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Summary

• SM-like Higgs excluded for MH � 114 GeV

• SM-like Higgs excluded for 130 GeV � MH � 500 GeV

• large regions excluded beyond the 99% CL limit

• large regions excluded for a Higgs with strongly reduced couplings

• observations for 122 GeV � MH � 128 GeV

– ATLAS: 2.5σ in γγ(+4�)

– CMS: 2.8σ in γγ

– Tevatron: 2.7σ in bb̄(+ �ν�ν)

Priors

• SM fit prefers low MH

• MSSM predicted Mh in this region for decades

Higgs Searches 2011



Latest CMS results in search for

heavy MSSM Higgses (ττ , arXiv:1202.4083)

• N.B. low MA values get excluded

with LEP and LHC

• small deviation around MA ∼ 400 GeV
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LHCb closing the window

• SUSY and 2HDM can make large contributions
• For large tan    SUSY you had better have large 
• Makes the lightest SUSY Higgs more like a SM Higgs

B(Bs!"") < 4.5 10-9 at 95% CL

B(B!"") < 10.3 10-10 at 95% CL
best limit!

SM prediction (FCNC, helicity suppressed) 

SM B(Bs!"") = (3.2±0.2) 10-9 

SM B(B!"") = (0.1±0.01) 10-9

arXiv:1005.5310
arXiv:1012.1447 

)2 ! tan
6 !

MA
4

+ etc.

β MA



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
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(some) Future Scenarios Entertained

— Dataset including 8 TeV (2-7/fb) ICHEP2012

— Input to European Strategy Update:

• A. SM-like Higgs with MH ∼ 125 GeV ⊕ some BSM Higgs hint

• B. non-SM-like Higgs with MH ∼ 125 GeV ⊕ some BSM Higgs hint

• C. something inconclusive ⊕ some BSM Higgs hint

• D. nothing : exclusion of a SM-like Higgs, no clear BSM Higgs hint

Scenarios considered given 2011 results



28Joseph Lykken HEPAP Meeting 12-13 March 2012

H -> ZZ-> 4 lepton Golden Mode

• 2011 actual: 2 events in one bin when you expect 1/3, 
p-value = 0.04

• 2012 possible: 10 events when you expect 1.66,        
p-value  = 0.00001

H → ZZ
(∗) → 4�: Results

Number of events in the full mass range:

4µ 2e2µ 4e

Expected 18.6±2.8 29.7±4.5 13.4±2.0

Observed 24 30 17

Small excesses observed around 3 mass values.

Local significance:

m4� 125 GeV 244 GeV 500 GeV

Exp. w. signal 1.3σ 3.0σ 1.5σ
Observed 2.1σ 2.2σ 2.1σ

Expected limit:

137-157, 184-400 GeV

Observed limit:

134-156, 182-233,

256-265, 268-415 GeV

Introduction / High-mH search: ��νν, ��jj, �νjj / Low-mH search: 4�, γγ • �ν�ν, bb, ττ / Combination / End? 11/24

H!ZZ!4l: invariant mass spectrum 
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H!ZZ!4l: invariant mass spectrum 
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very clean discovery 
possible in 2012
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H-> ZZ -> 4 lepton final state: can you 
determine the spin and CP of the resonance?

Use hypothesis testing with the full 
likelihoods

Use all 5 angles and the off-shell 
Z mass

4

any experimental analysis. In previous studies these two

angles have typically been integrated over.

Although we have tried to conform to the literature in

our parametrization of the decay angles, we note that the

literature itself is divided over the choice of which decay

plane orientation corresponds to φ=0 rather than φ=π.
We conform to the convention of Buszello et al. [29],

which is opposite to that of Djouadi [4] and Bredenstein

et al. [36].

θ2
µ−

µ+
z

y

e−

e+

q
π −Θ

Z2

θ1

Z1
ϕ1

ϕ2

g,

FIG. 1: The Cabibbo-Maksymowicz angles [37] in the H →
ZZ decays.

The decay amplitudes defined in the next section de-

pend on two combinations of the boost parameters γ1
and γ2, defined by

γa = γ1γ2(1 + β1β2) , (5)

γb = γ1γ2(β1 + β2) , (6)

which are in fact just the cosh and sinh of the rapidity

difference of Z2 and Z1, such that

γ2
a
− γ2

b
= 1 . (7)

More explicitly, we have

γa =
1

2m1m2

�
m

2
H
− (m

2
1 +m

2
2)
�
. (8)

III. COUPLINGS AND ANGULAR

DISTRIBUTIONS

A. General couplings to ZZ
∗

The vertex Feynman rules for the most general cou-

pling of a spinless particle to the polarization vectors �µ1
and �α2 of two Zs of four-momenta p1 and p2 are given

by the expression:

Lµα = X gµα− (Y + i Z)
kαkµ

M
2
Z

+(P + iQ) �µα
p1p2

M
2
Z

, (9)

where we have suppressed repeated indices in the con-

traction of the four-index � tensor, k=p1 + p2 and only

Lorentz-invariance has been assumed. The dimensionless

form factors X to Q are functions of k
2
and p1 ·p2 which,

with no loss of generality, can be taken to be real (but

for their absorptive parts, expected to be perturbatively

small). The rescalings by 1/M
2
Z
are just for definiteness,

since the true mass scale of the underlying operators is

as yet unspecified. In practice we also remove an overall

factor of igMZ/cos θW , so that X=1 corresponds to the

tree level coupling of a SM Higgs boson.

Similarly, the most general vertex describing the cou-

pling of a spin J=1 particle to two Z-polarizations (in-

dices µ and α, momenta p1 and p2, respectively) and to

its own polarization (index ρ) is:

L
ρµα

= X (g
ρµ

p
α
1+g

ρα
p
µ

2 ) + (P+iQ) �ρµα(p1−p2), (10)

again with X, P and Q real.

The most general parity-conserving vertex describing

the coupling of a J=2
+
particle of polarization tensor �ρσ

to our two vector bosons is:

L
ρσµα

= X0 m
2
H
g
µρ

g
ασ

+(X1 + i Y1) (p
α
1 p

ρ
2 g

σµ
+ p

ρ
1 p

µ

2 g
σα

)

+(X2 + i Y2) p
ρ
1 p

σ
2 g

µα
, (11)

where we have dropped contributions that have more

than two derivatives or are odd under parity, and again

with all coefficients real. The special case of tree level

graviton-like couplings corresponds to

X0 = −1

2
κ , X1 = κ , X2 = −κ , (12)

with all other coefficients vanishing and κ an overall cou-

pling strength.

These general couplings, with naive mass dimensions

d = 3, 4, and 5, can arise from SU(2)L × U(1)Y invari-

ant operators of dimension 5, 6, or higher. Since, for

HLLs with non-vanishing weak charges, this parentage

introduces model dependence, we relegate it to a brief

discussion in Appendix A.

B. ‘Pure’ cases of specified J
PC

We specify in this section the results for four cases

(scalar, pseudoscalar, vector and axial vector) that would

be ‘pure’ in the sense of having a single dominant term in

their HZZ couplings, which we use to define their spin

and parity. This allows one to illustrate the mass and

angular dependences of the predictions, setting the stage

for the later discussion of the impure cases for which P

and/or CP are not symmetries of the theory, and to es-

tablish comparisons with the existing literature (but for

the ZZ
∗
case for J=1, which we have not found else-

where).

The general expressions for the angular correlations in

the ZZ
∗
case (which includes ZZ when the two Z masses

are fixed at MZ) are given in Appendices C and D, where

η ≡ 2 cv va

(c2
v
+ c2

a
)
� 0.15, (13)
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A. Summary of pure case discrimination

Amongst the many comparisons considered in our
analysis, the ones between simple hypotheses are the
most readily summarized. This we do in Tables I,II for
mH=145 GeV/c2 for all pure-case comparisons between
J=0, 1 parent particles, and in Tables III,IV (V,VI) for
mH=200 (350) GeV/c2, for all pure-case comparisons be-
tween J=0, 1, 2 parent particles.

H0 ⇓ H1 ⇒ 0+ 0− 1− 1+

0+ – 17 12 16

0− 14 – 11 17

1− 11 11 – 35

1+ 17 18 34 –

TABLE I: Minimum number of observed events such that the
median significance for rejecting H0 in favor of the hypothesis
H1 (assuming H1 is right) exceeds 3σ with mH=145 GeV/c2.

H0 ⇓ H1 ⇒ 0+ 0− 1− 1+

0+ – 52 37 50

0− 44 – 34 54

1− 33 32 – 112

1+ 54 55 109 –

TABLE II: Same as Table I, but requiring that the median
significance exceeds 5σ.

H0 ⇓ H1 ⇒ 0+ 0− 1− 1+ 2+

0+ – 24 45 62 86

0− 19 – 19 19 38

1− 40 18 – 90 48

1+ 56 19 85 – 66

2+ 86 45 54 70 –

TABLE III: Minimum number of observed events such that
the median significance for rejecting H0 in favor of the hy-
pothesis H1 (assuming H1 is right) exceeds 3σ with mH=200
GeV/c2.

Overall, the discrimination power of the hypothesis
tests is very impressive. The mH=200 GeV/c2 bench-
mark example is the one requiring the largest statistics to
reach a given discrimination at a given level of confidence.
Compared with the mH=350 GeV/c2 case, this is be-
cause various coefficients of the angular dependences van-
ish at the mH=2MZ threshold. The mH=145 GeV/c2

example fares better than the 200 GeV/c2 one for the
same reason, amplified by the extra lever-arm supplied
by a non-trivial MZ∗ distribution.

The tables also show that the discriminating power be-
tween two given hypotheses is approximately symmetric
under the interchange of ‘right’ and ‘wrong’. Telling 1+

H0 ⇓ H1 ⇒ 0+ 0− 1− 1+ 2+

0+ – 76 146 203 287

0− 59 – 60 61 123

1− 130 57 – 297 156

1+ 182 58 278 – 217

2+ 287 146 178 230 –

TABLE IV: Same as Table III, but requiring that the median
significance exceeds 5σ.

H0 ⇓ H1 ⇒ 0+ 0− 1− 1+ 2+

0+ – 8 21 24 11

0− 9 – 22 22 36

1− 24 22 – 81 46

1+ 26 22 80 – 56

2+ 15 39 55 73 –

TABLE V: Minimum number of observed events such that the
median significance for rejecting H0 in favor of the hypothesis
H1 (assuming H1 is right) exceeds 3σ with mH=350 GeV/c2.

from 1− is always difficult but not impossible, a fact of
relevance for a Z � look-alike analysis. The level of signif-
icance does not obey a näıve N(σ) ∝

√
NS law. However

we find by inspection that an approximation of the form
N(σ) = a+b

√
NS works well, allowing one to extrapolate

to larger numbers of events than presented here.
Other lessons from the tables are case-by-case specific,

reflecting the mass-dependent quantum-mechanical en-
tanglement between the decay variables. Some examples
are: distinguishing the ‘natural-parity’ J=0+ and 1− hy-
potheses for mH=145 GeV/c2 requires only a dozen sig-
nal events for 3σ discrimination. For 200 GeV/c2, dis-
criminating 0+ from 0− is relatively easy, but distinguish-
ing 0+ from 2+ is difficult. For 350 GeV/c2, contrariwise,
2+ is relatively easy to disentangle from 0+, but not from
0−.

B. Summary of mixed cases, CP and
compositeness discrimination

We find that direct sensitivity to CP odd, parity odd
XP interference effects, or to CP odd, parity even XQ

H0 ⇓ H1 ⇒ 0+ 0− 1− 1+ 2+

0+ – 25 67 77 35

0− 26 – 68 68 118

1− 76 68 – 268 149

1+ 83 68 263 – 184

2+ 46 127 181 240 –

TABLE VI: Same as Table V, but requiring that the median
significance exceeds 5σ.
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Just need a handful of events 

A. De Rujula, J. Lykken, M. Pierini, C. Rogan, M.S.







• 2007, CMS Physics TDR [preparing the search and discovery

program]

• 2011, LHC RUN 2010 7 TeV pp dataset, 35 pb
−1

, gluino ∼ 600 GeV

[Phys. Rev. D, arXiv:1107.1279 (2011) (MS, CMS collabora-

tion)] [LHC, CMS game-changing]

• 2011, LHC RUN 2011 7 TeV pp dataset, 800 pb
−1

, gluino ∼ 1 TeV

[preliminary expected, MS CMS collaboration]
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∼ 5 fb−1 8 TeV,
— 95% CL exclusion up to ∼1.3 TeV squark, ∼ 0.9 TeV gluino
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LHC dark matter production is related to                                  
direct and indirect detection of astrophysical dark matter

The LHC search for DM

• Produce dark matter in the laboratory and study it under con-

trolled conditions.

• Study the new unstable “relatives” of dark matter particles,

giving a much broader and deeper picture of the “dark sector”



Dark matter at the LHC?

• What can you say about dark matter candidates and the dark

sector?

• Do you have evidence for a WIMP dark matter candidate?

• What is its mass?

• What kind of particles decay into it?

• Can you see direct production or associated production?

• Does it carry electroweak charge and/or some new charge?

• What is its spin?

• What are the LHC predictions for direct DM detection, indirect

DM detection, and early universe cosmology (e.g. relic abun-

dances)?
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Dark Matter Signature (1/2)

7

! Dark matter has historically been inferred by many astronomical observations, its 
composition has been the source of  speculation.
" What sets its abundance? Is it a WIMP?
" Does it interact with matter apart from gravity?
" How weak  are these interactions?

Direct Detection at Colliders:

! To get a particular WIMP-nucleon cross section we  assume that a DM-hadron 
interaction exists that couple to quarks.  Hence a similar interaction can lead to its 
production at LHC e.g.,

! A similar dark matter pair production could lead to  !+MET final state at the 
LHC where  ! is radiated from initial state 

Tuesday, February 14, 2012

Dark Matter Signature (1/2)

7

! Dark matter has historically been inferred by many astronomical observations, its 
composition has been the source of  speculation.
" What sets its abundance? Is it a WIMP?
" Does it interact with matter apart from gravity?
" How weak  are these interactions?

Direct Detection at Colliders:

! To get a particular WIMP-nucleon cross section we  assume that a DM-hadron 
interaction exists that couple to quarks.  Hence a similar interaction can lead to its 
production at LHC e.g.,

! A similar dark matter pair production could lead to  !+MET final state at the 
LHC where  ! is radiated from initial state 

Tuesday, February 14, 2012

RBS0110;IK' RBS0110;<I'

Pair-produced DM particles via monojets & monophotons (ISR)

• Probing the same effective operators as in direct detection

• 103 better sensitivity to spin-dependent couplings than direct DM searches

• Extends direct detection below 5 GeV for spin-independent couplings
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CDMS vs CMS??

• Assuming a heavy mediator, can use effective operator analysis to 
relate collider monojet and monophoton searches to direct DM searches

• Already gives strong limits

Y. Bai, P. Fox, R. Harnik

DARK MATTER SPIN-DEPENDENT LIMITS
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SUSY at 7 TeV with 5 fb−1

• probe high mass particle production

• search the high mass/transverse momenta/MET/HT part of the phase

space

• integrated luminosity puts the cap on how much of the phase space (and

model parameter spaces) we can explore. Trigger-rate specifications result

in pre-selecting the ps



• event topologies rarely seen in the SM
→ control/measure object fake-rates and understand
simulation of rare SM processes (Z + jets, Zγ, WZ, ZZ)

CMS SUS-11-013 (multilepton)
• kinematic features: bumps, edges ...
→ understanding/measuring/improving
physics object reconstruction essential

CMS SUS-11-011

CMS SUS-11-010

• smooth excesses
→ reference SM essential
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Figure 12: Observed (solid blue curve) and median expected (dot-dashed curve) 95% CL limits
in the (m0, m1/2) CMSSM plane with tan β = 10, A0 = 0, sgn(µ) = +1 from the razor analysis.
The ± one standard deviation equivalent variations in the uncertainties are shown as a band
around the median expected limit. Shown separately the observed HAD-only (solid crimson)
and leptonic-only (solid green) 95% CL limits.
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Figure 12: Observed (solid blue curve) and median expected (dot-dashed curve) 95% CL limits
in the (m0, m1/2) CMSSM plane with tan β = 10, A0 = 0, sgn(µ) = +1 from the razor analysis.
The ± one standard deviation equivalent variations in the uncertainties are shown as a band
around the median expected limit. Shown separately the observed HAD-only (solid crimson)
and leptonic-only (solid green) 95% CL limits.
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Figure 12: Observed (solid blue curve) and median expected (dot-dashed curve) 95% CL limits
in the (m0, m1/2) CMSSM plane with tan β = 10, A0 = 0, sgn(µ) = +1 from the razor analysis.
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around the median expected limit. Shown separately the observed HAD-only (solid crimson)
and leptonic-only (solid green) 95% CL limits.

DM
Feng, Matchev, W

ilczek (2000)

Focus
point

region

Co-annihilation
region

Bulk
region

Yellow: pre-WMAP
Red: post-WMAP

Too much 
dark matter



CMSSM w/o and w/ Mh ∼125 GeV

CMSSM: short of producing Mh=125 GeV,
but fine with both limits and ”signal”
within realistic uncertainties!

Leszek Roszkowski (LPCC, March 2012)



BayesFit analyses fo CMSSM/NUHM w/o and w/ Mh ∼125 GeV and razor

results:

• CMSSM similar w/ and w/o 125 GeV Mh, with uncertainties taken into

account but getting heavier and with poorer fit

• NUHM similar w/ and w/o 125 GeV Mh, lighter spartners preferred

http://indico.cern.ch/conferenceDisplay.py?confId=162621



34Joseph Lykken HEPAP Meeting 12-13 March 2012

Did we miss some lighter superpartners?
• We expect lighter charginos and second neutralinos 

• Naturalness would prefer lighter stops and perhaps sbottoms

• Inclusive searches can capture some of this, but better to have 
targeted searches too

! !"#$%&'!()*+,"(-+./0"1#)(2)&3!"0%#)(+'"(43.!#()

+

! 5+#*(%0!&4+%&'!()*+6&+0)4+78
" 9+"&1#()*+#):(3!+;$-0**+<#)4(<

! =>?+@+AB+C&D
! )(+"&E3#"&-&)!+()+/04"()#.+0.!#F#!G

" H$I&!+F&!(+,("+;$4&'%&!&4+&F&)!*

! 4#H(*()+0)4+!!D+,"(-+=J
! !!+0)4+K2K$LM+,"(-+40!0

! #)!&"'"&!0!#()+#)+*#-'%#,#&4+-(4&%+<#!/

4&1&)&"0!&+N
O

2+0)4+N
9

B

" *%&'!()*+#)+H&!<&&)+N
9

B+0)4+N
1
B

! 0%*(+#)!&"'"&!&4+#)+'=PP=

!"#$%&'()*+,-(./$01.2&3()./ +Q?RQP$JSTU$9BO9$B95+

!

!

V&).()!"&*+4&+=("#()4+>W+X+Y+=0"./+9BO9 OZ:9O P!&F&)+R(<&!!&+$+[JP\

] ]

] ]

! !"#$%&'!()*+,"(-+./0"1#)(2)&3!"0%#)(+'"(43.!#()

+

! 5+#*(%0!&4+%&'!()*+6&+0)4+78
" 9+"&1#()*+#):(3!+;$-0**+<#)4(<

! =>?+@+AB+C&D
! )(+"&E3#"&-&)!+()+/04"()#.+0.!#F#!G

" H$I&!+F&!(+,("+;$4&'%&!&4+&F&)!*

! 4#H(*()+0)4+!!D+,"(-+=J
! !!+0)4+K2K$LM+,"(-+40!0

! #)!&"'"&!0!#()+#)+*#-'%#,#&4+-(4&%+<#!/

4&1&)&"0!&+N
O

2+0)4+N
9

B

" *%&'!()*+#)+H&!<&&)+N
9

B+0)4+N
1
B

! 0%*(+#)!&"'"&!&4+#)+'=PP=

!"#$%&'()*+,-(./$01.2&3()./ +Q?RQP$JSTU$9BO9$B95+

!

!

V&).()!"&*+4&+=("#()4+>W+X+Y+=0"./+9BO9 OZ:9O P!&F&)+R(<&!!&+$+[JP\

] ]

] ]



35Joseph Lykken HEPAP Meeting 12-13 March 2012

Is SUSY hiding?

H1 125 GeV b̃1 499 GeV

t̃1 188 GeV A2 509 GeV

N1 216 GeV H3 530 GeV

H
±

307 GeV t̃2 580 GeV

H2 326 GeV N3 602 GeV

A1 368 GeV N4 635 GeV

C1 406 GeV N5 805 GeV

N2 426 GeV C2 876 GeV

H1 125 GeV C1 628 GeV

t̃1 210 GeV N2 651 GeV

N1 429 GeV H3 667 GeV

b̃1 501 GeV N3 700 GeV

A1 572 GeV A2 720 GeV

t̃2 621 GeV N4 724 GeV

H
±

626 GeV N5 806 GeV

H2 627 GeV C2 881 GeV

Table 3: Light superpartners and Higgs particles for benchmark spectra 1 and 2 with a t̃

NLSP. All other superpartners are above 1 TeV.

t̃1 → t+ LSP 100%

C1 → t̃1 + b
†

84%

C1 → N1 +W
±

16%

b̃1 → t̃1 +W
−

97%

b̃1 → t̃1 +H
−

3%

t̃2 → t̃1 + Z 51%

t̃2 → t+N1 27%

t̃2 → b+ C
+
1 11%

t̃2 → t̃1 +H1 10%

t̃1 → t+ LSP 100%

N1 → t+ t̃
∗

50%

N1 → t̄+ t̃ 50%

b̃1 → t̃1 +W
−

100%

t̃2 → t̃1 + Z 78%

t̃2 → b̃1 +W
+

14%

t̃2 → t̃1 +H1 8%

Table 4: Branching fractions for benchmark spectra 1 and 2 with a t̃ NLSP.
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• LSP is a nearly massless gravitino

• NLSP is the lightest stop, only 15 GeV heavier than top

• Suppression of missing transverse momentum in SUSY decays

A recent attempt by clever theorists to hide SUSY:

C. Csaki, L. Randall, 
J. Terning

A recent attempt by clever theorists to hide SUSY:

• LSP is a nearly massless gravitino

• NLSP is the lightest stop, only 15 GeV heavier than top

• Suppression of missing transverse momentum in SUSY decays

Hiding SUSY



35Joseph Lykken HEPAP Meeting 12-13 March 2012

Is SUSY hiding?

H1 125 GeV b̃1 499 GeV

t̃1 188 GeV A2 509 GeV

N1 216 GeV H3 530 GeV

H
±

307 GeV t̃2 580 GeV

H2 326 GeV N3 602 GeV

A1 368 GeV N4 635 GeV

C1 406 GeV N5 805 GeV

N2 426 GeV C2 876 GeV

H1 125 GeV C1 628 GeV

t̃1 210 GeV N2 651 GeV

N1 429 GeV H3 667 GeV

b̃1 501 GeV N3 700 GeV

A1 572 GeV A2 720 GeV

t̃2 621 GeV N4 724 GeV

H
±

626 GeV N5 806 GeV

H2 627 GeV C2 881 GeV

Table 3: Light superpartners and Higgs particles for benchmark spectra 1 and 2 with a t̃

NLSP. All other superpartners are above 1 TeV.

t̃1 → t+ LSP 100%

C1 → t̃1 + b
†

84%

C1 → N1 +W
±

16%

b̃1 → t̃1 +W
−

97%

b̃1 → t̃1 +H
−

3%

t̃2 → t̃1 + Z 51%

t̃2 → t+N1 27%

t̃2 → b+ C
+
1 11%

t̃2 → t̃1 +H1 10%

t̃1 → t+ LSP 100%

N1 → t+ t̃
∗

50%

N1 → t̄+ t̃ 50%

b̃1 → t̃1 +W
−

100%

t̃2 → t̃1 + Z 78%

t̃2 → b̃1 +W
+

14%

t̃2 → t̃1 +H1 8%

Table 4: Branching fractions for benchmark spectra 1 and 2 with a t̃ NLSP.

19

H1 125 GeV b̃1 499 GeV

t̃1 188 GeV A2 509 GeV

N1 216 GeV H3 530 GeV

H
±

307 GeV t̃2 580 GeV

H2 326 GeV N3 602 GeV

A1 368 GeV N4 635 GeV

C1 406 GeV N5 805 GeV

N2 426 GeV C2 876 GeV

H1 125 GeV C1 628 GeV

t̃1 210 GeV N2 651 GeV

N1 429 GeV H3 667 GeV

b̃1 501 GeV N3 700 GeV

A1 572 GeV A2 720 GeV

t̃2 621 GeV N4 724 GeV

H
±

626 GeV N5 806 GeV

H2 627 GeV C2 881 GeV

Table 3: Light superpartners and Higgs particles for benchmark spectra 1 and 2 with a t̃

NLSP. All other superpartners are above 1 TeV.

t̃1 → t+ LSP 100%

C1 → t̃1 + b
†

84%

C1 → N1 +W
±

16%

b̃1 → t̃1 +W
−

97%

b̃1 → t̃1 +H
−

3%

t̃2 → t̃1 + Z 51%

t̃2 → t+N1 27%

t̃2 → b+ C
+
1 11%

t̃2 → t̃1 +H1 10%

t̃1 → t+ LSP 100%

N1 → t+ t̃
∗

50%

N1 → t̄+ t̃ 50%

b̃1 → t̃1 +W
−

100%

t̃2 → t̃1 + Z 78%

t̃2 → b̃1 +W
+

14%

t̃2 → t̃1 +H1 8%

Table 4: Branching fractions for benchmark spectra 1 and 2 with a t̃ NLSP.

19

• LSP is a nearly massless gravitino

• NLSP is the lightest stop, only 15 GeV heavier than top

• Suppression of missing transverse momentum in SUSY decays

A recent attempt by clever theorists to hide SUSY:

C. Csaki, L. Randall, 
J. Terning

Hiding SUSY

Can this model be discovered/ruled out in 2012?

• As it turns out, LHC experimentalists are also ok-clever

• Already with the 2011 data there are novel analyses aimed at light stops

• This particular model will certainly be within reach in 2012





• we are at the beginning of a new era

• new ideas for understanding the LHC data are coming from all directions

• expect the unexpected

beginning



2012 and Beyond

• more flavor constraints

• Higgs, no Higgs, Higgs look-alikes

• looking for SUSY and other BSM

• connect with DM direct searches with LHC









No Higgs found

Some immediate questions:

• Do you have enough data / good enough analyses?

• Is it a non-SM Higgs with invisible and/or cascade decays? Is it

lighter than the LEP SM lower bound?

• Are you in a “Higgsless” scenario where Kaluza-Klein tree-level

exchanges replace Higgs exchange in unitarizing WW and WZ

scattering?

• Are you in a “technicolor” scenario where new strong dynamics

takes over before you reach the 1.6 TeV unitarity bound? Do

you see techni-resonances?

• Is quantum field theory the wrong way to think about this prob-

lem?



Discovery a 120 GeV resonance consistent with a SM Higgs

Some immediate questions:

• Is it spin 0?

• Is it CP even? To what extent can you exclude a CP odd com-

ponent?

• Does it come from a weak doublet?

• Are its couplings proportional to masses?

• Is it composite or an elementary scalar?

• Are there other neutral or charged resonances?

• Does other things decay into it?

• Did you look at all possible associated production of it?





Look-Alike work (Higgs look-alikes (HLL)

• The mission of the HLL work was to use the full decay information

and likelihood ratios to discriminate between different Higgs-look-alike

families. (NP hypothesis testing, marginalized likelihoods etc)



Look-Alike work (Higgs look-alikes (HLL)



Discovery of new heavy particles consistent with supersymmetry

Some immediate questions:

• Is it really SUSY? (The look-alike problem) [N.Arkani-Hamed,

G. Kane, J.Thaler, L-T Wang, hep-ph/0512190 J. Hubisz, Joe

Lykken, M. Pierini, M.S. arXiv:0805.2398 etc.]

• If it is SUSY, what kind of SUSY? What is the soft-breaking

mechanism? (The look-alike problem again, distinguishing dif-

ferent “footprints”)

• Can you reconstruct all the decay chains and production mech-

anisms?

• Can you make an unambiguous mapping back to the parameters

of the soft-breaking Lagrangian? (The inverse problem)
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game change in searches:

re-engineering the LHC discovery analyses



Classic tail search!

Razor: change of 
variables # “bump 
hunt”!

3

background needs to be reduced to manageable levels. This is achieved using the razor variable
defined as:

R ≡ MR
T

MR
. (7)

Since for signal events MR
T has a maximum value of M∆ (i.e., a kinematic edge), R has a max-

imum value of approximately 1 and the distribution of R for signal events peaks around 0.5.
These properties motivate the appropriate kinematic requirements for the signal selection and
background reduction. It is noted that, while MR

T and MR measure the same scale (one as an
end-point, the other as a peak), they are largely uncorrelated for signal events, as shown in
Fig. 1. In this figure, the W+jets and tt+jets backgrounds peak at MR values partially deter-
mined by the W and top quark masses, respectively.
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Figure 1: Scatter plot in the (MR, R) plane for simulated events: (top left) QCD multijet, (top
right) W+jets, (bottom left) tt+jets, and (bottom right) the SUSY benchmark model LM1 [18]
with M∆ = 597 GeV. The yields are normalized to an integrated luminosity of 35 pb−1. The bin
size is (20 GeV × 0.015).

In this analysis the SM background shapes and normalizations are obtained from data. The
backgrounds are extracted from control regions in the R and MR distributions dominated by
SM processes. Initial estimates of the background distributions in these regions are obtained

game change in searches:

re-engineering the LHC discovery analyses
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These properties motivate the appropriate kinematic requirements for the signal selection and
background reduction. It is noted that, while MR

T and MR measure the same scale (one as an
end-point, the other as a peak), they are largely uncorrelated for signal events, as shown in
Fig. 1. In this figure, the W+jets and tt+jets backgrounds peak at MR values partially deter-
mined by the W and top quark masses, respectively.
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Figure 1: Scatter plot in the (MR, R) plane for simulated events: (top left) QCD multijet, (top
right) W+jets, (bottom left) tt+jets, and (bottom right) the SUSY benchmark model LM1 [18]
with M∆ = 597 GeV. The yields are normalized to an integrated luminosity of 35 pb−1. The bin
size is (20 GeV × 0.015).

In this analysis the SM background shapes and normalizations are obtained from data. The
backgrounds are extracted from control regions in the R and MR distributions dominated by
SM processes. Initial estimates of the background distributions in these regions are obtained

2 3 The Razor Analysis

invisible products of the decays, respectively. In the approximation that the heavy squarks are
produced at threshold and their visible decay products are massless, the center of mass (CM)
frame four-momenta are

pj1 =
M∆

2
(1, û1) , pj2 =

M∆

2
(1, û2) , (1)

p�χ1 =
M∆

2

�2M�q

M∆
− 1,−û1

�
, p�χ2 =

M∆

2

�2M�q

M∆
− 1,−û2

�
, (2)

where ûi is the unit vector in the direction of ji, and

M∆ ≡
M2

�q − M2
�χ

M�q
, (3)

where M�q and M�χ are the squark and LSP masses, respectively.

In events with two undetected particles in the partonic final state, it is not possible to recon-
struct the actual CM frame. Instead, an approximate event-by-event reconstruction is made
assuming the dijet signal topology, replacing the CM frame with the R frame [6], defined as
the longitudinally boosted frame that equalizes the magnitude of the two megajets’ three-
momenta. The R frame would be the CM frame for signal events, if the squarks were produced
at threshold and if the CM system had no overall transverse momentum from initial-state ra-
diation. The longitudinal Lorentz boost factor is defined by

βR ≡ Ej1 − Ej2

pj1
z − pj2

z
, (4)

where Ej1 , Ej2 and pj1
z , pj2

z are the megajet energies and longitudinal momenta , respectively. To
the extent that the R frame matches the true CM frame, the maximum value of the scalar sum
of the megajets’ transverse momenta (p1

T, p2
T) is M∆ for signal events. The maximum value of

the Emiss
T is also M∆. A transverse mass MR

T is defined whose maximum value for signal events
is also M∆ in the limit that the R and CM frames coincide:

MR
T ≡

�
Emiss

T (pj1
T + pj2

T)− �Emiss
T ·(�p j1

T + �p j2
T )

2
. (5)

The event-by-event estimator of M∆ is

MR ≡ 2|�pR
j1 | = 2|�pR

j2 | , (6)

where �pR
j1 and �pR

j2 are the 3-momenta of the megajets in the R frame. For signal events in the
limit where the R frame and the true CM frame coincide, MR equals M∆, and more generally
MR is expected to peak around M∆ for signal events. For QCD dijet and multijet events the
only relevant scale is

√
ŝ, the CM energy of the partonic subprocess. The search for an excess

of signal events in a tail of a distribution is thus recast as a search for a peak on top of a steeply
falling SM residual tail in the MR distribution. To extract the peaking signal, the QCD multijet
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6 5 Background Estimation

5.1 QCD multijet background

The QCD multijet control sample for the hadronic box is defined from event samples recorded
with prescaled jet triggers and passing the baseline analysis selection for events without a well-
identified isolated electron or muon. The trigger requires at least two jets with an average
uncorrected pT > 15 GeV. Because of the low jet threshold, the QCD multijet background
dominates this sample for low MR, thus allowing the extraction of the MR shapes with different
R thresholds for QCD multijet events. These shapes are corrected for the HT trigger turn-on
efficiency.

The MR distributions for events satisfying the QCD control box selection, for different values
of the R threshold, are shown in Fig. 2 (left). The MR distribution is exponentially falling,
after a turn-on at low MR resulting from the pT threshold requirement on the jets entering
the megajet calculation. After the turn-on which is fitted with an asymmetric Gaussian, the
exponential region of these distributions is fitted for each value of R to extract the exponential
slope, denoted by S. The value of S that maximizes the likelihood in the exponential fit is
found to be a linear function of R

2, as shown in Fig. 2 (right); fitting S to the form S = a + bR
2

determines the values of a and b.
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Figure 2: (Left) MR distributions for different values of the R threshold for data events in the
QCD control box. Fits of the MR distribution to an exponential function and an asymmetric
Gaussian at low MR, are shown as dotted black curves. (Right) The exponential slope S from
fits to the MR distribution, as a function of the square of the R threshold for data events in the
QCD control box.

When measuring the exponential slopes of the MR distributions as a function of the R thresh-
old, the correlations due to events satisfying multiple R threshold requirements are neglected.
The effect of these correlations on the measurement of the slopes is studied by using pseudo-
experiments and is found to be negligible.

To measure the shape of the QCD background component in the lepton boxes, the correspond-
ing lepton trigger data sets are used with the baseline selection and reversed lepton isolation
criteria. The QCD background component in the lepton boxes is found to be negligible.

MR exponential scaling with R :
data-driven modeling (QCD)
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For the final background prediction the magnitude of the relative normalization between the

two W(�ν)+jets components, denoted f W
, is determined from a binned maximum likelihood

fit in the region 200 < MR < 400 GeV.

6 Results
6.1 Lepton box background predictions

Having extracted the MR shape of the W+jets and Z+jets backgrounds, their relative normal-

ization is set from the W and Z cross sections measured by CMS in electron and muon final

states [30]. Similarly, the normalization of the cc background relative to W+jets is taken from

the tt cross section measured by CMS in the dilepton channel [37]. The measured values of

these cross sections are summarized below:

σ(pp → WX)× B(W → �ν) = 9.951 ± 0.073 (stat)± 0.280 (syst)± 1.095 (lum) nb ,

σ(pp → ZX)× B(Z → ��) = 0.931 ± 0.026 (stat)± 0.023 (syst)± 0.102 (lum) nb , (10)

σ(pp → tt) = 194 ± 72 (stat)± 24 (syst)± 21 (lum) pb .

For an R > 0.45 threshold the QCD background is virtually eliminated. The region 125 <
MR < 175 GeV where the QCD contribution is negligible and the W(�ν)+jets component is

dominant is used to fix the overall normalization of the total background prediction. The final

background prediction in the ELE and MU boxes for R > 0.45 is shown in Fig. 4.
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Figure 4: The MR distributions with R > 0.45 in the ELE (left) and MU (right) boxes for data

(points) and backgrounds (curves). The bands show the uncertainties of the background pre-

dictions.

The number of events with MR > 500 GeV observed in data and the corresponding number

of predicted background events are given in Table 1 for the ELE and MU boxes. Agreement

between the predicted and observed yields is found. The p-value of the measurement in the

MU box is 0.1, given the predicted background (with its statistical and systematic uncertainties)

and the observed number of events. A summary of the uncertainties entering the background

measurements is presented in Table 2.

8 5 Background Estimation
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Figure 3: (Left) MR distributions for different values of the R threshold from data events se-
lected in the MU (upper) and ELE (lower) boxes. Dotted curves show the results of fits using
two independent exponential functions and an asymmetric Gaussian at low MR. (Right) The
slope S of the first exponential component as a function of the square of the R threshold in the
MU (upper) and ELE (lower) boxes. The dotted lines show the results of the fits to the form
S = a + bR2.

MR exponential scaling with R :
data-driven modeling (W+jets)
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Comparison of SUSY spectrum codes 68 S. Kraml 
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NB: mismatch of ren. scales in Isajet <7.73,  
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