background. In mass range 1, we take into account the radiative
tail of the U(1S) by including its shape determined from the full invariant mass spectrum fit.

No significant discrepancy with SM background predictions is observed. Thus, we determine
the 95% Confidence Level (CL) upper limit of the pp ! a ! µµ cross section times branching
ratio as a function of the dimuon mass using the CLs approach [16]. Figure 4 shows the upper
limit results for mass ranges 1 and 2 including the systematic uncertainties discussed above.
These limits are significant in the context of the NMSSM. Constraints within the NMSSM can
be phrased in terms of upper limits on | cos qA|. The larger the value of tan b, the stronger
the constraint. In Figure 5 we give upper limits, | cos qA|max, as a function of ma1 for tan b =
1, 2, 3, 10, 30, 50 using the s(pp ! a)BR(a ! µ+µ�) limits of Figure 4 and the fact that s(gg !
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Figure 3: Invariant mass spectrum of data for barrel (left) and endcap (right) in the interval
used for the scan.

a)  s(pp ! a). The upper limits are compared to an earlier analysis of the BaBar U 1S
and 3S data [17]. The CMS limits are superior for ma1 � 7.5 GeV for tan b = 50 decreasing to
ma1 � 6 GeV for tan b = 2 and are superior for all masses at tan b = 1.

12 Summary

We perform a search for a narrow, low mass, pseudoscalar a which is produced by gg ! a and
decays via a ! µµ in the mass ranges 5.5 � 8.8 GeV and 11.5 � 14 GeV, using a data sample
corresponding to 1.3 fb�1 collected with the CMS detector. Given the good agreement with
SM background predictions, we set upper limits on the cross section times branching ratio of
pp ! a ! µµ in the mass ranges considered. These upper limits are applied in the context
of the light pseudoscalar a1 of the NMSSM to yield upper limits on the NMSSM parameter
| cos qA|, which specifies the fraction by which the a1 overlaps the MSSM doublet Higgs fields
at the amplitude level. These limits are superior to those from BaBar for a significant portion
of the ma1 < MU1S mass range, and are the only limits available in the ma1 > MU3S mass range.
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Figure 4: Upper limits at 95% C.L. on s(pp ! a ! µµ) in mass range 1 and 2 including
systematic uncertainties. The dotted lines correspond to the expected limits, and the green and
yellow bands correspond to 1- and 2-sigma level uncertainties on the expected limits.

10 12 Summary

Figure 5: Upper limit on the NMSSM parameter | cos qA| in mass ranges 1 and 2. The different
solid curves correspond to different tan b values: tan b = 1 (black), tan b = 2 (blue), tan b = 3
(green), tan b = 10 (magenta), tan b = 30 (cyan) and tan b = 50 (red). For each tan b value in
mass range 1 there is a second dotted curve that shows the limits from the BaBar U analyses.
There are no BaBar limits for tan b = 1 in mass range 1, or for any tan b in mass range 2. The
line at | cos qA|max = 1 is equivalent to no limit.
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Doubly Charged Higgs H++àl+l+ 
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ATLAS: only pair production and H++àµ+µ+ with 1.6 fb-1 
             (right handed only couple to γ à σ smaller by factor 2.5)  
              assumption:  cτ<10 mm   and ΓH++/MH++<1% (exp. resolution ~3%) 

CMS: associated and pair production and H++àl+l-  (at most 1 τhad) with 4.6 fb-1 

          model independent and benchmark points of see-saw type II models  

2 3 Experimental signatures and MC simulation

In addition to the model-independent search, the type II seesaw model is tested in four bench-
mark points (BP) [8] that probe different characteristic neutrino mass matrix structures. BP1
and BP2 describe the neutrino sector with a massless lightest neutrino, assuming normal and
inverted mass hierarchies, respectively. BP3 represents a degenerate neutrino mass spectrum
with mass taken as 0.2 eV. These three benchmark points are the extremes allowed by varying
the neutrino mass and hierarchy in the permitted ranges without consideration for the mixing
angle q13 or CP phases, and cover a large region of the parameter space. The fourth bench-
mark point BP4 represents the case in which all F++ branching fractions are equal. This is
achieved with the following values of Majorana phases: a1 = 0, a2 = 1.7. In all benchmark
points vanishing CP-phases and exact tri-bimaximal neutrino mixing matrix are assumed, fix-
ing the values of the mixing angles to q12 = sin�1(1/

p
3), q23 = p/4 and q13 = 0. BP4 is the

only exception where a2 is nonvanishing. The branching fractions of the benchmark points are
summarized in Table 1.

Table 1: Branching fractions of F++ to the various final states (t means a t lepton before decay)
in the four benchmark point models.

Benchmark point ee eµ et µµ µt tt
BP1 0 0.01 0.01 0.30 0.38 0.30
BP2 0.50 0 0 0.125 0.25 0.125
BP3 1/3 0 0 1/3 0 1/3
BP4 1/6 1/6 1/6 1/6 1/6 1/6

2 The CMS detector

The CMS detector is described elsewhere [12]. The components critical for this analysis are
summarized below. The central feature of the CMS detector is a superconducting solenoid of
6m internal diameter, providing a magnetic field of 3.8 T parallel to the beam direction. Within
the field volume are a silicon pixel and strip tracker that measures charged particle trajecto-
ries in the pseudo-rapidity region |h| < 2.5, crystal electromagnetic calorimeters (ECAL)
and brass-scintillator hadronic calorimeters (HCAL), which surround the tracking volume and
cover the region |h| < 3.0. The calorimeter coverage is extended to the region |h| < 5.0 by
a quartz-fiber Cherenkov detector (HF). Gas detectors embedded inside the iron return yoke
situated outside the solenoid are used to identify and measure muons. The detector is highly
hermetic, ensuring accurate measurement of the global energy balance in the plane transverse
to the beam directions.

3 Experimental signatures and MC simulation

The most important signature of the F++ search is the presence of two resonant same-charge
leptons. That occurrence is extremely rare in SM processes. For the four-lepton final state from
F++F�� pair production both doubly charged Higgs bosons can be reconstructed giving two
same-charge pairs of leptons.

After all selection criteria are applied, residual same-charge backgrounds arise from jets mis-
identified as leptons, charge misidentification and real leptons in jets. Diboson events con-
taining two to four prompt leptons in the final state contribute additional non-resonant back-
ground. Finally, a small contribution from tt̄+jets events is expected when the W bosons decay
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Figure 3: Left: invariant mass distribution for the three-lepton final state for backgrounds and
data after pre-selection. If tau decay products are present in the final state, the visible mass is
reconstructed. We also show the expected contribution of a F++ with a mass of 350 GeV for
the benchmark point BP4. Right: Yield evolution for the three-lepton final state.

state.

A mass window around the doubly charged Higgs mass hypothesis is defined. It consists of a
two-dimensional region in the plane of m(F++) vs m(F��). The window boundaries are the
same as for the three-lepton scenario for both F++ and F��. The selection criteria used in the
four-lepton final state are summarized in Table 3.

The mass distribution for the signal for the BP4 scenario and the backgrounds for the four-
lepton analysis after pre-selection along with the evolution of the event yields with the selection
requirements are shown in Fig. 4.
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reconstructed. We also show the expected contribution of a F++ with a mass of 350 GeV for
the benchmark point BP4. Right: Yield evolution for the four-lepton final state.

4.6 Analysis of tau channels

The decay channel with BR(F++ ! tt) = 100% is analyzed separately, since the event topol-
ogy is considerably different from the final states including prompt decays to light leptons. In
particular, the F++ reconstructed mass peak has a much larger width due to the presence of
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4.6 Analysis of tau channels

The decay channel with BR(F++ ! tt) = 100% is analyzed separately, since the event topol-
ogy is considerably different from the final states including prompt decays to light leptons. In
particular, the F++ reconstructed mass peak has a much larger width due to the presence of
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10 7 Results and statistical interpretation

Model-independent mass lower bounds are derived. These are the best limits to date on the
doubly charged Higgs mass in all decay channels.

A CLs method [33] is used for the upper limit calculations, which includes the systematic un-
certainties summarized in Table 5. As the systematic uncertainties are different for each final
state, the signal and background yields are separated into five orthogonal categories based on
the number of leptons and taus. As an example, event yields for benchmark point four can be
found in Table 7. When setting limits on ”muon and electron only” channels we only distin-
guish two cases of three and four leptons with no thad involved. The limits are interpolated
between consecutive points linearly. The results of the exclusion-limit calculations are reported
in Figs. 6-15 and summarized in Table 6 and Fig. 5.

As can be seen, significantly higher limits are set in comparison to the previous bounds. Table 6
also presents lower bounds on m(F) for our four benchmark points. Updated limits are also
set on four benchmark points, probing a large region of the parameter space of type II seesaw
models.

Table 6: Summary of the results
Benchmark point Published limit CMS combined result CMS result for

pair production only
BR(F++ ! e+e+) = 100% 225 GeV [34] 445 GeV 387 GeV
BR(F++ ! e+µ+) = 100% 210 GeV [34] 455 GeV 389 GeV
BR(F++ ! e+t+) = 100% 112 GeV [34] 352 GeV 300 GeV
BR(F++ ! µ+µ+) = 100% 355 GeV [35] (245 GeV [34]) 457 GeV 391 GeV
BR(F++ ! µ+t+) = 100% 144 GeV [36] 369 GeV 313 GeV
BR(F++ ! t+t+) = 100% 128 GeV [36] 198 GeV 165 GeV

BP1 N/A 380 GeV 326 GeV
BP2 N/A 410 GeV 361 GeV
BP3 N/A 406 GeV 350 GeV
BP4 N/A 399 GeV 353 GeV
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Figure 5: Observed F++ mass limits at 95% C.L. in different lepton final states. The branching
ratios assumed in the limit calculation are indicated.
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ratios assumed in the limit calculation are indicated.
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FIG. 1. Distribution of the dimuon invariant mass for a)
µ±µ± pairs, b) µ+µ+ pairs, and c) µ!µ! pairs. The data
are compared to the stacked background estimates. The ratio
between the data and the predicted background is also shown,
where the shaded region is the total systematic uncertainty
on the background prediction.

TABLE II. Expected and observed 95% C.L. upper limit on
the cross section, !fid

95 , for new physics in bins of dimuon mass
for like-sign muon pairs with pT(µ) > 20 GeV, |"(µ)| < 2.5,
and!R > 0.4 between the muon and any jet, prompt electron
or prompt muon with pT > 20 GeV.

Mass range [GeV]
!fid
95 [fb]

expected observed

All muon pairs

m(µ±µ±) > 15 58+19
!17 58

m(µ±µ±) > 100 30+11
!9 16

m(µ±µ±) > 200 13.7+5.7
!4.4 8.4

m(µ±µ±) > 300 8.0+3.3
!2.6 5.3

Positively charged muon pairs

m(µ+µ+) > 15 37+14
!11 37

m(µ+µ+) > 100 21.8+9.1
!6.9 14.1

m(µ+µ+) > 200 10.3+5.7
!2.2 9.1

m(µ+µ+) > 300 7.2+1.8
!2.9 5.6

Negatively charged muon pairs

m(µ!µ!) > 15 29+11
!8 30

m(µ!µ!) > 100 17.0+6.5
!5.1 9.5

m(µ!µ!) > 200 8.7+3.1
!2.5 5.2

m(µ!µ!) > 300 5.9+1.8
!1.6 4.3

bins due primarily to the pT-dependence of the isola-
tion e!ciency. Like-sign top-quark pair production re-
sults in the lowest fiducial e!ciency of 43.9+1.9

!2.4% for
m(µ±µ±) > 300 GeV, while a model with WR boson
of 800 GeV decaying to a 500 GeV Majorana neutrino
gives the highest value of 72.5+1.6

!2.2%. For pair produc-
tion of 100 GeV H±± bosons, the fiducial e!ciency is
69.8+1.5

!2.0% for m(µ±µ±) > 15 GeV. The e!ciency uncer-
tainties include all sources discussed in Section VI. To
derive the cross-section limits, the lowest e!ciency value
of 43.9+1.9

!2.4% is used in all mass bins. The resulting lim-
its are given in Table II for the four mass ranges and
separately for µ±µ±, µ+µ+, and µ!µ! production.

IX. LIMITS ON LIKE-SIGN TOP-QUARK PAIR
PRODUCTION

Like-sign top-quark pair production can occur if e.g. a
flavor-changing Z " boson that couples to u and t quarks
is exchanged in the t-channel. The fiducial cross-section
limits presented above are used to constrain this model.
In order to assess the impact on any physics model,

the acceptance of the fiducial cuts with respect to the full
phase space, Afid, needs to be determined. The cross-
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TABLE I. Expected and observed numbers of pairs of isolated like-sign muons for various cuts on the dimuon invariant mass,
m(µµ). The uncertainties shown are the quadratic sum of the statistical and systematic uncertainties. The prompt muon
background contribution includes the WZ, ZZ, W±W±, and tt̄W processes.

Sample Number of muon pairs with m(µ±µ±)

> 15 GeV > 100 GeV > 200 GeV > 300 GeV

prompt muons 63.1 ± 7.8 34.9± 4.5 9.6± 1.6 2.24± 0.54

non-prompt muons 37.5+10.3
!12.4 13.0± 4.5 1.8± 0.7 0.31± 0.18

charge flip 0+2.7
!0.0 0+0.9

!0.0 0+0.7
!0.0 0+0.61

!0.00

total 100.6+13.2
!14.7 48.0± 6.4 11.4+1.8

!1.7 2.56+0.83
!0.57

data 101 32 7 1

Sample Number of muon pairs with m(µ+µ+)

> 15 GeV > 100 GeV > 200 GeV > 300 GeV

prompt muons 41.2 ± 5.3 23.5± 3.2 6.6± 1.2 1.33± 0.40

non-prompt muons 20.2+5.9
!6.9 6.3± 2.2 1.0± 0.4 0.24± 0.15

charge flip 0+1.3
!0.0 0+0.5

!0.0 0+0.3
!0.0 0+0.30

!0.00

total 61.4+8.0
!8.7 29.8± 3.9 7.5± 1.3 1.57+0.52

!0.42

data 61 22 6 1

Sample Number of muon pairs with m(µ!µ!)

> 15 GeV > 100 GeV > 200 GeV > 300 GeV

prompt muons 21.9 ± 3.0 11.4± 1.8 3.04± 0.67 0.91± 0.32

non-prompt muons 17.4+4.7
!5.8 6.8± 2.4 0.83± 0.38 0.07+0.08

!0.07

charge flip 0+1.3
!0.0 0+0.5

!0.0 0+0.34
!0.0 0+0.30

!0.00

total 39.3+5.8
!6.5 18.2± 3.0 3.87+0.84

!0.77 0.98+0.45
!0.33

data 40 10 1 0

tegrating over Gaussian priors for the systematic uncer-
tainties [61, 62]. All systematic uncertainties discussed
above are included, and correlations between their ef-
fects on signal and background processes are taken into
account.
The upper limit on the number of anomalously pro-

duced muon pairs, N95(µµ), ranges from 41 pairs for
m(µµ) > 15 GeV to 3.8 pairs for m(µµ) > 300 GeV
at 95% C.L. The limit on the number of muon pairs is
translated to a 95% C.L. limit on the cross section mea-
sured in the phase space region defined by the fiducial
cuts as

!fid
95 (µµ) =

N95(µµ)

"fid
!

Ldt
, (1)

where
!

Ldt is the integrated luminosity of 1.61 ±
0.06 fb!1. The e!ciency of the experimental cuts with
respect to the fiducial region, "fid, depends on the model

of new physics. The fiducial cuts used to define the ef-
ficiency are closely matched to those imposed at recon-
struction level: both muons must have pT > 20 GeV,
|#| < 2.5, and be separated by "R > 0.4 from any jet or
prompt muon or electron with pT > 20 GeV.

A variety of models is considered for the determination
of "fid, and the lowest e!ciency value obtained among all
the models is used. The models considered are like-sign
top-quark pair production via an e#ective four-fermion
coupling, Majorana neutrino (NR) production from the
decay of a WR boson, pair production of fourth genera-
tion quarks decaying via top quarks, and doubly charged
Higgs boson production. A variety of mass values for
those models is considered: 800 ! m(WR) ! 1500 GeV
and 100 ! m(NR) ! 1300 GeV, 300 ! m(d4) ! 500 GeV,
and 100 ! m(H±±) ! 300 GeV. The e!ciency val-
ues obtained from any of these samples with respect
to the fiducial cuts vary for di#erent models and mass
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The cross-section limits are obtained using the same
procedure as described in Section VIII. The expected
and observed upper limits at 95% C.L. on the cross sec-
tion times the branching ratio, !(pp ! H++H!!) "
BR(H±± ! µ±µ±), are shown in Figure 2. The ob-
served upper limit is 11 fb at m(H±±) = 100 GeV and
1.7 fb at m(H±±) = 400 GeV. The median expected up-
per limits based on the background expectation together
with the ±1! and ±2! uncertainty bands are also shown.
The results derived from data are consistent with the ex-
pectation over the full mass range.

The cross-section limit is compared to the prediction
for the pair-production cross section of H±±

L and H±±
R

bosons, assuming a branching ratio for the dimuon de-
cay of 100%. For this scenario, H±±

L bosons are ex-
cluded for m(H±±

L ) < 355 GeV, while H±±
R bosons are

excluded for m(H±±
R ) < 251 GeV at 95% C.L. for the

central value of the theoretical prediction. The corre-
sponding expected limits are 337 GeV and 264 GeV, re-
spectively. Using a 10% lower value for the theoretical
prediction (corresponding to the 1! uncertainty on the
cross section), the data exclude m(H±±

L ) < 348 GeV
and m(H±±

R ) < 248 GeV.
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FIG. 2. Upper limit at 95% C.L. on the cross section times
branching ratio for pair production of doubly charged Higgs
bosons decaying to two muons. Superimposed is the predicted
cross section for H++

L H!!

L and H++

R H!!

R production assum-
ing a branching ratio to muons of 100%. The bands on the
predicted cross sections corresponds to the theoretical uncer-
tainty of 10%.

The observed and expected limits on the mass of dou-
bly charged Higgs bosons are also determined as a func-
tion of the branching ratio to µ±µ± assuming the central
value of the theoretical cross-section prediction. This is
shown in Figure 3 for H±±

L and H±±
R bosons, respec-

tively. For example, assuming a branching ratio of 33%
to muons, the respective lower mass limits are 244 GeV
for H±±

L and 209 GeV for H±±
R bosons.

XI. CONCLUSIONS

An inclusive search for production of pairs of prompt
like-sign muons has been presented using a dataset corre-
sponding to an integrated luminosity of 1.6 fb!1 recorded
with the ATLAS detector at the LHC. The data agree
with the background expectation and no sign of new
physics has been found. The data are used to place
model-independent upper limits on the cross section of
new physics processes giving rise to like-sign dimuons
ranging from 5.3 fb for m(µ±µ±) > 300 GeV to 58 fb for
m(µ±µ±) > 15 GeV. In addition, constraints are placed
on like-sign top-quark and doubly charged Higgs boson
production. The 95% C.L. limit on the like-sign top-
quark production cross section of 3.7 pb is more than four
times more restrictive than previous results. The lower
mass limit on doubly charged Higgs bosons with a 100%
(33%) branching ratio to muons is 355 (244) GeV and
251 (209) GeV for H±± bosons coupling to left-handed
and right-handed fermions, respectively.
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2 4 Event Reconstruction and Selection

event information.

3 Data and Monte Carlo Simulation Samples

LHC data taken at 7 TeV centre-of-mass energy during 2011 are used in the analysis. Only
data taken during periods of good detector performance are used. These data correspond to an
integrated luminosity of 1136 pb�1 ( 1167 pb�1) in the electron channel (muon channel).

For the electron channel, events are selected by requiring two identified photons with ET >
33 GeV and in the muon channel, events are selected by requiring two identified muons in the
muon systems, not necessarily originating from the beam spot, with pT > 23 GeV/c each.

Simulated signal Monte Carlo samples were generated with PYTHIA [9], which was requested
to simulate Higgs production through gluon-gluon annihilation. The Higgs was forced to de-
cay to two long-lived, spin 0, exotic particles H0 ! XX, which then each decayed to dileptons
X ! `+`�. In these simulated samples, the X boson has a 50% branching ratio to dielectrons
and a 50% branching ratio to dimuons. Several different samples, with different Higgs and
X boson masses and X boson lifetimes were generated, as listed in Table 1. The lifetime used
in these samples was chosen to give a mean transverse decay length in the laboratory frame of
approximately 20 cm.

Several simulated background samples were used, corresponding to tt̄, Z/g ! `+`�, W±/Z
boson pair production with leptonic decays, and QCD events.

In all simulated samples, the response of the detector was simulated in detail using GEANT4 [10].
These samples were processed through the trigger emulation and event reconstruction chain
of the CMS experiment.

Table 1: Simulated signal samples used in the analysis. The masses of the Higgs and X bosons
are given, as is the mean proper decay length of the X boson.

MH0 ( GeV/c2) MX ( GeV/c2) ct (cm)
1000 350 35.0
1000 150 10.0
1000 50 4.0
1000 20 1.5
400 150 40.0
400 50 8.0
400 20 4.0
200 50 20.0
200 20 7.0

4 Event Reconstruction and Selection

4.1 Displaced Track Reconstruction

The performance of the track reconstruction algorithms has been studied with data [11]. CMS
exploits a so-called ‘iterative tracking’ algorithm to reconstruct tracks in the tracker [11, 12].
The first tracking iteration is dedicated to finding tracks originating near the primary vertex,
since these are easiest to reconstruct. It seeds the tracks with pairs or triplets of hits from the
pixel tracker, which provides high resolution 3D position measurements. It then extrapolates

ltrans ~ 20 cm 

final selection: 
transverse  
decay length 
significance>8 

4.2 Displaced Lepton Identification 3

these seeds outwards, assigning to the track additional hits from the pixel or strip trackers
using the Kalman filter algorithm. Hits assigned to these tracks are excluded from further
searches, so simplifying the task for subsequent iterations. A total of five iterations is used,
with some of the additional ones being dedicated to finding very low momentum tracks, and
others being dedicated to finding highly displaced tracks. The reconstruction of very displaced
tracks uses seeds produced from hits in pairs of strip tracker stereo layers (since these provide
3D hit position measurements). A beam spot constraint is used to help find these tracks, as is
the case for the earlier tracking iterations. However, the constraint is extremely loose (tens of
centimetres). The tracking efficiency is respectable (although significantly less than 100%) for
X bosons that decay up to 50 cm from the beam-line. (Tracks produced farther from the beam-
line than this are unlikely to produce hits in the outermost pair of strip tracker stereo layers).
The tracking efficiency is very small for tracks whose impact parameters exceed about 25 cm.
This is a result of the loose beam spot constraint used during track finding. Figure 1 shows the
tracking efficiency for single, isolated particles as a function of the transverse impact parameter.
When making this plot, only tracks classified as high purity are used. This requirement, which
is imposed on all tracks used in this paper, is defined in Ref. [11].
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Figure 1: Track reconstruction efficiency for single, isolated electrons (left) and muons (right)
of pT = 50 GeV/c as a function of the transverse impact parameter. The efficiency has little
dependence on pT.

4.2 Displaced Lepton Identification

The standard CMS electron reconstruction algorithms [13] do not make use of the very large
impact parameter tracks found by the final iteration of the track finding algorithm. In addi-
tion, the standard CMS muon reconstruction algorithms [14] include some assumptions about
the muon being produced near the beam spot. Therefore, no offline lepton identification is
applied in this analysis. Instead, tracks are considered to be identified as leptons if they can
be matched to ‘trigger objects’ from the triggers used within a cone of size DR < 0.1 (where
DR =

p
Df2 + Dh2 ).

For the electron channel, because of bremsstrahlung, the measured track momentum does not
provide a precise estimate of the electron’s initial momentum. Instead, the electron is matched,
using a cone of size DR < 0.2 around the track, to an ECAL ‘super-cluster’ [13] that the electron
should have produced. The energy of the electron is estimated from this super-cluster rather

5

nificance itself.

Figures 3 shows the reconstructed dilepton mass for dielectron and dimuon candidates after
all selection cuts. In the dielectron channel, the background is dominated by Z bosons, which
survive the cut on the decay length significance, as a result of bremsstrahlung giving non-
Gaussian tails to the resolution function. In the dimuon channel, the simulated background is
dominated by a single QCD event which has a large weighting.

By inverting the cut on the transverse decay length, one can obtain a control sample which
is dominated by promptly produced dileptons. The dilepton mass spectrum obtained with
this inverted cut is shown in Fig. 4. Good agreement is seen in both shape and normalisation
between data and Monte Carlo simulation.
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Figure 2: The transverse decay length significance of the candidates for the dielectron (left) and
dimuon (right) channels. It is required to be more than 8 for dielectron candidates and more
than 5 for dimuon candidates.

5 Systematic Uncertainties and Corrections

5.1 Luminosity

For the running period corresponding to this analysis, CMS estimates the relative uncertainty
on the luminosity to be 4.5% [15].

5.2 Effect of Pile-Up

The number of reconstructed primary vertices in data and simulation gives rise to a relative
systematic uncertainty in the signal selection efficiency of less than 2% for all mass points.

5.3 PDF, Renormalisation and Factorisation Scale Uncertainties

All simulated samples were generated using the CTEQ6L1 [16] PDF set. Systematic uncertain-
ties on the acceptances due to uncertainties in this PDF set are evaluated using the procedure
[17], which uses the uncertainty eigenvector sets of MSTW2008nlo [18] and CTEQ66 [19]. For
all mass points, the relative uncertainty in the efficiency to select a X ! `+`� arising from this
source is less than 1%.
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Figure 2: The transverse decay length significance of the candidates for the dielectron (left) and
dimuon (right) channels. It is required to be more than 8 for dielectron candidates and more
than 5 for dimuon candidates.

5 Systematic Uncertainties and Corrections

5.1 Luminosity

For the running period corresponding to this analysis, CMS estimates the relative uncertainty
on the luminosity to be 4.5% [15].

5.2 Effect of Pile-Up

The number of reconstructed primary vertices in data and simulation gives rise to a relative
systematic uncertainty in the signal selection efficiency of less than 2% for all mass points.

5.3 PDF, Renormalisation and Factorisation Scale Uncertainties

All simulated samples were generated using the CTEQ6L1 [16] PDF set. Systematic uncertain-
ties on the acceptances due to uncertainties in this PDF set are evaluated using the procedure
[17], which uses the uncertainty eigenvector sets of MSTW2008nlo [18] and CTEQ66 [19]. For
all mass points, the relative uncertainty in the efficiency to select a X ! `+`� arising from this
source is less than 1%.

challenge: tracking for displaced tracks  
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Figure 3: The reconstructed dilepton mass in the dielectron (left) and dimuon (right) channels
after all selection cuts have been applied. The dielectron channel shows residual Z background
in the selection, whereas in the dimuon channel, the predicted background is dominated by a
single QCD event with a large weighting.
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Figure 4: The invariant mass distribution of dielectron (left) and dimuon (right) candidates af-
ter applying all selection cuts except the ones on transverse impact parameter and on vertex
flight direction, and with the decay length significance cut inverted. This predominantly selects
prompt background such as Z bosons. The agreement of both shape and normalisation be-
tween data and Monte Carlo simulation demonstrates a good understanding of the Standard
Model backgrounds.
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ee   exp background 0.79±0.99   
       observed: 1 at MZ         

µµ expected background 0.02±2.38 
observed:     0 
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Figure 9: 95% confidence level upper limits on sB for the muon channel for a Higgs mass of
200 GeV/c2.

7 Conclusions

For pp collisions at
p

s = 7 TeV, upper limits are placed on the production cross section of a
heavy resonance decaying to two long-lived, spinless, neutral particles X, where the massive
resonance is taken to be a Higgs boson H0, multiplied by the branching ratio B of X ! `+`�,
where l denotes either electron or muon. For Higgs masses of 200-1000 GeV/c2 and X boson
masses of 20-350 GeV/c2, these limits are typically in the range 0.003-0.03 pb, for X bosons
whose lifetime is such their mean transverse decay length is less than about 1 metre.
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Figure 7: 95% confidence level upper limits on sB for the electron and muon channels for a
Higgs mass of 1000 GeV/c2. The expected limit band for the electron channel is too small to be
visible.
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Figure 8: 95% confidence level upper limits on sB for the electron and muon channels for a
Higgs mass of 400 GeV/c2. The expected limit band for the electron channel is too small to be
visible.
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limits assuming BR(Hàπvπv)=100%  
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14 m and 20 m. This analysis uses muon tracking for
| ⌘ |  2.4, where each station is instrumented with two
multilayers of precision tracking chambers, Monitored
Drift Tubes (MDTs). It also utilizes Level 1 [23] (L1)
muon triggering in the barrel MS (| ⌘ |  1). The trigger
chambers are located in the middle and outer stations.
The L1 muon trigger requires hits in the middle station to
create a low p

T

muon Region of Interest (RoI) or hits in
both the middle and outer stations for a high p

T

RoI. The
muon RoIs have a spacial extent of 0.2⇥0.2 in �⌘ ⇥��
and are limited to two RoIs per sector.

A dedicated, signature-driven trigger, the muon RoI
cluster trigger [13], was developed to trigger on events
with a ⇡

v

decaying in the MS. It selects events
with a cluster of three or more muon RoIs in a
�R ⌘

p
(�⌘)2 + (��)2 = 0.4 cone in the MS barrel

trigger chambers. This trigger configuration implies that
one ⇡

v

must decay in the barrel spectrometer, while the
second ⇡

v

may decay either in the barrel or the forward
spectrometer. With this trigger, it is possible to trigger
on ⇡

v

decays at the outer radius of the hadronic calorime-
ter and in the MS with high e�ciency. The backgrounds
of punch-through jets [24] and muon bremsstrahlung
are suppressed by requiring no calorimeter jets with
E

T

� 30 GeV in a cone of �R = 0.7 and no ID tracks
with p

T

� 5 GeV within a region of �⌘ ⇥�� = 0.2⇥0.2
around the RoI cluster center. These isolation criteria
result in a negligible loss in the simulated signal while
significantly reducing the backgrounds.

As depicted in Fig. 1(a), MC studies show the RoI clus-
ter trigger is ⇠30 � 50% e�cient in the region from 4 m
to 7 m. The ⇡

v

’s that decay beyond a radius of ⇠7 m do
not leave hits in the trigger chambers located at ⇠7 m,
while the ⇡

v

decays that occur before r ⇠4 m are located
in the calorimeter and do not produce su�cient activity
in the MS to pass the muon RoI cluster trigger. The
m

h

0 = 120 GeV and m
⇡v = 40 GeV sample has a rela-

tively lower e�ciency because the ⇡
v

’s have a lower boost
and arrive later at the MS. As a result the trigger signal
may be associated with the incorrect bunch crossing, in
which case the event is lost.

The systematic uncertainty of the muon RoI cluster
trigger e�ciency is evaluated on data using a sample of
events containing a punch-through jet. This sample of
events is similar to signal events as it contains both low
energy photons and charged hadrons in a localized region
of the MS. These punch-through jets are selected to be in
the barrel calorimeter (| ⌘ |  1.4), have E

T

� 20 GeV,
at least four tracks in the ID, each with p

T

� 1 GeV and
at least 20 GeV of missing transverse momentum aligned
with the jet. To ensure significant activity in the MS, the
jet is required to contain at least 300 MDT hits in a cone
of �R = 0.6, centered around the jet axis [25]. The muon
RoI cluster trigger algorithm was run in the vicinity of
the punch-through jet for both data and MC events. The
distribution of RoIs contained in the cluster for data and
MC events, normalized to the number of data events, is
shown in Fig. 2. The shapes of the distribution match

(a)

(b)

FIG. 1: a: E�ciency of the trigger, as a function of the radial
decay position (r) of the ⇡v. b: The vertex reconstruction
e�ciency for ⇡v decays in the barrel for events that pass the
muon RoI cluster trigger as a function of the radial decay
distance. The error bars represent the statistical uncertainty
on the e�ciencies.

well between data and MC events. A horizontal line fit to
the ratio, as a function of N

RoI

� 1, yields 1.14 ± 0.09,
and 14% is taken as the systematic uncertainty. The
e↵ects of uncertainties in the jet energy scale (JES) [26],
in the initial state radiation (ISR) spectrum [27], and in
the amount of pileup were found to be negligible when
varying these quantities by their uncertainties.
A specialized tracking and vertex reconstruction algo-

rithm was developed to identify ⇡
v

’s that decay inside
the MS. The decay of a ⇡

v

results in a high multiplic-
ity of low p

T

particles (1  p
T

 5 GeV) containing ⇠10
charged particles and ⇠5 ⇡0’s clustered in a small �R
region of the spectrometer. The ⇡

v

’s that decay before
the last sampling layer of the hadronic calorimeter do not
produce a significant number of tracks in the MS. Thus,
detectable decay vertices must be located in the region
between the outer radius of the hadronic calorimeter and
the middle station of the MS. Over a wide range of ac-
ceptance in the barrel MS, the total amount of material
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varying these quantities by their uncertainties.
A specialized tracking and vertex reconstruction algo-

rithm was developed to identify ⇡
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’s that decay inside
the MS. The decay of a ⇡

v

results in a high multiplic-
ity of low p

T

particles (1  p
T

 5 GeV) containing ⇠10
charged particles and ⇠5 ⇡0’s clustered in a small �R
region of the spectrometer. The ⇡

v

’s that decay before
the last sampling layer of the hadronic calorimeter do not
produce a significant number of tracks in the MS. Thus,
detectable decay vertices must be located in the region
between the outer radius of the hadronic calorimeter and
the middle station of the MS. Over a wide range of ac-
ceptance in the barrel MS, the total amount of material
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with an isolated vertex and a second RoI cluster trigger
object. The first term in the equation is the expected
number of background events with one vertex that ran-
domly contain a second vertex. P

reco

is the probabil-
ity to reconstruct a vertex given there was an RoI clus-
ter trigger; thus, the second term in the equation is the
expected number of events with two RoI clusters that
have two vertices in the MS. P

vertex

was measured us-
ing zero bias data [30] to be (9.7±6.9)⇥10�7, and P

reco

was measured using the events that pass the muon RoI
cluster trigger to be (1.11±0.01)⇥10�2. The expected
signal would cause, at most, a relative change in P

reco

of
⇠1%. P

reco

was also measured using a sample of events
recorded when there were no collisions. In this sample of
non-collision background events, P

reco

was measured to
be (7.0±0.6)⇥10�3. For calculating the background, the
larger value of P

reco

(1.11⇥10�2) is taken since it gives
a conservative estimate of the background. N(MS ver-
tex, 1 trig) and N(MS vertex, 2 trig) are 15543 and 1,
respectively. Therefore, the background is calculated to
be 0.03±0.02 events.

No events in the data sample pass the selection re-
quiring two isolated, back-to-back vertices in the muon
spectrometer. Since no significant excess over the
background prediction is found, exclusion limits for
�
h

0 ⇥ BR(h0 ! ⇡
v

⇡
v

) are set by rejecting the signal hy-
pothesis at the 95% confidence level using the CLs pro-
cedure [31]. Figure 3 shows the 95% CL upper limit on
�
h

0⇥BR(h0 ! ⇡
v

⇡
v

)/�
SM

as a function of the ⇡
v

proper
decay length (c⌧).

In 1.94 fb�1 of pp collision data at a center-of-mass en-
ergy of 7 TeV there is no evidence of an excess of events
containing two isolated, back-to-back vertices in the
ATLAS muon spectrometer. Using the model of a light
Higgs decaying to weakly-interacting, long-lived pseu-
doscalars, limits have been placed on the pseudoscalar
proper decay length. Table II shows the broad range of
⇡
v

proper decay lengths that have been excluded at the
95% CL, assuming 100% branching ratio for h0 ! ⇡

v

⇡
v

.
These limits also apply to models in which the Higgs de-
cays to a pair of weakly-interacting scalars that in turn
decay to heavy quark pairs.

mh0 (GeV) m⇡v (GeV) Excluded Region
120 20 0.50 < c⌧ < 20.65 m
120 40 1.60 < c⌧ < 24.65 m
140 20 0.45 < c⌧ < 15.8 m
140 40 1.10 < c⌧ < 26.75 m

TABLE II: The excluded proper decay lengths (c⌧) of the ⇡v,
at 95% CL, for each of the signal samples, assuming 100%
branching ratio for the channel h0 ! ⇡v⇡v.
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search for:  two isolated back-to-back decays in muon spectrometer 

needs dedicated algos 
for trigger, tracking 
and vertexing 



Conlusions and personal remarks 

No remarkable excesses observed in specific BSM searches  
Several extensions of SM and signatures considered 
More to come: e.g charged Higgs bosons for MH+>Mtop, … 
 
What about Hà invisible particles? 
What about sensitivity for Hàlight quarks or gluons? 
What about reinterpretation of SM searches in BSM scenarios? 
What about extend mass ranges of searches in particular to low MH 

(e.g. in Hàγγ,ττ,bb but also HàAAà4 fermions)? 
 
Which models to investigate?  
How to present results as model independent as possible? 
Limits on: 1) σxBR, 2) + A  and/or 3) σ x BR xA, …? 
For each combination of production and decay and also p-values. 
Be careful with reinterpretation in models with different signal! 
 
 M. Schumacher                              BSM Higgs Boson Searches at LHC            LHC2TSP-WS, CERN, 27 March 2012      



Conclusions and personal remarks  

Dr Watson:            I wonder what desperate circumstances could occasion  
                              such an appeal. 
Sherlock Holmes:  I have devised seven separate explanations, each of       
                              which would cover the facts as far as we know them.  
Dr Watson:            Oh, and which one do you favour, Holmes?  
Sherlock Holmes:  At the moment, I have no favourites. Data, data, data!  
                              I cannot make bricks without clay!  
 
Dr. Watson: We cannot theorize without data, I'm afraid.   (A.C. Doyle  
                                                                                                                    “The Copper Beaches”)  
 

But we can prepare ourselves to do so in an optimal way 
and maybe it is worth discussing whether we have done already 

Despite the exciting observation of interesting deviation from background-only 
hypothesis, there might be Higgs bosons realized in other places 
à  investigate carefully “all interesting” final state topologies 
à  determine model parameter space (in)compatible with observations  

M. Schumacher                              BSM Higgs Boson Searches at LHC            LHC2TSP-WS, CERN, 27 March 2012      



2012: the year of the Higgs boson (or not) … 

CERN  
Courier 

To R.-D.  Heuer  
from ATLAS&CMS 

M. Schumacher                              BSM Higgs Boson Searches at LHC            LHC2TSP-WS, CERN, 27 March 2012      



Backup  
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CMS: Comparions of Hà 2 γ Interpretation 
SM: best signal strength 1.65+0.67-0.60       local p-value = 2.9 σ 

M. Schumacher                              BSM Higgs Boson Searches at LHC            LHC2TSP-WS, CERN, 27 March 2012      
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Figure 6: The best fit signal strength, in terms of the SM Higgs boson cross section, for the com-
bined fit to the five classes (vertical line) and for the individual contributing classes (points)
for the hypothesis of a SM Higgs boson mass of 125 GeV. The band corresponds to ±1s uncer-
tainties on the overall value. The horizontal bars indicate ±1s uncertainties on the values for
individual classes.
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Figure 5: Observed local p-values, for the combined event classes, and also for the dijet-tagged
class and the combination of the other four classes.

Figure 5 shows the local p-value calculated, using the asymptotic approximation, at 0.5 GeV
intervals in the mass range 110< mH < 150 GeV. The local p-values for the dijet-tag event class,
and for the combination of the four other classes, are also shown. The local p-value quantifies
the probability for the background to produce a fluctuation at least as large as observed, and
assumes that the relative signal strength between the event classes follows the MC signal model
for the standard model Higgs boson.

The local p-value corresponding to the largest upwards fluctuation of the observed limit, at
125 GeV, has been computed to be 1.9⇥10�3 (2.9s) in the asymptotic approximation, and 2.0
±0.8⇥10�3 (2.9s) when the calculation uses pseudo-data. (the value for the pseudo-data en-
semble is shown in Fig. 5). At this mass the best fit signal strength is 1.65+0.67

�0.60 times the standard
model Higgs boson cross section. In Fig. 6 this combined best fit signal strength is compared to
the best fit signal strengths in each of the event classes. Since a fluctuation of the background
could occur at any point in the mass range there is a look-elsewhere effect [72].. When this
is taken into account the probability, under the background only hypothesis, of observing a
similar or larger excess in the full analysis mass range (110< mH < 150 GeV) is 5.6±0.4⇥10�2,
corresponding to a global significance of 1.6s.

The corresponding results obtained with the sideband background model are shown in Figs. 7
and 8 providing a powerful cross-check of the results obtained with the mass fit background
model. The expected exclusion limit at 95% CL closely matches that obtained with the mass fit
background model. The observed exclusion limit shows a rather similar pattern of fluctuations
about the median expected limit as that obtained with the mass fit background model. The
most noticeable difference is that the exclusion limit and the local p-value show larger fluc-
tuations between consecutive 0.5 GeV steps in the mass hypothesis than those obtained with
the mass fit background model. This is a consequence of events entering and leaving the ±2%
signal region as the mass hypothesis is changed. The local p-value corresponding to the largest
upwards fluctuation of the observed limit, at 124 GeV, has been computed to be 1.2⇥10�3 (3.0s)
in the asymptotic approximation, and 1.2±0.3⇥10�3 3.0s) when the calculation uses pseudo-
data. This is found to correspond to a global significance of 1.9s. At this mass the best fit signal
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intervals in the mass range 110< mH < 150 GeV. The local p-values for the dijet-tag and
lepton event classes, and for the combination of the four other classes, are also shown (dash-
dotted, dotted and dashed lines respectively). The local p-value quantifies the probability for
the background to produce a fluctuation at least as large as observed, and assumes that the
relative signal strength between the event classes follows the Monte Carlo signal model for
the FP Higgs boson. The local p-value corresponding to the largest upwards fluctuation of
the observed limit, at 126 GeV, has been computed to be 3.6⇥10�3 (2.7 s) in the asymptotic
approximation, as shown for total and individual channel contributions in Fig. 5. When taking
in consideration the look-elsewhere effect [34] in the search range 100�150 GeV, the global
significance is 1.2 s. The best fit to the measured signal strength at m=126 GeV obtained from
all event classes is 0.68±0.31 times the FP Higgs-boson cross section, shown in Fig. 6.
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Figure 5: The p-value, which measures the probability that the observed events are compatible
with a background-only hypothesis.

8 Systematic Uncertainties

Table 4 lists the systematic uncertainty that have been taken into account in the analysis. All
photon related systematics are the same as in reference [35]. The systematic uncertainties re-
lated to the VBF dijet, VH leptonic and 2D inclusive channel, listed in the Table 4 are specific
to this analysis, and they do not contribute significantly to the final result. Signal shape uncer-
tainty in the inclusive channel contributes less than 1% to the expected exclusion limit.

9 Conclusion

We have performed the search the Higgs boson with mass between 110 and 150 GeV decaying
into gg with 4.8 fb�1 data recorded by the CMS detector at the LHC. This search is interpreted

FP: best signal strength 0.68+0.31    local p-value = 2.7 σ 
16 9 Conclusion
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Figure 6: Measured boson signal strength for fermiophobic Higgs boson at m=126 GeV in each
event class (black squares), and the best fit to this signal strengths in all classes (black line) with
1s band (green).

in the context of the fermiophobic Higgs model where the Higgs boson production is restricted
to only vector boson fusion and associated production with a vector boson. Upper bounds on
the production cross section times the branching ratio of fermiophobic Higgs boson decaying
to photon pairs for masses between 110 and 150 GeV have been derived.

The expected exclusion limit at 95% confidence level is between 0.1 and 3.0 times the fermio-
phobic model cross section in the mass range between 110 and 150 GeV, while the expected ex-
clusion range is below 136 GeV. The observed limit excludes at 95% confidence level the fermio-
phobic model Higgs boson decaying into two photons in the mass range 110 to 124 GeV and
128-136 GeV. The largest excess of events over the expected background is observed around
126 GeV. The excess has a local significance of 2.7 s. When taking in consideration the look-
elsewhere effect in the search range 100�150 GeV, the global significance is 1.2 s. More data
are required to ascertain the origin of this excess.

References

[1] J. Gunion, H. Haber, G. Kane et al., ““The Higgs Hunter’s Guide””. Addison-Wesley,
1989.

[2] A. Akeroyd, “Fermiophobic and other non-minimal neutral Higgs bosons at the LHC”, J.
Phys. G: Nucl. Part. Phys. 24 (1998) 19831994.

[3] E. Gabrielli and B. Mele, “Testing Effective Yukawa Couplings in Higgs Searches at
Tevatron and LHC”, Phys.Rev.D 82 (2010), no. 113014,.



ATLAS: p-values and signal strength in SM  
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Figure 7: The best-fit signal strength µ = #/#SM as a function of the Higgs boson mass hypothesis in

the full mass range of this analysis (a) and in the low mass range (b). The µ value indicates by what

factor the SM Higgs boson cross section would have to be scaled to best match the observed data. The

band shows the interval around µ̂ corresponding to a variation of !2ln! (µ)< 1.
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Figure 8: The best-fit signal strength µ = &/&SM as a function of the Higgs boson mass hypothesis for

the H ! ## (a), the H ! %% (b), the H ! ZZ(") ! !+!#!+!# channel in the low mass region (c), the

H ! ZZ(") across the full search range (d), the H ! bb (e), and H !WW (") (f) individual channels. The

µ value indicates by what factor the SM Higgs boson cross section would have to be scaled to best match

the observed data. The band shows the interval around µ̂ corresponding to a variation of #2ln! (µ)< 1.
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SM:  local p-value = 2.5 σ (2.8 σ in γγ)	

	


         βεστ signal strength:  



CMS: p-values and signal strength in SM  
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5.1 SM Higgs boson 13
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Figure 7: The observed local p-value p0 (left) and best-fit µ̂ = s/sSM (right) as a function of
the SM Higgs boson mass in the range 110–145 GeV. The local p-values for individual channels
and their combination are obtained with the asymptotic formula (lines); the combined local p-
value is validated by generating ensembles of background-only pseudo-datasets (points). The
dashed line shows the expected local p-values p0(mH), should a Higgs boson with a mass mH
exist. The band in the right plot corresponds to the ±1s uncertainties on the µ̂ values.
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Figure 8: Values of µ̂ = s/sSM for the combination (solid vertical line) and for contribut-
ing channels (points) for two hypothesized Higgs boson masses: 119.5 GeV (left) and 125 GeV
(right). The band corresponds to ±1s uncertainties on the overall µ̂ value. The horizontal bars
indicate ±1s uncertainties on the µ̂ values for individual channels.
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Figure 7: The observed local p-value p0 (left) and best-fit µ̂ = s/sSM (right) as a function of
the SM Higgs boson mass in the range 110–145 GeV. The local p-values for individual channels
and their combination are obtained with the asymptotic formula (lines); the combined local p-
value is validated by generating ensembles of background-only pseudo-datasets (points). The
dashed line shows the expected local p-values p0(mH), should a Higgs boson with a mass mH
exist. The band in the right plot corresponds to the ±1s uncertainties on the µ̂ values.
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Figure 8: Values of µ̂ = s/sSM for the combination (solid vertical line) and for contribut-
ing channels (points) for two hypothesized Higgs boson masses: 119.5 GeV (left) and 125 GeV
(right). The band corresponds to ±1s uncertainties on the overall µ̂ value. The horizontal bars
indicate ±1s uncertainties on the µ̂ values for individual channels.


