
Joseph Lykken

HEP results that shape the 
future program: Whatʼs New?

About 
the 
P5 Subpanel

In November 2007, at the request of the Office of High Energy Physics of the 
Department of Energy and the National Science Foundation, the High Energy Physics 
Advisory Panel reconstituted the Particle Physics Project Prioritization Panel for the 
purpose of developing a plan for US particle physics for the coming decade under a 
variety of budget assumptions. Appendix A of this report gives the charge to the P5 
panel; Appendix B lists its membership. To carry out this charge the panel organized 
three information-gathering meetings, at Fermilab in January, at Stanford Linear 
Accelerator Center in February, and at Brookhaven National Laboratory in March of 
2008. Appendix C gives the agendas for these meetings. Besides talks by experts in 
the field, each of the three meetings included a Town Meeting, an open session 
where members of the community could voice their advice, suggestions and 
concerns to the panel. The panel also invited letters from the worldwide particle 
physics community, to offer their points of view for consideration. The panel held an 
additional meeting in early April to put together the first draft of this report.

The strategic plan and recommendations contained in this report, if adopted by 
HEPAP, are advisory input to the Department of Energy and the National Science 
Foundation. The actual design and implementation of any plan in these agencies is 
the responsibility of program management.
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Outline

• Whatʼs New at the Intensity Frontier?

• Neutrinos

• Flavor

• Whatʼs New at the Energy Frontier?

• Higgs

• SUSY

• Whatʼs New at the Cosmic Frontier?

• Dark Matter (direct, WIMPs only)

Many results reviewed here are 
< 1 week old
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Whatʼs New at the Intensity Frontier: 
Neutrinos

6 reactor cores, 2.9 GW each for 
total power of 17.4 GW. Compare to 
Chooz: 8.6 GW  
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The Frontiers of our Science: Beyond the Standard Model

3 . 2   T H E  I N T E N S I T Y  F R O N T I E R :  N E U T R I N O  P H Y S I C S 
A N D  P R E C I S I O N  M E A S U R E M E N T S

At the Intensity Frontier, precision measurements of the properties of leptons and 
quarks can lead the way to resolving some of the universe’s deepest mysteries.

3 . 2 . 1  N E U T R I N O  P H Y S I C S

Neutrino physics has had a long and distinguished history, with US scientists at the 
forefront of many discoveries. We outline an ambitious vision that builds on that strong 
scientific tradition to capture the unique scientific opportunities of neutrino science.

Results of recent experiments have revolutionized and brought renewed excitement to 
this field. They have shown that neutrinos have nonzero masses, mix with one another, 
and oscillate among the neutrino flavor states. Cosmology tells us that the neutrino 
masses are very small, less than one millionth of the electron’s mass. Oscillation 
studies find tiny nonzero neutrino mass differences between generations, but large 
values of two of the three mixing angles, θ23 ~ 45 degrees and θ12 ~ 32 degrees. 
Currently we only have an upper limit of about 10 degrees on the third angle, θ13. 

Collectively, these advances in neutrino physics have opened the first crack in the 
Standard Model of particle physics. They have significantly changed our view of neutrinos 
and the special role they play in elementary particle physics, astrophysics and cosmology.

In the coming years, neutrino physics presents exciting opportunities: the measure-
ment of the mixing angle between the heaviest and lightest neutrinos, determination 
of the hierarchy of neutrino masses, the search for matter-antimatter asymmetry (CP 
violation) in neutrino mixing, and lepton number violation. These opportunities are 
fundamental to the science of particle physics and have profound consequences for 
the understanding of the evolution of the universe.

For the mixing angle measurements, the US has strong participation in reactor 
experiments in France and China, with first results expected by 2012 and final results 
by 2014. The US leads the world in lepton number violation measurement through 
several strong double beta decay experiments; one will begin operation this year. 
The NOνA experiment, currently the only approved experiment with a chance of 
measuring the mass hierarchy, is scheduled to begin taking data in 2013 with final 
results by 2020.

Full exploration of the mass hierarchy and discovery and study of CP violation 
present an extraordinary scientific opportunity for the US program. A high-power 
neutrino beam from Fermilab to the proposed Deep Underground Science and 
Engineering Laboratory, DUSEL, represents an excellent chance for the US to 
establish clear leadership in these two measurements that would begin to unlock the 
secret of the matter dominance in the universe and physics at very high energies. 
Coupled with an already strong program in double beta decay and reactor experi-
ments, the Fermilab-DUSEL long baseline experiment would firmly establish the US 
as the leader in neutrino science.

Questions for the future
As the first chapter in the study of neutrino oscillations comes to an end, a new 
chapter begins. The great progress in neutrino physics over the last few decades 
raises new questions and provides opportunities for major discoveries. Among the 
compelling issues today:

1)  What is the value of θ13, the mixing angle between first- and third-generation 
neutrinos for which, so far, experiments have only established limits? Determining 
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the size of θ13 has critical importance not only because it is a fundamental 
parameter, but because its value will determine the tactics to best address many 
other questions in neutrino physics.

2)   Do neutrino oscillations violate CP? If so, how can neutrino CP violation drive a 
matter-antimatter asymmetry among leptons in the early universe (leptogenesis)? 
What is the value of the CP violating phase, which is so far completely unknown? 
Is CP violation among neutrinos related to CP violation in the quark sector?

3)  What are the relative masses of the three known neutrinos? Are they “normal,” 
analogous to the quark sector, (m3>m2>m1) or do they have a so-called “inverted” 
hierarchy (m2>m1>m3)? Oscillation studies currently allow either ordering. The 
ordering has important consequences for interpreting the results of neutrinoless 
double beta decay experiments and for understanding the origin and pattern of 
masses in a more fundamental way, restricting possible theoretical models.

4)  Is θ23 maximal (45 degrees)? if so, why? Will the pattern of neutrino mixing 
provide insights regarding unification of the fundamental forces? Will it indicate 
new symmetries or new selection rules?

5)  Are neutrinos their own antiparticles? Do they give rise to lepton number 
violation, or leptogenesis, in the early universe? Do they have observable 
laboratory consequences such as the sought-after neutrinoless double beta 
decay in nuclei?

6)  What can we learn from observation of the intense flux of neutrinos from a 
supernova within our galaxy? Can we observe the neutrino remnants of all 
supernovae that have occurred since the beginning of time?

7)  What can neutrinos reveal about other astrophysical phenomena? Will we find 
localized cosmic sources of very-high-energy neutrinos? 

8)  What can neutrinos tell us about new physics beyond the Standard Model, dark 
energy, extra dimensions? Do sterile neutrinos exist?

The small neutrino masses find a natural explanation in the so-called see-saw 
mechanism. The see-saw mechanism requires the existence of very heavy additional 
sterile neutrinos at a high mass scale possibly associated with grand unification of all 
interactions. This suggests that neutrinos may be their own antiparticles. If so, they 
can give rise to lepton number nonconservation, an otherwise exact symmetry. The 
measured values of oscillation parameters indicate that it may be possible to 
observe CP violation through the different behavior of neutrinos and antineutrinos in 
long-baseline neutrino oscillations, an exciting goal for future experiments.

Both CP violation and lepton number nonconservation are required for leptogenesis, 
a mechanism that can lead to an asymmetry between leptons and antileptons in the 
very early universe. Leptogenesis, in turn, can drive baryogenesis (the creation of an 
excess of quarks relative to antiquarks) at a later stage in the universe’s evolution. 
Together, leptogenesis and baryogenesis could explain the observed matter-antimat-
ter asymmetry of our present day universe. Neutrino physics thereby may hold the 
key to understanding our very existence today.

Neutrinos also play other roles in astrophysics and cosmology. For example, they are 
crucial for understanding the dynamics of supernova explosions that give rise to the 
heavy elements necessary for planet formation and the conditions for life.
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status of        a week agoθ13
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status of        todayθ13

sin22θ13 = 0.084± 0.014
unofficial world average
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• Itʼs bad news for some models of neutrino masses, e.g. tri-bimaximal

• Itʼs good news for NovAʼs chances to resolve the neutrino mass hierarchy 
and to determine if        is maximal

• Itʼs good news for LBNE to find neutrino CP violation

impact of        measurementθ13

LBNE physics reach: Neutrino physicsCombining NOvA with T2K

• In worst case hierarchy 
+ δCP combination, 
NOvA + T2K taken 
together can have 
hierarchy reach down to 
0.1 if they can double 
their planned 
exposures.

• In case of NOvA this 
could be achieved with 
a 5 kt liquid argon 
detector

95% CL Resolution of the Mass Ordering
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M. Messier Moriond EW slides

θ23
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elevator conversation, Sept 22, 2011
Naive Fermilab Theorist: “This OPERA result is exciting! 
Do you think itʼs real?”

Veteran Neutrino Experimentalist: “No. Itʼs probably an 
issue with the cables.”We  are  theoretical  physicists,  

therefore  we  cannot  and  do  not  check this

Sunday, March 4, 2012

OPERA FTL neutrinos?

Too soon to reach any 
conclusions
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do reactor data hint at sterile neutrinos?

28

Disappearance at L(m)/E(MeV)    1 suggests oscillation
with !m2    1 eV2, like LSND and MiniBooNE.!>

!>

Oscillation with only 3"
and sin22#13 = 0.06

Oscillation with 4"
and one !m2  >> 1 eV2B. Kayser Moriond EW slides

27

The Hint From Reactors

The prediction for the un-oscillated !e flux from reactors,
which has !E" # 3 MeV, has increased by about 3%.

(Mueller et al., Huber)

Measurements of the !e flux at (10 – 100)m from reactor
cores now show a # 6% disappearance.

(Mention et al.)
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does BBN and/or the CMB hint at sterile neutrinos?

B. Kayser Moriond EW slides

32

Neff From CMB

More precise
information will
come from the

Planck satellite.

31

Neff From BBN

letʼs see what Planck says
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40

Fermilab Short Baseline Neutrino
Focus Group

From the charge:

“… consider new generation detectors and/or
new types of neutrino sources that would lead to
a definitive resolution of the existing anomalies.”

Started ! January, 2012

Report due ! May, 2012
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Whatʼs New at the Intensity Frontier: 
Flavor
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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

SM prediction (FCNC, helicity suppressed) 

SM B(Bs!"") = (3.2±0.2) 10-9 

SM B(B!"") = (0.1±0.01) 10-9

Branching ratio very sensitive to NP

Current Status 

LHCb limit:

 B(Bs!"") < 1.4 10-8 95 % C.L (LHCb)  

 B(B!"")  < 3.2 10-9 95 % C.L (LHCb)

CDF has an excess of events (10 fb-1): 

B(Bs!"")  = (1.0+0.8-0.6) 10-8 (CDF)

Best limit 28/02/12 (5 fb-1)

B(Bs!"") < 7.7 10-9 95 % C.L (CMS)

5

[0.37 fb-1 arXiv:1112.3515,        
PLB 707 (2012) 497-505 ]
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• In generic 2HDM-II (where different Higgs fields contribute to u(d)-quarks), the BR is 

proportional to  tan4!, (the ratio of Higgses vacuum expectations values):

• In the MSSM (with R-parity), diagrams including charginos has a higher dependence 

with tan! than the 2HDM, and the BR is proportional to tan6!:

!"#$%&'()*+#,#%-*./)*.010 1.2$3&3$45*!3#63$-

7'$3*&35'(%8*9%! ""

with "q = mq/mb << 1 and m"/mB << 1. Hence if CS,P are of 

the same order of magnitude than CA they dominate by far.

! This decay is very sensitive to New Physics with new scalar and/or pseudoscalar
interactions.  

! Highly interesting to probe models with extended Higgs sector!                     .
arXiv:1112.3564NUHM

arXiv:1005.5310
arXiv:1012.1447 

LHCb-PAPER-2012-007
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LHCb has an intense program on RD searches:

Results with 0.37 fb-1:

B(B(s)!""), Angular analysis B!K*"", B(Bs!!#)/B(B!K*#)

Results with 1 fb-1

ACP with B!K*#

B(Bs!!"")/B(Bs!J/$!)

Update B(s)!""

Results in the pipeline

Update of the angular analysis B!K*""

Isospin Asymmetry in B!K(*)"", B±!K(*)±""

Search for B+!%+"", B(s)!"""", ...
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B(Bs!"") < 4.5 10-9 at 95% CL

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

5 Results and conclusions146

In 1.0 fb−1 of pp collisions taken with the LHCb detector at a centre of mass energy of√
s = 7 TeV, the direct CP asymmetry in the B0→ K∗0γ channel has been measured to

be
ACP (B

0→ K∗0γ) = 0.008± 0.017(stat)± 0.009(syst), (12)

in agreement with the SM expectation, −0.0061 ± 0.0043 [6]. This is the most precise147

measurement of the direct CP asymmetry in the B0→ K∗0γ decay to date.148
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Nobserved× (Nobserved
+

NB×NA

NC )
−1
, where Nobserved

= NA
+NB

+NC
. Using this technique the trigger87

efficiency of the control channel B0
s → J/ψφ can be extracted, whereas for B0

s → φµµ the yields88

are not sufficient for this technique to work. The trigger efficiencies for the control channel obtained89

from data and from simulation are in good agreement, which validates using MC to calculate the90

efficiency for B0
s → φµµ events. The difference is assigned as systematic uncertainty for each q2 bin.91

For the entire range of q2 we find:92

εtriggerJ/ψφ

εtriggerφµµ

= 1.038± 0.037 (6)

93

where the error is systematic. It is the combination of the uncertainty derived from differences94

between MC and data described above, and the uncertainty due to slight changes in the trigger95

conditions throughout the 2011 data taking period. The outcome of each q2 bin is listed in Table 2.96

Table 2: Summary of all signal yields and efficiency ratios in different bins of q2.

q2 bin (GeV
2/c4) Nφµµ εgeoJ/ψφ/ε

geo
φµµ εrec&sel

J/ψφ /εrec&sel
φµµ εtriggerJ/ψφ /εtriggerφµµ

0.00 < q2 < 2.00 9.8 ± 3.4 0.943 ± 0.010 1.003 ± 0.068 1.182 ± 0.042

2.00 < q2 < 4.30 7.3 ± 2.9 1.002 ± 0.007 1.012 ± 0.069 1.119 ± 0.040

4.30 < q2 < 8.68 17.0 ± 4.5 1.018 ± 0.010 0.989 ± 0.067 1.052 ± 0.037

10.09 < q2 < 12.86 17.2 ± 4.6 0.991 ± 0.007 1.038 ± 0.070 0.970 ± 0.034

14.18 < q2 < 16.00 14.7 ± 4.1 0.979 ± 0.003 1.281 ± 0.087 0.934 ± 0.033

16.00 < q2 < 19.30 12.0 ± 3.4 0.990 ± 0.007 1.682 ± 0.114 0.904 ± 0.032

1.00 < q2 < 6.00 15.9 ± 4.3 1.003 ± 0.007 1.011 ± 0.069 1.104 ± 0.039

5 Results97

Using Equation 1 and combining the results of Section 3 and 4 together with the PDG value for98

B(J/ψ → µ+µ−
) = (5.93± 0.06)× 10

−2
[6], we derive the integrated ratio of branching fractions:99

B(B0
s → φµµ)

B(B0
s → J/ψφ)

= (0.556± 0.069(stat)± 0.043(syst)± 0.006(B))× 10
−3

100

where the first error is statistical, the second error is systematic and the third error is due to the101

uncertainty on B(J/ψ → µ+µ−
). The results for the different bins of q2 are listed in Table 3. The102

results for the differential branching fractions for B0
s → φµµ with respect to q2 is shown in Figure 3.103

A breakdown of the total systematic error of the result can be seen in Table 4.104

6 Conclusions105

The discrepancy between the relative branching fraction measured by LHCb and by CDF is less than106

3σ [3]. The absolute branching fraction of B0
s → φµµ is obtained by replacing the control channel’s107

branching fraction with the corresponding PDG value B(B0
s → J/ψφ) = (1.4± 0.5)× 10

−3
[6]. The108

result is B(B0
s → φµµ) = (0.778± 0.097(stat)± 0.061(syst)± 0.278(B))× 10

−6
.109

5

most precise!

D rare decays cover in 
Jonas Rademacker’s  

presentation!

SM prediction (FCNC, helicity suppressed) 
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• In generic 2HDM-II (where different Higgs fields contribute to u(d)-quarks), the BR is 

proportional to  tan4!, (the ratio of Higgses vacuum expectations values):
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Impossible d'afficher l'image. Votre 
ordinateur manque peut-être de 
mémoire pour ouvrir l'image ou 
l'image est endommagée. 
Redémarrez l'ordinateur, puis 
ouvrez à nouveau le fichier. Si le x 
rouge est toujours affiché, vous 
devrez peut-être supprimer l'image 
avant de la réinsérer.
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G. Borissov Moriond EW slides
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Reasonable theorists argue that the SM contribution 
could in fact be 5-10 times larger than previously thought!

Moriond 2012 EW, La Thuile, Mar 6, 2012J. Zupan   Direct CPV in D decays

summary of SM contribs.
• individual power corrections could be enhanced by a 

factor of  a few compared to leading power

• using !ACP~4rf  we obtain

• the results are subject to large uncertainties

• extraction of tree amplitude Ef from data

• use of Nc counting

• the modeling of Q1 penguin contraction matrix elemnts.

• a cumulative uncertainty of a factor of a few is reasonable

• a SM origin for the LHCb measurement is possible

18

Brod, Kagan, JZ, 1111.5000 

J. Zupan Moriond EW slides
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What if this is BSM physics?

• Could be a chromomagnetic 
penguin from left-right squark 
mixing in SUSY

• Compatible with squark/gluino 
masses larger than a TeV

• Compatible with D-D mixing data

• Borderline for EDMs

• Most other BSM explanations 
have more serious problems

Moriond 2012 EW, La Thuile, Mar 6, 2012J. Zupan   Direct CPV in D decays

• SUSY contribs. to QCD penguin particularly 
interesting

• LR mixing in squark matrices

• for v~msusy the op. Q8 is secretly dim=5

• D-Dbar mixing operators are dim=6

• SUSY contributions are parametrically smaller

susy?

10

Grossman, Kagan, Nir, hep-ph/0609178

Q8 =
mc

4π2
ūLσµνT

agsG
µν
a cR

Q8 =
1

4π2
(Q̄LH)σµνT

a
gsG

µν
a cR

mc

m2
W

→ v

m̃2

Grossman, Kagan, Nir, hep-ph/0609178

Grossman, Kagan, Nir, hep-ph/0609178

W. Altmannshofer, R. Primulando, F. Yu
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Whatʼs New at the Energy Frontier: 
Higgs
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SM Higgs Boson Decays & Search Strategy at 
LHC

• Higgs couples to mass so wants to decay to 
the heaviest states it can

• “High Mass”
• Above 2 x MW/Z  WW, ZZ dominate

• ZZ to 4l mode has best MH resolution
• CMS excludes MH up to 600 GeV 

• “Low Mass”
• bb is dominant, but has large QCD 

backgrounds
• Consequently, rarer but cleaner !!, "" 

modes are important
• "" is most sensitive despite tiny BR

• W*W, Z*Z still contribute
• With the current dataset, CMS can’t 

exclude the entire low mass region, due to 
an excess in the data -- hence the 
excitement 

G. Tonelli, CERN/INFN/UNIPI                                          HIGGS_CERN_SEMINAR                                         December 13 2011           !10!

SM Higgs Decay Modes Vs Mass 

Mode! Mass Range! Data Used (fb-1)! CMS Document!

H ! ""! 110-150! 4.7! HIG-11-030!

H ! bb ! 110-135! 4.7! HIG-11-031 !

H ! ##! 110-145! 4.6! HIG-11-029!

H !WW !2l 2$! 110-600! 4.6! HIG-11-024!

H ! ZZ !4l! 110-600! 4.7! HIG-11-025!

H ! ZZ !2l2#! 190-600! 4.7! HIG-11-028 !

H ! ZZ !2l2j! 130-165/200-600! 4.6! HIG-11-027!

H ! ZZ !2l2$! 250-600! 4.6! HIG-11-026!

SLAC Experimental Seminar, 12/14/11 Greg Landsberg, Search for the SM Higgs Boson in CMS

What’s Included in Today’s Update
• Eight channels have been processed with full statistics
• Five of them are important for low-mass Higgs
• Each analysis consists of several sub-channels
• Altogether, 42 sub-channels have been analyzed!
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1 Introduction
The discovery of the mechanism for electroweak symmetry breaking is one of the key parts
of the physics program at the Large Hadron Collider (LHC) . In the Standard Model (SM),
this is achieved by introducing a complex scalar doublet, leading to spontaneous electroweak
symmetry breaking and the prediction of the Higgs boson (H) [1–6]. In the simplest realization
of the model, the mass of the Higgs boson is the only unknown, all other parameters being
reasonably well constrained by existing measurements. To date, the experimental searches for
this elusive particle have yielded negative results, and limits on its mass have been placed
by experiments at LEP, mH > 114.4 GeV/c

2 [7], the Tevatron, mH /∈ [100, 108] and mH /∈
[156, 177] GeV/c

2 [8], and LHC mH /∈ [141, 476] GeV/c
2 [9]. All limits quoted in this note are at

95% C.L. unless explicitly stated otherwise. The Tevatron and LHC results are preliminary. Fits
of the electroweak precision measurements, not taking into account the direct search results,
constrain indirectly the SM Higgs boson mass to be relatively light, mH < 158 GeV/c

2 [10].

In this Letter, we report on the overall combination of Higgs boson searches in five decay modes
(γγ, bb, ττ, WW, and ZZ) carried out by the CMS Collaboration [11]. Each of these analyses
has a number of independent sub-channels adding up to a total of 42 exclusive signatures in
the overall combination.

The cross sections for each Higgs boson production mechanism, together with their uncertain-
ties, and the Higgs decay branching ratios are taken from the LHC Higgs Cross Section Group
report [12]. The gg-fusion cross section is calculated at NNLOQCD + NNLLQCD + NLOEWK

precision, the vector boson fusion (VBF) and the associated WH and ZH cross sections at
NNLOQCD + NLOEWK precision, and tt̄H at NLOQCD precision.

2 Searches entering the combination
Table 1 lists individual analyses used in the combination and summarizes some of their main
characteristics: mass range of the search, integrated luminosity used, number of exclusive final
states, and relative mass resolution.

The H → γγ analysis [13] is a search for a narrow peak in the di-photon mass distribution. All
events are split into four categories based on whether both photons are in the central part of
the CMS detector and whether both photons have produced compact electromagnetic showers.
This is motivated by the differences in the photon energy resolutions of the barrel/endcap elec-
tromagnetic calorimeters and for photons showering or non-showering in the detector volume

Table 1: Summary information on the analyses included in the combination (� = e, µ).

Channel mH range Lumi sub- mH reso-
(GeV/c

2) (fb−1) channels lution
H → γγ 110 − 150 4.7 4 1–3%
H → ττ 110 − 145 4.6 9 20%
H → bb 110 − 135 4.7 5 10%
H → WW → �ν�ν 110 − 600 4.6 5 20%
H → ZZ → 4� 110 − 600 4.7 3 1–2%
H → ZZ → 2�2τ 190 − 600 4.7 8 10–15%
H → ZZ → 2�2ν 250 − 600 4.6 2 7%

H → ZZ → 2�2q

�
130 − 164
200 − 600 4.6 6 3%

Wednesday, December 14, 11Note:  42 sub-channels = plenty of theses!
13Tuesday, January 10, 12
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where the Higgs is not

• Separate ATLAS/CMS 95% CLs exclusions for SM Higgs in mass 
ranges 110-117.5 GeV, 118.5-122.5 GeV, and 127.5-600 GeV

• 99% CLs exclusion in mass range 129-525 GeV

Exclusion C.L. 

•  !"#$%&$'())*+,)$"%-./012)34)02)56678+9+7:;)<$=)
•  >?/$@A$'()*+,)$"%-./012)34)02)56BC8+9DEE;)<$=)

)))))))))))))) ))))**,)$"%-./012)34)02)56B*9+B+;)<$=)
•  *+,)F--1G$')HF//)@F2I$()6678796BC8+)<$=)
•  >?/$@A$')-1G$@)-0H0&)J0IJ$@)&JF2)$"#$%&$')?$%F./$)1K)$"%$//)02)'F&F)

F&)-1G)HF//)

3F@%J)CL)BE6B) 3F@%1)M0$@0)NO)PF2)Q0$I1) BC)

O3P)'1%.H$2&))
4R<96B9EES)!"##$%&''$(&)*+$ ,-.$%&''$(+*/-)$012$

Combined exclusion limit

Zoom in:

Expected exclusion at 95% CL: 120-555 GeV

Observed exclusion at 95% CL: 110-117.5, 118.5-122.5, 129-539 GeV

Observed exclusion at 99% CL: 130-486 GeV

Introduction / High-mH search: ��νν, ��jj, �νjj / Low-mH search: 4�, γγ • �ν�ν, bb, ττ / Combination / End? 21/24
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H → γγ: Results

Invariant mγγ distribution,

summed over all categories:

Exclusion limit:

Observed exclusion:

113-115 GeV, 134.5-136 GeV.

Largest excess of events observed at 126.5 GeV.

Local significance: 2.8σ (Global: 1.5σ for mH =110-150 GeV).

Introduction / High-mH search: ��νν, ��jj, �νjj / Low-mH search: 4�, γγ • �ν�ν, bb, ττ / Combination / End? 14/24

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

the maybe Higgs: ATLASH → WW
(∗) → �ν�ν: Results

mH=125 GeV 0-jet ee 0-jet µµ 0-jet eµ
Total bkg. 58±5 114±10 257±13

Signal 3.8±0.1 9.0±0.1 25±0.2

Observed 52 138 237

mH=125 GeV 1-jet ee 1-jet µµ 1-jet eµ
Total bkg. 21±3 37±5 76±6

Signal 1.1±0.1 2.3±0.1 6.0±0.1

Observed 19 36 90

(Statistical uncertainties only.)

Expected exclusion: 127-234 GeV

Observed exclusion: 130-260 GeV

Introduction / High-mH search: ��νν, ��jj, �νjj / Low-mH search: 4�, γγ • �ν�ν, bb, ττ / Combination / End? 16/24

keep in mind that WW 
is the most sensitive 
channel for a SM Higgs 
with mass ~ 125 GeV
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Largest excesses observed 

!"#$%&'(&)*+)& !"#$,&-./#.&01&2"3&4./5,& 6*&
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F$$/O</9&?K&-NJ&the maybe Higgs: CMS

consistent at 1 sigma with a 
SM Higgs

But obviously neither the 
ATLAS nor the CMS nor the 
(yet to appear) combined is 
conclusive
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the maybe Higgs: Tevatron

CDF+D0 sensitive to 
Higgs->bbar

CDF Sensitivity Accomplishments! 

42 
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Winter 2012 

“Low Mass” Searches 

13 

ZH!""bb 

!  Maximize lepton reconstruction and selection 
efficiencies 

!  Maximize efficiency for tagging b-quark jets 
!  Optimize dijet mass resolution 

Select: 

Strategy: 

WH!l"bb 

!  0,1,2 leptons and/or missing Et 

!  Two high Et jets 

ZH!llbb 
CDF+D0 sensitivity 
has improved faster 
than S/

√
B

US Particle Physics: 
Scientific Opportunities
A Strategic Plan  
for the Next Ten Years

Report of the Particle 
Physics Project 
Prioritization Panel

29 May 2008

P5 recognized the 
Tevatron potential in the 
case of a light Higgs...
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How much did things change? 

49 

Summer 2011 Winter 2012 

A ~0.5σ excess in mass range from 115 
to 135 GeV/c2 has become a ~2σ excess.  
How can this happen?  

the maybe Higgs: Tevatron

Global Significance of H!bb alone 

!  Highest local         
p-value is found at 
mH = 135 GeV/c2   

!  These searches are 
performed in the 
mass range between 
100 to 150 GeV/c2 

!  Estimate LEE of 2 

63 63 

Single Channel Searches 

Experiment Channel Local  P-value Global  P-value 

CDF H->bb 2.9σ 2.7σ 

ATLAS H->"" 2.8σ 1.5σ 

CMS H->""# 3.1σ 1.8σ 

Global Significance 

!  Highest local       
p-value is found at 
mH = 120 GeV/c2   

!  Same LEE of 4    
for entire SM 
search range from 
100 to 200 GeV/c2 

71 

SM Higgs Searches 

Experiment Local  P-value Global P-value 

CDF+D0 2.8σ 2.2σ 

ATLAS 3.5σ 2.2σ 

CMS 3.1σ 2.1σ 
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• SUSY who?

•
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new W mass measurement from CDF+D0

• SUSY who?
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Besides cornering the Higgs, 
we are also cornering many 
BSM scenarios that were living 
on the edge of EWPT viability



What if the 125 GeV resonance is real? 

26

Some immediate questions:
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The H → γγ analysis [13] is a search for a narrow peak in the di-photon mass distribution. All
events are split into four categories based on whether both photons are in the central part of
the CMS detector and whether both photons have produced compact electromagnetic showers.
This is motivated by the differences in the photon energy resolutions of the barrel/endcap elec-
tromagnetic calorimeters and for photons showering or non-showering in the detector volume

Table 1: Summary information on the analyses included in the combination (� = e, µ).

Channel mH range Lumi sub- mH reso-
(GeV/c

2) (fb−1) channels lution
H → γγ 110 − 150 4.7 4 1–3%
H → ττ 110 − 145 4.6 9 20%
H → bb 110 − 135 4.7 5 10%
H → WW → �ν�ν 110 − 600 4.6 5 20%
H → ZZ → 4� 110 − 600 4.7 3 1–2%
H → ZZ → 2�2τ 190 − 600 4.7 8 10–15%
H → ZZ → 2�2ν 250 − 600 4.6 2 7%

H → ZZ → 2�2q

�
130 − 164
200 − 600 4.6 6 3%

Wednesday, December 14, 11Note:  42 sub-channels = plenty of theses!
13Tuesday, January 10, 12

• Is it spin 0?

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

• 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?
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FIG. 1: Enhancement in the event rate of a 115 GeV/c2 Higgs boson versus the number of extra

generations. Each generation includes one quark doublet and one lepton doublet.

Fig. 1.2 Recent studies on the impact of fourth generations on the SM Higgs phenomenology

can be found in Refs. [13, 14].

In the next section we demonstrate that an electroweak singlet scalar suffers from none of

the issues above, and can naturally have a large event rate in the diphoton and Zγ channels.

III. THE SINGLET IS DEMOCRATIC

To be specific, let’s write down the effective operators that couple a singlet scalar S to

pairs of vector bosons. There are only three of them at leading order:

Leff = κg
αs

4π

S

4mS
Ga

µνG
aµν + κW

αem

4πs2w

S

4mS
W a

µνW
aµν + κB

αem

4πc2w

S

4mS
BµνB

µν , (5)

where sw and cw are the sine and cosine of the Weinberg angle. We have also chosen to

normalize the effective operators to the scalar mass. Naive dimensional analysis suggests

κg ∼ κW ∼ κB ∼ O(mS/Λ), where Λ is the mass scale of new physics. The three op-

erators control the partial decay widths of S into all five possible pairs of vector bosons:

V1V2 = {WW,ZZ, Zγ, γγ, gg}. On general grounds, when mS is below the 2mW threshold,

2 When adding a fourth generation to two-Higgs-doublet models such as supersymmetry, it is possible to

enhance significantly the branching fraction of the pseudo-scalar Higgs A → γγ [11, 12].

5

singlet scalar with a mass of 115 GeV/c2 decaying into all four pairs of electroweak gauge

bosons, assuming the same gluonic partial width as in the SM. Indeed we see the pattern in

Eq. (19), as expected on general grounds, holds up very well.

IV. PHENOMENOLOGY

We first study the mass dependence of the branching fractions into all five pairs of gauge

bosons. In Fig. 3 we show the decay branching fractions as a function of the scalar mass up

to 200 GeV/c2, as well as the corresponding branching fractions for a SM Higgs boson, for

three different choices of κW and κB. In the first case, κW = 0 and κB = 5, the decay into

WW is completely absent and the γγ mode is the most promising channel for discovery. Such
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FIG. 3: Decay branching fractions of a singlet scalar S into pairs vector bosons as a function of

mass, for three different choices of κW and κB, assuming a SM coupling strength to gluons. For

comparison the branching fractions for a SM Higgs boson is also shown in the lower-right figure.
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LHC experiments sees this singlet, which looks approximately like a SM 
Higgs except, e.g., the gaga mode is enhanced and WW is suppressed

I. Low, J.L., G. Shaughnessy
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singlet scalar with a mass of 115 GeV/c2 decaying into all four pairs of electroweak gauge

bosons, assuming the same gluonic partial width as in the SM. Indeed we see the pattern in

Eq. (19), as expected on general grounds, holds up very well.

IV. PHENOMENOLOGY

We first study the mass dependence of the branching fractions into all five pairs of gauge

bosons. In Fig. 3 we show the decay branching fractions as a function of the scalar mass up

to 200 GeV/c2, as well as the corresponding branching fractions for a SM Higgs boson, for

three different choices of κW and κB. In the first case, κW = 0 and κB = 5, the decay into

WW is completely absent and the γγ mode is the most promising channel for discovery. Such
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FIG. 3: Decay branching fractions of a singlet scalar S into pairs vector bosons as a function of

mass, for three different choices of κW and κB, assuming a SM coupling strength to gluons. For

comparison the branching fractions for a SM Higgs boson is also shown in the lower-right figure.
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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 
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FIG. 5. Messenger scale required to produce sufficiently large |At| for mh = 123 GeV (left) and mh = 125 GeV

(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.
A variation on this “heavy stop” scenario is Split Su-

persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
λ. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].
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FIG. 6. Higgs mass as a function of MS , with Xt = 0. The

green band is the output of FeynHiggs together with its as-

sociated uncertainty. The blue line represents 1-loop renor-

malization group evolution in the Standard Model matched

to the MSSM at MS . The blue bands give estimates of errors

from varying the top mass between 172 and 174 GeV (darker

band) and the renormalization scale between mt/2 and 2mt

(lighter band).

P. Draper, P. Meade, M. Reece, D. Shih

gauge-mediated SUSY is 
pushed to very large gluino 
masses and messenger 
scales
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(a) mh and mχ in GeV for tanβ = 10 (b) mh and mχ in GeV for tanβ = 50

FIG. 1. Contours of the light Higgs boson mass mh in black (dotted) and lightest neutralino mass
mχ in red (dashed) in the (m0,M1/2) plane for tanβ = 10 (left) and 50 (right), A0 = 0, and µ > 0.
On the blue (solid) lines, the neutralino relic density is Ωχ � 0.23.

implications of FP SUSY in Sec. VII.

IV. ELECTRIC DIPOLE MOMENTS

FP SUSY is also motivated by constraints from EDMs. Generic SUSY theories with weak-

scale superpartners violate low-energy flavor- and CP-violation constraints. Although there

are well-known mechanisms to suppress flavor violation, these do not typically suppress

CP violation. In general, all gaugino masses, A-terms, and the µ parameter can possess

phases that give rise to CP violation. The most limiting CP-violating, but flavor-conserving,

observables are the EDMs of the electron and neutron, which can arise from loop diagrams

with either left-right sfermion mixing or a gaugino-Higgsino flip within the loop. Even with

A �= 0, left-right mixing for first generation sfermions is typically negligible, but an EDM

contribution can still arise if there is a mismatch between the phases of the gaugino masses

and the phase of µ.
To examine these effects, we consider a simple extension of mSUGRA/CMSSM where the

gaugino masses and µ have general CP-violating phases and the mismatch is parameterized

as φCP. The dominant diagrams involve left-handed sfermions and charginos with a Wino-

Higgsino mixture, leading to contributions [21]

df =
1

2
emf g

2
2 |M2µ| tan β sinφCP KC(m

2
f̃L
, |µ|2, |M2|2) , (9)

whereKC is a kinematic function [22]. Diagrams involving sfermions and neutralinos produce

sub-dominant contributions.

The current bounds on the electron and neutron EDMs are de < 1.6 × 10
−27 e cm [23]

and dn < 2.9 × 10
−26 e cm [24]. Assuming mu = 3 MeV, md = 5 MeV, the naive quark
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mSUGRA without large 
mixing doesnʼt like a 
Higgs this heavy
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Figure 1: Contour plots of the Higgs mass in the mQ3 −−mu3 plane, for different values of At and

tanβ. The stau soft masses have been fixed at m2
L3

= m2
e3 = (350 GeV)

2
, while µ = 1030

GeV and Aτ = 500 GeV, leading to a lightest stau mass of about 135 GeV for tanβ = 60.

The lightest stop masses are overlaid in dashed black lines.

4

With large mixing, can get 125 GeV 
Higgs, the lightest stop is less 
than 600 GeV, and the gluino could 
be just above current limits

M. Carena, S. Gori, N. Shah, C. Wagner

 For SUSY, a 125 GeV Higgs is quite heavy
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What if a SM Higgs is ruled out completely?
Collider phenomenology

Cross section for the production of a single neutral (solid) and

charged (dashed) resonance at the LHC
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Anna Kamińska Strong electroweak symmetry breaking

• Could be a non-SM Higgs with some combination of

• suppressed coupling to gg (reduced production)

• very light (LEP hole) or very heavy (broad resonance)

• decays to exotics

• Could be no Higgs, in which case unitarity 
requires other heavy resonances         
(also true if Higgs is a composite)

• Then we have to be very patient...
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Whatʼs New at the Energy Frontier: 
SUSY

31
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A An exceptional event
The /HT spectrum observed in the data with the full 2010 dataset of 36 pb−1 of integrated lumi-
nosity has a few events out on the tail. The most striking event was recorded on October 26,
2010. An (r, φ) event display is shown in Fig. 13. The event was checked not to exhibit any
known possible anomaly. None of the jets was identified as originating from heavy flavour,
and none of the jet invariant mass combinations matches the W or top mass. The event has a
/HT of 693 GeV, while the HT amounts to 1132 GeV, yielding Meff = HT + /HT = 1.83 TeV. When
adding the transverse component of the missing energy to the energy sum of the jets, at least
36% of the available sum of proton energies took part in the interaction.

Figure 13: Event 70626194, in luminosity section 49 of run 148953. (r, φ) view of the highest-/HT
event passing the search selections.
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Where is SUSY?

20 11 Summary

In a control dataset we find a simple 2D functional form that describes the distributions of the460

relevant SM backgrounds as a function of R2 and MR. This function is proved to model the461

correlation between R2 and MR in the region under study to a good precision in the Monte462

Carlo, much higher than the precision of the fit used to predict the shape of the backgrounds463

from data. Assuming the modeling of the R2 vs MR implied by the 2D function is correct, a 2D464

fit of the R2 and MR distributions in control regions is used to predict the background yields465

and shapes in regions at high mass scale that could contain events from new physics.466

No significant excess over the background expectations was observed and the results were467

presented as a 95% CL in the (m0, m1/2) CMSSM parameter space. We exclude up to 1.35 TeV468

squarks and gluinos for m(q̃) ∼ m(g̃) and for m(q̃) > m(g̃) we exclude gluinos up to 800 GeV.469

These results significantly extend the current LHC limits.470
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Figure 10: Observed (solid 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.mSUGRA with 1 TeV gluino 

and 1.5 TeV squarks

8!"#$%&'()*+*,)*-"$(.-/)"0)0.-)1!2!"#$%&'(#")!"

Squark & gluino generic search
4.7 fb

-1

2j SRA

6j SRE

Limit for equal mass squarks & gluinos: ~ 1.4TeV

ATLAS-CONF-2012-037

last Thursday

this morning!
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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
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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
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Is SUSY hiding?
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• As it turns out, LHC experimentalists are also clever

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

• This particular model will certainly be within reach in 2012 

Can this model be discovered/ruled out in 2012?
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• This particular model will NOT 
be accessible in 2012

• It is too soon to make general 
claims about SUSY one way or 
the other

• But the discovery reach from 
O(100) ATLAS and CMS 
searches for SUSY and other 
BSM in 2012 will have a huge 
impact on our thinking about 
new TeV scale physics

Superparticle spectrum for (N1,N2,N3) = (28, 28, 11)

particle mass [GeV]

h0 124

χ0

1
164

χ±
1

166

χ0

2
167

χ0

3
2700

χ0

4
4100

χ±
2

4100

H0 2200

A0 2200

H± 2200

g̃ 4200

τ̃1 1900

other sleptons 2500 − 3600

squarks 2700 − 5000

tanβ = 44

Felix Brümmer Light Higgsinos 14 / 21

Is SUSY hiding?

F. Bruemmer Moriond EW slides
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Whatʼs New at the Cosmic Frontier: 
Dark Matterplethora of data

10 100 1000
WIMP mass [GeV]

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

W
IM

P
-n

u
cl

e
o
n
 c

ro
ss

 s
e
ct

io
n
 [
p
b
]

CRESST 1σ

CRESST 2σ

CRESST 2009
EDELWEISS-II
CDMS-II
XENON100
DAMA chan.
DAMA
CoGeNT

M2

M1

DAMA

DAMA
CoGeNT

CRESST

CRESST



39Joseph Lykken HEPAP Meeting 12-13 March 2012

status summary of direct detection expts

Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

Conclusions
!DAMA/LIBRA - Result is as robust to collaboration tests as ever
!CRESST II - Latest analysis appears to reduce significance of excess events

—< 2.5! for 29 GeV WIMP, < 1.9! for 13 GeV WIMP
!CoGeNT

—Ann. Mod. is still 16% consistent with null hypothesis (need more stats)
—Most recent analysis - fraction of events at low energy attributable to WIMPs is shrinking.
—Best fit of ann. mod. % of WIMP signal would have to be >> than predicted by astro physical models  

!COUPP
—Having beaten down (",n) events due to radioactivity in components
—Now seeing single Nuclear recoil events - many are correlated in time suggesting source is not WIMPs

!CDMS II
—Expect a new analysis of annual modulation at this conference. 
—Shortly starting new run for 2 years with 15 iZIPs 6 kg raw mass

!Edelweiss II / III
—Approved for 24 kg fiducial in 2012/13

Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

Conclusions / 2
!miniCLEAN / DEAP 3600 

—Under construction. Results from DEAP-1 prototype are important to establish effective discrimination 
threshold for rejecting ER background from 39Ar   

!XMASS
—Results from 12 months running will be announce at JPS ~March 23, 2012

!XENON100
—Reduced background by > factor 2x (Kr removal) - 210 live days will be announced in Spring 2012

!LUX
—Completed surface run. Moving to underground lab in March 2012, for operation Sept 2012

!Darkside
—DS-10 detector now running. Establish discrimination performance. DS-50 starts commissioning end 2012

•In a short review talk of this type it was impossible to cover all experiments
!My apologies if your experiment was on the cutting room floor 

R. Gaitskell slides from 
UCLA Dark Matter 2012

New
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CDMS (lack of) annual modulation
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CDMS vs CoGeNT energy spectra

excluding surface contamination events in CoGeNT 
produces much better agreement in spectra (CRESST too)
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FIG. 4: A comparison of CoGeNT’s spectrum (using the central estimate for the surface event correction factor, as shown in
Fig. 2) with that reported by the CDMS-II collaboration [15]. We have subtracted the flat (Compton scattering) component
from CoGeNT’s spectrum, and corrected for CoGeNT’s efficiency. The solid curve represents the prediction for a 10 GeV dark
matter particle with an elastic scattering cross section of σn = 1.8× 10−41 cm2. The spectrum observed by the combination of
all of CDMS’s detectors is in good agreement with that observed by CoGeNT, although the spectrum from the single detector,
T1Z5, is slightly lower than CoGeNT’s below 1.2 keVee.

particular, the impact of the constraints presented by the

CDMS-II, XENON-100, and XENON-10 collaborations

are significant for the regions of low-mass dark matter

parameter space favored by CoGeNT and CRESST-II.

The CDMS-II collaboration has presented the results

of two analyses searching for dark matter particles in

the mass range collectively favored by CoGeNT and

CRESST [15, 16]. Before taking into account the up-

dated estimates of CoGeNT’s surface event rejection ef-

ficiency, these constraints appeared to be in conflict with

a dark matter interpretation of CoGeNT’s excess (see,

however, Ref. [17]). As both CDMS and CoGeNT make

use of germanium detectors, and thus are sensitive to sim-

ilar systematic factors such as quenching factors for low-

energy nuclear recoils, it was generally considered diffi-

cult to reconcile CDMS’s constraints with a dark matter

interpretation of CoGeNT. In light of the CoGeNT col-

laboration recent estimate for their surface event rejec-

tion efficiency, however, this apparent conflict seems to

be largely resolved. In Fig. 4, we compare the spectrum

at CoGeNT (after subtracting the flat, Compton scatter-

ing, component, and applying the central estimate for the

surface event correction factor) to that reported by the

low-threshold analysis of CDMS-II. While the spectrum

below 1.2 keVee from CDMS’s T1Z5 detector is slightly

lower than that observed by CoGeNT, the all-detectors

spectrum reported by CDMS is in good agreement with

CoGeNT’s.

The XENON-100 [18] and XENON-10 [19] collabora-

tions have also each reported rather strong constraints

on the parameter space of low-mass dark matter parti-

cles. As presented, these constraints appear to largely

rule out the dark matter parameter space collectively

favored by CoGeNT and CRESST. There are a num-

ber of ways, however, in which these constraints could

be significantly weaker than they might appear. Firstly,

any uncertainties in the response of liquid xenon to very

low-energy nuclear recoils (as encapsulated in the func-

tions Leff and/or Qy) could significantly impact the cor-

responding constraints for dark matter particles with a

mass in the range of interest. The constraints from the

XENON-100 collaboration were derived using measure-

ments of the scintillation efficiency, Leff , as described in

Refs. [20], which have been criticized in Ref. [21] (see also

Ref. [22]). Even modest changes to these values at the

lowest measured energies (∼3-4 keV) can lead to much

weaker constraints on light dark matter particles. It has

also been argued that the relatively large (9.3 eV) band-

gap of xenon is expected to lead to a suppression of the

response to nuclear recoils in the energy range of inter-

est (see Ref. [22] and references therein). Many of these

issues also apply to constraints on light dark matter mak-

ing use of only the ionization signal in liquid xenon de-

tectors [19].

Alternatively, the constraints from XENON-100 and

XENON-10 could be modified if dark matter particles

do not have identical couplings to protons and neu-

trons [23, 24]. In particular, for a ratio of couplings given

by fn/fp ≈ −0.7, the constraint from xenon-based ex-

periments is weakened by a factor of ∼20 relative to that

found in the fn = fp case [24]. For this ratio of couplings,

the cross section favored by CRESST-II would also be

moved down by a factor of ∼7 relative to that observed

by CoGeNT. Alternatively, a ratio of fn/fp ≈ −0.6 would
reduce the strength of the XENON-100 and XENON-10

constraints by a factor of 3-4, while also lowering the

CRESST-II region (relative to that of CoGeNT) by a

similar factor.

Lastly, we note that a constraint has also been placed

by making use of the CRESST commissioning run

data [25]. These results appear to be in mild tension

with the upper range (in cross section) of the parame-

Is the spectrum consistent with 
CDMS? 

Excluding these additional surface events in CoGeNT brings the two 
spectra into much better agreement 

before afterC. Kelso, D. Hooper, M. Buckley
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DAMA vs CoGeNT vs CRESST vs ...

• DAMA and CoGeNT modulation 
agree reasonably well

• But the modulation spectra donʼt 
agree with the event spectra

• Hint of either non-standard halo 
distribution or non-standard DM?

What about CoGeNT and DAMA 
modulation amplitudes?  

Independent of astrophysical uncertainties, the gray error bars are the what the 
DAMA signal would look like at the CoGeNT detector 

Red error bars are the CoGeNT modulation for maximum phase May 26 (~SHM). 

Blue error bars are the best fit maximum phase for CoGeNT (April 18). 

C. Kelso, D. Hooper, M. Buckley

• Even with non-standard DM, difficult to reconcile CRESST with 
DAMA and CoGeNT

• And there is also XENON-100...

J. Kopp, T. Schwetz, J. Zupan
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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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Summary
2012 and beyond

• The neutrino program has great prospects

• Flavor keeps surprising us

• Higgs, no Higgs, Higgs look-alikes

• Keep beating the bushes to flush out SUSY or other BSM

• Make the dark matter connections (direct vs direct, direct 
vs indirect, direct vs LHC)
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Backup
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side note:
U.S. leadership in LHC science

• In 2008, P5 made LHC their highest priority, 
predicated on the belief that U.S. physicists would 
take a leading role in the science.

• Is this actually happening?
73

Report of the Particle Physics Project Prioritization Panel

7  S U M M A RY  O F  R E C O M M E N D AT I O N S

Overall recommendation
  The panel recommends that the US maintain a leadership role in 

world-wide particle physics. 

  The panel recommends a strong, integrated research program for US 
particle physics at three frontiers: the Energy Frontier, using both 
hadron colliders and lepton colliders to discover and illuminate the 
physics of the Terascale; the Intensity Frontier, comprising neutrino 
physics and high-sensitivity experiments on rare processes that will 
tell us about new physics beyond the Standard Model; and the 
Cosmic Frontier, probing the nature of dark matter and dark energy 
and other topics in particle astrophysics.

7 . 1  T H E  E N E R G Y  F R O N T I E R

Accelerators and experiments at the Energy Frontier are expected to make major 
discoveries leading to an ultimate understanding of the theory of particles and their 
interactions. They will address key questions about the physical nature of the 
universe: the origin of particle masses, the existence of new symmetries of nature, 
extra dimensions of space, and the nature of dark matter. 

7 . 1 . 1  T H E  T E VAT R O N  C O L L I D E R

The Tevatron at Fermilab is currently the highest-energy collider in the world. 

  The panel recommends continuing support for the Tevatron Collider 
program for the next one to two years, to exploit its potential for 
discoveries. 

7 . 1 . 2  T H E  L A R G E  H A D R O N  C O L L I D E R 

In the near future, the Large Hadron Collider at CERN in Geneva, Switzerland will 
achieve the highest collision energies. The LHC is an international project with signifi-
cant US investment and major US involvement: Americans constitute the largest 
group of LHC scientists from any single nation. Significant US participation in the full 
exploitation of the LHC has the highest priority in the US particle physics program.

  The panel recommends support for the US LHC program, including 
US involvement in the planned detector and accelerator upgrades, 
under any of the funding scenarios considered by the panel.

US Particle Physics: 
Scientific Opportunities
A Strategic Plan  
for the Next Ten Years

Report of the Particle 
Physics Project 
Prioritization Panel

29 May 2008

US Particle Physics: 
Scientific Opportunities
A Strategic Plan  
for the Next Ten Years

Report of the Particle 
Physics Project 
Prioritization Panel

29 May 2008
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• Spokesperson: Joe Incandela (UCSB)

• Physics Coordinator: Greg Landsberg 
(Brown)

• Collaboration Board Chair-Elect:        
Ian Shipsey (Purdue)

• SUSY conveners: David Stuart (UCSB),       
Eva Halkiadakis (Rutgers)

• Higgs Convener: Christoph Paus (MIT)

• etc.

• Deputy Spokesperson: Andy Lankford (UC Irvine)

• Physics Coordinator Elect: Kevin Einsweiler (LBNL)

• Physics Coordinator Emeritus: Tom LeCompte (ANL)

• Physics Coordinator Emeritus: Ian Hinchliffe (LBNL)

• Standard Model Convener: Joao Guimaraes (Harvard)

• etc.

U.S. leadership in LHC science
CMS ATLAS

Just as (or more) important is the physics leadership behind the scenes, pushing 
forward flagship analyses and innovations. 
e.g. for CMS (where I know what is happening):

• Higgs -> WW-> lnulnu: Caltech, Fermilab, MIT, Nebraska, Northwestern, UCSB, UCSD

• Higgs -> ZZ -> 4l: Johns Hopkins, UC Davis, UC Riverside

• SUSY inclusive searches: Brown, Caltech, Fermilab, Florida, Princeton, Rochester, 
Rutgers, UCSB, UCSD

• Higgs -> gaga: Caltech, MIT, UCSD

• etc.

an impressive performance 
from the home team
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an example of what 
changed

• the expected signal is 
small (~10 events in this 
channel)

• electron channel got one 
new golden candidate 
event, and in general filled 
in to look more like the 
muon channel

  ZH!llbb 

57 

!  Examine top 20 events in 
both channels based on 
S/B of the discriminant 
bin in which it’s located   

!  The electron channel 
contains 12 new 
candidates within this 
high score region, while 
muon channel has 5 
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