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Physics at the Weak Scale :
Motivation

Electroweak Symmetry Breaking and the Hierarchy Problem.  

Low Energy Supersymmetry,  Technicolor, Extra Dimensions...

Origin of Matter

Dark Matter  (Weak scale annihilation cross section)

Electroweak Baryogenesis  (New states and CP-violation)

Explanation of Observed Experimental Anomalies
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Higgs Mass Parameter Corrections

One loop corrections to the Higgs mass parameter cancel if the 
couplings of scalars and fermions are equal to each other
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(If the masses proceed from the 
v.e.v. of H, there is another 
diagram that ensures also the 
cancellation of the log term. 
Observe that  the fermion and 
scalar masses are the same in 
this case, equal to hf v.) 

Supersymmetry is a symmetry that ensures the equality of these couplings.

Lectures on Supersymmetry Carlos E.M. Wagner, Argonne and EFI

Quadratic Divergent contributions:

Supersymmetry is a symmetry that ensures the equality of these couplings
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fermions                       fermions                       bosonsbosons
supersymmetrysupersymmetry

electron                        electron                        sselectronelectron
quark                              quark                              ssquarkquark
photphotinoino photonphoton
gravitgravitinoino gravitongraviton

Photino,  Zino and Neutral Higgsino:  Neutralinos

Charged Wino, charged Higgsino: Charginos

No new dimensionless couplings. Couplings of supersymmetric particles
equal to couplings of Standard Model ones.  
Two Higgs doublets necessary.  Ratio of vacuum expectation values
denoted by  tan !

Lectures on Supersymmetry Carlos E.M. Wagner, Argonne and EFI

Physics Beyond the SM: 
Supersymmetry
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The Soft SUSY-breaking Lagrangian for the MSSM 

−m2
QQ̃†Q̃−m2

U Ũ†Ũ −m2
DD̃†D̃ −m2

LL̃†L̃−m2
EẼ†Ẽ

Lsoft = −1
2
(M3g̃g̃ + M2W̃W̃ + M1B̃B̃)

−m
2
H1

H
∗
1H1 −m

2
H2

H
∗
2H2 − (µBH1H2 + cc.)

−(AuhuŨQ̃H2 + AdhdD̃Q̃H1 + AlhlẼL̃H1) + c.c.

Soft Supersymmetry Breaking Terms

All gauge invariant mass terms allowed in the theory.  These terms do not 
affect the condition of cancellation of quadratic divergences, which depend 
on equality of couplings and not masses.

All terms can be, in principle, matrices in flavor space, inducing mixing 
between squarks and sleptons of different flavors : Plenty of new, free 
parameters.  Preference towards flavor independent SUSY breaking schemes.

G. Perez and W. Altmannshofer’s talks
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Renormalization Group EvolutionRenormalization Group Evolution
• One interesting thing is that the gaugino masses evolve in the same

way as the gauge couplings:

d(Mi/αi)/dt = 0, dMi = −biαiMi/4π, dαi/dt = −biα
2
i /4π

• The scalar fields masses evolve in a more complicated way.

4πdm
2
i /dt = −C

i
a4M

2
aαa + |Yijk|2[(m2

i + m
2
j + m

2
k + A

2
ijk)]/4π

• There is a positive contribution coming from the gaugino masses and

a negative contribution proportional to the Yukawa couplings.

• Colored particles are affected by positive, strongly coupled

corrections and tend to be the heaviest ones.

• Weakly interacting particles tend to be lighter, particular those

affected by large Yukawas.

• There scalar field H2 is both weakly interacting and couples with the

top quark Yukawa. Its mass naturally becomes negative.

21

t ≡ ln(M2
GUT /Q2)

+ −

dt

+
3

5
Yiα1DY
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If SUSY exists, many of its most important motivations demand some

SUSY particles at the TeV range or below

� Solve hierarchy/naturalness problem by having ∆m2 � O(v2)

SUSY breaking scale must be at or below 1 TeV
if SUSY is associated with EWSB scale !

� EWSB is radiatively generated

In the evolution of masses from high energy scales

−→ a negative Higgs mass parameter is induced

via radiative corrections

=⇒ important top quark effects!
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Supersymmetry at colliders

! Lightest supersymmetric particle = Excellent          
Cold dark matter candidate.

Gluino production and decay: Missing Energy Signature

Supersymmetric
Particles tend to 
be heavier if they
carry color charges.

Particles with large 
Yukawas tend to be 
lighter.

Charge-less particles
tend to be the 
lightest ones.

28

Preservation of R-Parity:

Possibility of
observing DM
candidate due to  
presence of color 
particles.

If just weakly 
interacting  
particles, DM 
observation at 
LHC would be 
difficult.
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4

mated by variation of the factorization and renormaliza-
tion scales in Prospino and by including the parton den-
sity function (PDF) uncertainties using the eigenvector
sets provided by CTEQ6 [27]. Uncertainties are calcu-
lated separately for the individual production processes.
Within the relevant kinematic range, typical uncertain-
ties resulting from scale variations are 10–16%, whereas
PDF uncertainties vary from 5% for q̃q̃ production to
15–30% for g̃g̃ production.

The result of the combined fit to signal and control re-
gions, leaving the number of signal events free in the sig-
nal region while not allowing for a signal contamination
in the other regions, is shown in Table I. The observed
number of events in data is consistent with the standard
model expectation.

Limits are set on contributions of new physics to the
signal region. These limits are obtained from a second
combined fit to the four regions, this time allowing for a
signal in all four regions, and leaving all nuisance parame-
ters free. The limits are then derived from the profile like-

lihood ratio, !(s) = !2(ln L(n|s, ˆ̂
b,

ˆ̂
!) ! lnL(n|ŝ, b̂, !̂)),

where ŝ, b̂ and !̂ maximize the likelihood function and ˆ̂
b

and ˆ̂
! maximize the likelihood for a given choice of s. In

the fit, s and ŝ are constrained to be non-negative. The
test statistic is !(s). The exclusion p-values are obtained
from this using pseudo-experiments and the limits set are
one-sided upper limits [28].

From the fit to a model with signal events only in the
signal region, a 95% CL upper limit on the number of
events from new physics in the signal region can be de-
rived. This number is 2.2 in the electron channel and 2.5
in the muon channel. This corresponds to a 95% CL up-
per limit on the e"ective cross section for new processes
in the signal region, including the e"ects of experimen-
tal acceptance and e#ciency, of 0.065 pb for the electron
channel and 0.073 pb for the muon channel.

Within the MSUGRA/CMSSM framework, the results
are interpreted as limits in the m0!m1/2 plane, as shown
in Figure 2. For the model considered and for equal
squark and gluino masses, gluino masses below 700 GeV
are excluded at 95% CL. The limits depend only moder-
ately on tan !.

In summary, the first ATLAS results on searches for
supersymmetry with an isolated electron or muon, jets,
and missing transverse momentum have been presented.
In a data sample corresponding to 35 pb!1, no sig-
nificant deviations from the standard model expecta-
tion are observed. Limits on the cross section for new
processes within the experimental acceptance and e#-
ciency are set. For a chosen set of parameters within
MSUGRA/CMSSM, and for equal squark and gluino
masses, gluino masses below 700 GeV are excluded at
95% CL. These ATLAS results exceed previous limits set
by other experiments [3–6].

We wish to thank CERN for the e#cient commission-
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FIG. 2: Observed and expected 95% CL exclusion limits, as
well as the ±1! variation on the expected limit, in the com-
bined electron and muon channels. Also shown are the pub-
lished limits from CMS [3], CDF [4], and D0 [5, 6], and the
results from the LEP experiments [29].

ing and operation of the LHC during this initial high-
energy data-taking period as well as the support sta"
from our institutions without whom ATLAS could not
be operated e#ciently.
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RCN, Norway; MNiSW, Poland; GRICES and FCT,
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Serbia; MSSR, Slovakia; ARRS and MVZT, Slovenia;
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TAEK, Turkey; STFC, the Royal Society and Lever-
hulme Trust, United Kingdom; DOE and NSF, United
States of America.
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Results of Searches for Supersymmetry at the LHC

So far, no evidence of new physics at the LHC.
But more data is coming...  

Masses of squarks and gluinos below about 700 GeV seem to be in conflict with 
data in simple supersymmetry models. But Higgs mass already pointing to masses of 
order 1 TeV... 

Friday, June 10, 2011



Gauge-Mediated, Low-energy SUSY Breaking Scenarios

• Special feature −→ LSP: light (gravitino) Goldstino:

mG̃ ∼
F

MP l
� 10

−6 − 10
−9

GeV

If R-parity conserved, heavy particles cascade to lighter ones and

NLSP −→ SM partner + G̃

• Signatures: The NLSP (Standard SUSY particle) decays

decay length L ∼ 10
−2

cm

� mG̃
10−9GeV

�2 ×
�

100GeV
MNLSP

�5

� NLSP can have prompt decays:

Signature of SUSY pair: 2 hard photons, (H’s, Z’s) + E/T from G̃

� macroscopic decay length but within the detector:

displaced photons; high ionizing track with a kink to a minimum ionizing track

(smoking gun of low energy SUSY)

� decay well outside the detector: E/T like SUGRA

35

Low Energy Supersymmetry Breaking: Light Gravitino

mSUSY � α

4π

F

M
(gauge mediated models)

Displaced decay vertices
★ Quasistable particles : binos (missing energy) or sleptons (heavy muons)
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14 RGIS

M. Carena, PD, N. Shah, C. Wagner 2010

Renormalization Group Invariants 
They allow a direct connection between low and high energy quantities. 

Interestingly enough, there are 14 RGIs in the MSSM

Friday, June 10, 2011



Applications of RGI’s

  For most general flavor independent models, establish two sum   
rules and a one to one relationship between RGIs and parameters of 
the model, apart from the messenger scale

  For minimal models,  several rum rules are established, that lead to 
spectrum predictions from a limited number of observables.

  Two loop effects, which break the rules, can be taken into account in 
a simple way.  Efficiency of method strongly dependent on experimental 
uncertainties. 

M. Carena, P.  Draper, N. Shah, C.W. ’10 & ’11

RGI sum rules partly considered in 
•  formal studies of softly-broken N=1 gauge theories,
•  phenomenological studies of specific models 
(CMSSM, SUSY-GUTs, AMSB, GMSB, general flavor-blind models,...)

Martin & Ramond 1993; Kawamura, Kobayashi, Kubo 1997; Kazakov 1997; Hisano & Shifman 1997
Jack, Jones, Pickering 1997; Arkani-Hamed, Giudice, Luty, Rattazzi 1997; Carena, Huiti, Kobayashi 2000
Kobayashi & Yoshioka 2000; Ananthanarayan & Pandita 2005; Demir 2005; Kane, Kumar, Morrissey, 
Toharia 2007; Meade, Seiberg, Shih 2009; Balazs, Li, Nanopoulos, Wang 2010; etc...

This study:
• a more complete list of the MSSM RGIs
• application of both sum rules and high-scale parameter        
   reconstruction
• analysis of 2-loop effects and experimental uncertainties
   in the contexts of General and Minimal Gauge Mediation

RGI’s in context:

RGI sum rules have been considered by many authors :

Friday, June 10, 2011



Generic Flavor Blind Models

               1-Loop Renormalization Group Invariants in the MSSM

GENERIC FLAVOR-BLIND MODELS

27

→ direct tests of the flavor-blind hypothesis

10 mass parameters + 3 gauge couplings =13 degrees of freedom @ M
12 nonzero RGIs
→ can reconstruct everything as an algebraic function of one unknown, M

→ only tM remains unknown

Can then bound all parameters by requiring 5<Log(M/GeV)<16

!  5 sfermion masses, 3 gauginos, 2 Higgs mass parameters, 3 gauge couplings
                                   13 d.o.f at the scale M and 12 RGIs
        ==> can reconstruct everything as an algebraic function of one unknown M

               1-Loop Renormalization Group Invariants in the MSSM

GENERIC FLAVOR-BLIND MODELS

27

→ direct tests of the flavor-blind hypothesis

10 mass parameters + 3 gauge couplings =13 degrees of freedom @ M
12 nonzero RGIs
→ can reconstruct everything as an algebraic function of one unknown, M

→ only tM remains unknown

Can then bound all parameters by requiring 5<Log(M/GeV)<16
               1-Loop Renormalization Group Invariants in the MSSM

GENERIC FLAVOR-BLIND MODELS

27

→ direct tests of the flavor-blind hypothesis

10 mass parameters + 3 gauge couplings =13 degrees of freedom @ M
12 nonzero RGIs
→ can reconstruct everything as an algebraic function of one unknown, M

→ only tM remains unknown

Can then bound all parameters by requiring 5<Log(M/GeV)<16Bound all parameters by requiring 5 < log(M/GeV) <16 => extra uncertainty

all couplings and 
soft masses at scale M
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Predicting an MGM Spectrum  
Measuring one gaugino and 2 sfermion masses
==> reconstruct the rest from constraint equations, including M

Log10(M/GeV)≈
7±3 (Calc)

Example:                                     , M=107 GeV (Input)

given [                          ],  

reconstruct the rest from 
constraint equations. 
universal 5% errors on 

               1-Loop Renormalization Group Invariants in the MSSM

PREDICTING AN MGM SPECTRUM

52}
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PREDICTING AN MGM SPECTRUM
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5% error
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Log10(M/GeV)≈
7±3 (Calc)

Example:                                     , M=107 GeV (Input)

given [                          ],  

reconstruct the rest from 
constraint equations. 
universal 5% errors on 

               1-Loop Renormalization Group Invariants in the MSSM

PREDICTING AN MGM SPECTRUM

52}

! Also, using DY1 obtain 
relationships among the 3rd 
generation and Higgs soft masses 

Log10(M/GeV)≈
7±3 (Calc)

Example:                                     , M=107 GeV (Input)

given [                          ],  

reconstruct the rest from 
constraint equations. 
universal 5% errors on 

               1-Loop Renormalization Group Invariants in the MSSM

PREDICTING AN MGM SPECTRUM

52}
M. Carena, P.  Draper, N. Shah, C.W. ’10 & ’11
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Figure 2. Comparison of the diagrammatic two-loop O(m2
t h

2
t !s) result for mh, to leading order

in mt/MS [eqs. (46) and (47)] with the “mixed-scale” one-loop EFT result [eq. (49)]. Note that

the latter now includes the threshold corrections due to stop mixing in the evaluation of mt(MS) in

contrast to the EFT results depicted in fig. 1. “Mixed-scale” indicates that in the no-mixing and

mixing contributions to the one-loop Higgs mass, the running top quark mass is evaluated at di!erent

scales according to eq. (48). See text for further details. The two graphs above are plotted for

MS = mA = (m2
g̃ + m2

t )
1/2 = 1 TeV for the cases of tan " = 1.6 and tan" = 30, respectively.

16

Standard Model-like Higgs Mass in the MSSM

Carena, Haber, Heinemeyer, Hollik,Weiglein,C.W.’00

Xt = At − µ/ tanβ, Xt = 0 : No mixing; Xt =
√

6MS : Max. Mixing

Long list of two-loop computations:  Carena, Degrassi, Ellis, Espinosa, Haber, Harlander, Heinemeyer, 
Hempfling, Hoang, Hollik, Hahn, Martin, Pilaftsis, Quiros, Ridolfi, Rzehak, Slavich, C.W., Weiglein, Zhang, 
Zwirner

For natural 
values of the 
stop mixing,
the Higgs 
remains lighter 
than 120 GeV
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Interesting enough, if a Higgs were there, one 
would expect, in average                       .          
The excess statistical significance is, however, 

Robs = Rexp + 1

The Tevatron is providing bounds on the Higgs mass

2/Rexp

1 barn : 10−24 cm2

1 pb = 10−12 barn

1 fb = 10−15 barn

L× σ = Number of events

with  H ! bb, WW    

with H ! WW

Direct Higgs searches at the Tevatron

Tevatron can search for the Higgs in all the mass range preferred by precision data

Press release: 9/08

Tevatron achieves 

sensitivity to exclude

a Higgs with 

mass 170 GeV 

Many Possible 
production 
Processes

Sunday, May 8, 2011
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Figure 3: Combined constraints on RSM at 95% C.L. from CDF, D∅, and the com-
bination of the two. Also presented are projected limits after increasing
the luminosity to 10 fb−1 and including 25-50% efficiency improvements.

the bb̄ constraint. On the other hand, when the τ+τ− data is taken as a limit on the
gluon fusion production channel, the constraint from the CP-odd and nonstandard CP-
even Higgs bosons can be quite strong [25],[26]. These particles have tan2 β enhanced
production rates through loops of bottom quarks, and so the rescaling factor relative to
the SM can be significant if they are sufficiently light. In the following, when we refer
to the τ+τ− constraint, we mean this constraint coming from the nonstandard Higgs
search.

Our strategy will be as follows: we pick benchmark scenarios for all the MSSM
parameters except for tan β and mA, which are the dominant parameters affecting the
Higgs signal. We scan over the (mA, tan β) plane, calculating the spectrum and the scal-
ing factors σSM,iBrSM,i/(σMSSM,iBrMSSM,i) for all channels. The masses and branching
ratios are computed numerically using HDECAY [34], and in particular the numerator is
calculated at the Standard Model Higgs mass equal to the mass of the CP -even MSSM
Higgs in the intermediate state (we checked that similar results are obtained by using
CPsuperH [35]). Finally we read off the expected R

95
SM,i from the CDF and D∅ plots and

use Eqs. (4.13) and (3.12) to compute the value of R
95 at each point in the parameter

space.
As emphasized before, we will first present our results for the constraints from the

SM-like Higgs search channels and the gg → h, H → τ+τ− nonstandard search channel
separately. This will demonstrate the capabilities of the separate searches in covering
the MSSM parameter space. At the end we will combine the constraints to see the

8

Prospects for Higgs Searches at the Tevatron

P. Draper, T. Liu and C. Wagner’09

With the current run, and expected improvements, the
Tevatron should probe the Higgs mass region up to 190 GeV

Improvements
with respect
to Winter’09
10 percent

already achieved

Tevatron 
shutdown
expected 
this fall, with
about
of luminosity 

10 fb−1

Friday, June 10, 2011



MSSM SM Higgs Searches at the LHC

In the MSSM, one of the Higgs bosons has standard model like 
couplings to the top and gauge bosons

The main SM-like channels of production and/or decay are induced 
by loops, which are affected by new physics (mainly stops)

Moreover,  the dominant width of Higgs decay into bottom quarks 
may be enhanced due to mixing with non-standard Higgs bosons.  
Top Yukawa tend to be somewhat reduced by same effect.

Friday, June 10, 2011



Suppression factor in the LHC channels at 
the 2012--2013 run

Even for a CP-odd Higgs mass of 500 GeV,  suppression is quite 
relevant.

Σ �gg � H��Br �H � ΓΓ� �Σ �gg � ΓΓ�SM �Br �H � ΓΓ�SM

Σ �WH� �Br �H � bb� �Σ �WH�SM Br �H � bb�SM

200 250 300 350 400 450 500
MA

0.2

0.4

0.6

0.8

1.0

1.2

BrΣ

BrSM ΣSM

H
SM

tanβ = 10

Minimal Mixing
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Suppression factor in the LHC channels at 
the 2012--2013 run

Friday, June 10, 2011



Figure 9: Tevatron and LHC projected discovery significances for the CP -conserving Maximal

Mixing scenario (left) and the Minimal Mixing scenario (right). Row 1 gives results

for the Tevatron, row 2 for the LHC, and row 3 gives the combination. Note that the

contours for the Tevatron differ from those used for the LHC and the combination.

32

The SM-like Higgs reach is worse than the one at small luminosity 
at the 14 TeV LHC (P.  Draper, T. Liu,C.W. ’10)

mh � 115GeV mh � 130 GeV

Friday, June 10, 2011



                        Run III at the Tevatron: Higgs Sensitivity

Minimal Mixing Scenario (SM-like Higgs Searches)

15

relatively 
small SM-
like Higgs 
mass -> 
stronger 
constraints

2011 Run III

Standard Higgs search channels at the Tevatron.
P. Draper,  T. Liu and C.W. ’09 

2011

At the end of the Tevatron run,  more than 2 sigma sensitivity is achieved in most 
parameter space in minimal mixing, while weaker reach in maximal mixing scenario. 

mh � 115GeV

                        Run III at the Tevatron: Higgs Sensitivity

Maximal Mixing Scenario (SM-like Higgs Searches)

13

h is still SM-like, 
lighter, and hbb 
enhanced

h is SM-like and 
heavy (decoupling)

2011 Run III

mh � 130 GeV

Friday, June 10, 2011



Since sensitivity is somewhat complementary to that of the Tevatron, 
combination of data from all experiments at the end of 2012 may be useful

Evidence or Discovery in almost all parameter space

Friday, June 10, 2011



vanishes if the following approximate relationship holds:
�
m2

A

m2
Z

− 1

2π2
(3µ̄2 − µ̄2Āt

2
) + 1

�
� tan β

150

�
µ̄Āt(2Āt

2 − 11)
�
. (5.15)

In the maximal mixing case, this relation cannot be satisfied, and in the no-mixing case,
it can only be satisfied for very large µ̄. On the other hand, if µ = −At ∼ MS the
relation can be easily satisfied for low mA. The benchmark values are3

MS = 800 GeV, at = −1.5 TeV,

µ = 1.5 TeV, M2 = 500 GeV,

Ab = At, mg̃ = 500 GeV.

Fig. 5 demonstrates the suppression of the bb̄ branching fractions of the light and heavy
Higgs bosons, and Fig. 6 shows the corresponding increase in the branching fractions
to W+W−. The apex of the cones is the point where the mass eigenvalues become
degenerate, and so the mixing angle and consequently the cross sections and decay
widths vary rapidly in the (mA, tan β) parameter space.

Figure 5: (1)Br(h→ bb̄) and (2) Br(H → bb̄) in the small αeff scenario.

6 Projections and Analysis

Following Eq. (3.11), R95 scales inversely the square root of the luminosity and inversely
with the signal efficiency. We study the improvements necessary for the Tevatron to
exclude regions of MSSM parameter space at 90% and 95% C.L. As in the SM case
discussed above, we take as milestones total luminosities of 10 fb−1 per experiment

3
The values of at and µ chosen here differ from those presented in the small-αeff scenario of Ref .[36].

The values here allow a greater contribution to the limit from the WW decay modes of the SM-like

Higgs in the regions where its bb̄ mode is suppressed. All figures including those corresponding to the

benchmark values in [36] are available on the website listed in the introduction.
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Limited regions of parameter space with suppression of  
bottom coupling : Enhancement of photon branching ratio

It can occur for large values of both the Higgsino mass and the 
stop mixing parameter (away, however, from maximal mixing)

Carena, Mrenna, C.W. ’99
Carena, Haber, Logan, Mrenna ’00
Carena, Heinemeyer, Weiglein, C.W. ’03

Carena, Draper, Liu, C.W. , to appear

Constrained by non-standard Higgs boson searches

µ̄ =
µ

MSUSY
= 2

Āt =
At

MSUSY
= −1.5
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Higgs Bosons Decaying to Bottom pairs at the LHC 

• In the past the decay of Higgs into bottom quarks have been ignored 
due to overwhelming backgrounds

• However, the study of jet substructure has revealed new possibilities

• In particular, boosted Higgs bosons decaying to bottom pairs might be 
easily separated from the QCD background by the use of these 
techniques              

• This is true in the SM model, for a light Higgs produced in association 
with W bosons, where the proportion of boosted Higgs is small

• In the MSSM, there are new possibilities for boosted Higgs, namely 
induced by the decay of heavy supersymmetric particles

Butterworth, Davison, Rubin, Salam’08

Kribs, Martin, Roy, Sapnnowsky’10

Plehn, Salam, Spannowsky’09 (ttbar+H)

Good prospects of observing Higgs in the14 TeV run and, perhaps, even in the 7 
TeV run (Gori’s talk today)

Gori, Schwaller,  C.W.’11
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σ(bb̄A)×BR(A→ bb̄) � σ(bb̄A)SM
tan2 β

(1 + ∆b)
2 ×

9
(1 + ∆b)

2 + 9

σ(bb̄, gg → A)×BR(A→ ττ) � σ(bb̄, gg → A)SM
tan2 β

(1 + ∆b)
2 + 9

• Searches at the Tevatron and the LHC are induced by production 
channels associated with the large bottom Yukawa coupling.

• There may be a strong dependence on the parameters in the bb search 
channel, which is strongly reduced in the tau tau mode.

Searches for non-standard Higgs bosons
M. Carena, S. Heinemeyer, G.Weiglein,C.W, EJPC’06

Validity of this approximation confirmed by  NLO computation by D. North 
and M. Spira, arXiv:0808.0087
Further work by Mhulleitner, Rzehak and Spira, 0812.3815, Dawson et al ’10, 
Djouadi et al’11

QCD:  S. Dawson, C.B. Jackson, L. Reina, D. Wackeroth ’06
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                        Run III at the Tevatron: Higgs Sensitivity

Minimal Mixing Scenario (SM-like Higgs Searches)

15

relatively 
small SM-
like Higgs 
mass -> 
stronger 
constraints

2011 Run III

Minimal Mixing Scenario : Standard and non-
standard Higgs search channels.

P. Draper,  T. Liu and C.W. ’09 

2011

Even with only SM channels and 2011 run,  more than 2 sigma sensitivity is 
achieved in most parameter space.  Combination  with non standard 
channels enhances sensitivity considerably.                         Run III at the Tevatron: Higgs Sensitivity

Minimal Mixing (Nonstandard + SM-like Higgs Combined Reach)

16

For large mA, the 
production of the 
non-SM higgs is 
suppressed.

2011 Run III

mh � 115GeV
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Searches for non-standard Higgs bosons at the Tevatron
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And they are already providing meaningful limits

A detailed combined analysis is in progress

Friday, June 10, 2011



Singlet Extensions of the MSSM

• Models in which the mu-term is forbidden by some symmetry but include singlets 
with couplings

may lead to a natural explanation of the origin of mu.

Since S is a singlet, its mass is driven naturally to small values by Yukawa interactions, 
leading to a v.e.v. that generates the mu-term.

They don’t spoil unification and they can lead to an increase of the SM-like Higgs boson 
mass

They also include an additional CP-even and CP-odd Higgs bosons.  The CP-odd 
component may become light in models in which trilinear soft breaking terms of the 
singlet are  suppressed  (Dobrescu et al., Dermisek et al)

Such light scalars would couple to the SM-like Higgs boson and may induce additional, 
exotic decays.  Neutralinos are also light in certain examples (nMSSM) inducing invisible 
decays of the SM-like Higgs (Menon, Morrissey, C.W.)

P [Φ] = λSH1H2

m2
h = M2

Z cos2 2β + λ2v2 sin2 2β + loop corr.
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More general MSSM Higgs extensions: EFT approach

• can include SUSY breaking via a spurion X= mS

Low energy superpotential: at leading order in 1/M

  see also Dine, Seiberg, Thomas;
  Antoniadis, Dudas, Ghilencea, Tziveloglou 

  M.C, Kong, Ponton, Zurita 

• The non-minimal part of the Higgs sector is parametrically heavier than the weak 
    scale (understood as v = 174 GeV)

• SUSY breaking is of order v, hence heavy masses nearly supersymmetric

: overall ``heavy” scale SUSY breaking mass splittings

In practice: formalism applies for e.g.

Only two new parameters: and

! 2 !1

Carena, Kong, Ponton, Zurita’10
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• At NLO, Kähler potential only:

Custodially violating  (treel level) :

Custodially preserving (tree level) :

 Plus SUSY breaking terms obtained by multiplication by spurion, with new coefficients

  

• EFT coefficients can be essentially arbitrary, if UV theory complicated enough

Friday, June 10, 2011
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POINT D

mA (GeV) mh (GeV) mH (GeV) m
H± (GeV)

184 204 234 203

g
2
hWW

g
2
HWW

g
2
hgg

g
2
Hgg

0.3 0.7 1.39 0.36

channel BMSSM (SM) channel BMSSM (SM)

h → WW 0.73 (0.72) h → ZZ 0.25 (0.27)

H → WW 0.70 (0.71) H → ZZ 0.29 (0.29)

A → bb̄ 0.87 H
+ → tb̄ 0.99

TABLE IV. Masses and branching fractions in the BMSSM

(and in the SM for h and H), for point D.

Fig. 7. In addition, when mA is light, the h → AA and
H

± → AW
± channels might become important. Since

this also happens with the Tevatron uncovered points, we
will defer further comments and the study of a suitable
benchmark point for the next subsection.

2. LHC searches

Regarding the Tevatron uncovered points, we can also
split them into two disjoint subsets, corresponding to
each of the blue stripes in Figs. 1 or 2: we will refer to
them as low mass (mh � 140 GeV) and high mass (above
190 GeV) regions. In the high mh case, one can make
a further distinction according to whether mA is below
or above 160 GeV. Again, we illustrate the possibilities
with a few benchmark points.

Point D: Two peaks in the ZZ → 4l signal
General features of the high mh, high mA case are:

increased gg → h cross section with respect to the SM,
and negligible (below 2%) changes in the h → WW/ZZ

decay modes. RegardingH, one has that the signal in the
gg → H → WW/ZZ channel is always suppressed with
respect to the SM. As an example, we show point D [? ]
in Table IV. Here, the 1/M2 operators contribute about
40 GeV to mh. Given the features of this point, it again
makes sense to compare both CP-even Higgs bosons with
the SM.

The rise in the mass of h automatically closes the
H → hh, A → hZ and H

± → hW
± decay modes, which

could be important in the MSSM case. This picture
can suffer some alterations if h stays around 200 GeV,
while the rest of the Higgs bosons attain values around
400 GeV, since this will open not only the previously
mentioned channels, but possibly also decays into sparti-
cles. In such a case, one would run into a sort of MSSM

decoupling limit, but with a mass for the lightest Higgs
which is unattainable within the MSSM. Concentrating
on point D, we emphasize that both h and H couple
in a sizable way to the electroweak gauge bosons, and
thus the measurement of both couplings will permit a de-
tailed study of the EWSB mechanism, as it arises from a
2HDM. One possibility to discover these CP-even Higgs

POINT E

mA (GeV) mh (GeV) mH (GeV) m
H± (GeV)

134 181 205 165

g
2
hWW

g
2
HWW

g
2
hgg

g
2
Hgg

0.03 0.95 0.79 0.99

channel BMSSM (SM) channel BMSSM (SM)

h → bb̄ 0.23 (0.005) h → ττ̄ 0.03 (0.0005)

h → WW 0.68 (0.92) h → ZZ 0.04 (0.07)

H → WW 0.72 (0.73) H → ZZ 0.27 (0.27)

A → bb̄ 0.89 A → ττ̄ 0.10

H
+ → tb̄ 0.57 H

+ → τντ 0.40

TABLE V. Masses and branching fractions (and in the SM

for h and H) for point E.

bosons would be to search for two isolated peaks in the
ZZ → 4l golden mode. Notice that the branching frac-
tions of both h and H are very close to their SM coun-
terparts, while there is a difference in the gluon fusion
production cross section. Since the gg → H → ZZ sig-
nal can be sizably suppressed with respect to the SM,
the direct detection of H in this channel might not be
feasible. Nevertheless, a large number of models similar
to point D would in fact present two clear peaks in the
di-lepton invariant mass distribution. We also note that
these points have a gg → h → WW/ZZ signal that can
be 20-70 % larger than the SM value.

Point E: Non-SM-like Higgs with a clear di-boson signal

One interesting example of a point where mh is still
high, but mA is below 160 GeV is given in point E [? ] ,
shown in Table V. We see that this point has an unusual
Higgs hierarchy, since here h is heavier than both A and
H

± (in this respect similar to point C). The signal for
h → WW , normalized to the SM, is 0.54. The CP-even
H will be discovered first and will appear to be the SM
Higgs, since the signal is very close to the SM one. Soon
after, h will be found in both the ZZ and WW channels,
thus providing a clear evidence of new physics. Notice
that here the coupling of h to gauge bosons is extremely
small, but due to kinematics it still decays preferentially
into gauge bosons. We stress again that this is a unique
characteristic of the BMSSMHiggs sector in the low tanβ
regime, since in the MSSM a similar behavior can only
occur for H. For this point, the 1/M2 operators con-
tribute about 30 GeV to mh.

Point F: Multi-Higgs decay chains

For the points outside the Tevatron reach with mh be-
low 140 GeV, the most remarkable feature is the pos-
sibility of having the channels h → AA and H → AA

kinematically open. For the points where these chan-
nels are closed, the situation is not as interesting, so
we will focus on the first scenario. As an example, we
show point F [? ] in Table VI, where these channels
are the dominant decay modes of both h and H. For
this point, the 1/M2 operators contribute about 10 GeV
to mh. Focusing on the AA channel, the possible final
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POINT H

mA (GeV) mh (GeV) mH (GeV) m
H± (GeV)

210 111.3 215 225

g
2
hWW

g
2
HWW

g
2
hgg

g
2
Hgg

0.98 0.02 1.39 0.84

channel BMSSM (SM) channel BMSSM (SM)

h → bb̄ 0.03 (0.79) h → γγ/10−3 12.1 (2.1)

h → jets 0.56 (0.07) h → WW 0.36 (0.05)

H → bb̄ 0.86 H → ττ̄ 0.14

A → bb̄ 0.86 A → ττ̄ 0.14

H
± → τντ 0.35 H

± → tb̄ 0.64

TABLE VIII. Masses and branching fractions in the BMSSM

(and in the SM for h) for point H.

tanβ region of the MSSM. The charged Higgs can be

searched for in the τντ channel. However, we emphasize

again that the observation of light SUSY signals would

give compelling evidence for BMSSM physics. There are

also Tevatron covered (red) points at smaller mh values,

around 110 GeV with an enhanced di-photon signal. We

discuss these type of scenarios in the next section, to-

gether with the Tevatron uncovered (blue points) in the

same region.

E. LHC searches

Referring to Fig. 9 we split the Tevatron uncovered

(blue) points according to whether their signal into pho-

tons (and W’s) is enhanced or suppressed. For the latter

case, one has that h decays mainly into bottom and tau

pairs. In these scenarios, h can be within the reach of

the LHC in the τ τ̄ channel, and if the suppression of the

ZZ coupling is not extreme, maybe also in the ZZ → 4l

channel. Higgs decay chains, such as H → hh → bb̄τ τ̄ ,
can also give rise to interesting (if challenging) signatures.

We do not show a benchmark point here since the branch-

ing fractions of the relevant Higgs decay chain modes will

depend on the details of the sparticle spectrum.

Point H: SM-like Higgs with enhanced di-photon signal

We illustrate the features of models with a strong en-

hancement of the di-photon signal with point H [? ]

(shown in Table VIII). We see that h is rather light (the

1/M
2
operators contribute about 10 GeV to mh), but

escaped detection at LEP due to the strong suppression

of the bb̄ channel. The gg → h → γγ signal is larger than

the SM one by a factor of 8, thus allowing for a very nice

and clean detection of h at the LHC. As was discussed in

the context of Fig. 9, the same enhacement also occurs

for the WW and ZZ channels. Therefore, and in spite of

such a light Higgs mass, the gg → h → ZZ → 4l channel

would be at the reach of the LHC.

For the remaining neutral Higgs bosons (H and A),

one will have to consider the τ τ̄ search. The charged

Higgs may be detected at the LHC in the τντ channel.

Note that the benchmark point H has nonstandard

Higgs bosons that are too light to allow decays into hh.

However, given that h is rather light in the region with

suppressed bb̄ couplings, it is possible that such exotic

channels might be open, while still having an interesting

di-photon signal. As mentioned before, in such cases it

is possible that other channels involving SUSY particles

are also open.

V. CONCLUSIONS

We studied the Higgs collider phenomenology of

BMSSM scenarios, i.e. supersymmetric extensions of the

MSSM within an EFT framework where the effects of

the BMSSM degrees of freedom enter through higher-

dimension operators. As emphasized in [8] the first two

orders in the 1/M expansion can be phenomenologically

significant, and should be included. In the present work,

we have performed a model-independent study to high-

light the variety of collider signals that become available

in such scenarios.

The coupling of the lightest CP-even Higgs to bottom

pairs can be suppressed due to cancellations between the

MSSM contribution and those from the higher-dimension

operators. It does not seem to require a special tuning

of parameters and occurs in both the low and large tanβ
regimes. As a result, the signals in clean channels, such

as the di-photon or WW ones, can be greatly enhanced.

This suppression in the hbb̄ induces an enhancement in

the gluon fusion production cross section, beyond the one

arising from light sparticles in the loop.

To emphasize the interplay between the Tevatron and

the LHC, we have analyzed projections for the Tevatron

assuming a total integrated luminosity of 10 fb
−1

per ex-

periment and a 50% efficiency improvement in the WW

and bb̄ search channels with respect to present results.

We find that the current Tevatron data already probes a

large class of SUSY models, especially in the WW chan-

nel. The future projections indicate that the bb̄ channel

can become effective for a SM-like Higgs search. More-

over, a combination of the bb̄ and WW search channels,

together with the τ τ̄ decay mode in the large tanβ re-

gion, would further enlarge the set of BMSSM models

that can be probed at the Tevatron. However, our main

interest in this work was to survey the types of signals

that might be expected in SUSY scenarios, many of which

are not realized in the MSSM limit. Improving the anal-

ysis by combining channels and/or moderately increasing

the luminosity will not significantly change our conclu-

sions. Lightest CP-even Higgs bosons with masses above

180 GeV, that can not be probed by the Tevatron, will

be at the reach of the LHC.

Most of the changes in the expected Higgs signals, com-

pared to the MSSM, can be understood in large part

from the altered Higgs spectrum. We have surveyed a

wide range of possibilities by scanning over the parame-

ter space of the higher-dimension operators. Motivated

Two neutral Higgs boson decaying into gauge bosons

Model with enhanced SM-like Higgs decay into photons

Some Examples Carena, Kong, Ponton, Zurita’10
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Extra Dimensions

Some possible implementations:

Large extra dimensions:    Only gravity propagate into them.  They solve the 
hierarchy problem by lowering the fundamental Planck scale.

Universal Extra Dimensions:    All fields propagate into them. The 
compactification radius should be at least of the order of the (inverse)      
TeV scale, in order to avoid phenomenological problems

Warped extra dimensions:    Non-trivial extra dimensional metric.  All 
fundamental parameters are of the order of the Planck scale. Weak scale is 
obtained by exponentially small warp factor. 
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Physics Beyond the Standard Model Carlos E.M. Wagner, Argonne and EFI

Appelquist, Cheng, Dobrescu’01

(replaced by KK-parity)
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As was emphasised by Barr [1], the observability of interesting correlations depends

crucially on the fact that the LHC is a proton-proton collider, so that squarks/KK-quarks

are produced somewhat more copiously than their antiparticles. To quantify this e!ect,

we need to know the direct and indirect production cross sections of KK-quarks and KK-

antiquarks. We have therefore computed the lowest-order two-parton to two-KK-parton

matrix elements, which are expected to dominate the production of these particles. Our

results, which di!er somewhat from those presented in ref. [9],3 are discussed in section 5

and listed in appendix B.

Using our results on the UED production matrix elements and decay correlations,

together with the decay branching ratios suggested in ref. [5], we have included a full

simulation of the relevant UED processes in the HERWIG Monte Carlo event generator [10,

11]. Since the corresponding SUSY processes, with full spin correlations, are already a well-

established feature of HERWIG [12, 13], we are able in section 6 to present first detector-level

results on distinguishing UED and SUSY spin correlations at the LHC. Our results and

conclusions are summarized in section 7.

2. Decay chains in SUSY and UED

(a)

!qL

qL
lnear

lfar

!!0
1

!!0
2

l̃

(b)

q!L

qL
lnear

lfar

"!

Z!

l!

Figure 1: (a) SUSY and (b) UED decay chains considered here.

The SUSY decay chain that we shall consider, which is the same as that studied in

ref. [1], is shown in figure 1, together with the corresponding UED process. In both cases

the visible decay products are a quark jet and a pair of opposite-sign same-flavour (OSSF)

leptons with the same chirality. We suppose that the new particle masses have been

measured, either by an edge analysis along the lines of refs. [2, 3] or some other means, and

it remains to decide whether the decay angular distributions agree better with the SUSY

or UED spin assignments.

3An erratum to ref. [9] is in preparation (C. Macesanu, private communication).

– 3 –

Decay Chains are similar to the ones in SUSY

Difficult to differentiate between the two. Cross sections
are larger for UED, but this can be compensated by a 

somewhat larger mass spectrum. 

Masses : n/R + rad. corr.
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     Hierarchical fermion masses from localization

          FCNC and higher dimensional operators

         suppressed for the light fermion families

         Many KK excitations of bulk SM fields

                     ==> rich phenomenology

!
NP

" 10  TeV

All KK modes are localized towards the IR brane  ==> large corrections to SM

gauge boson masses and couplings due to mixing induced by the Higgs

Stringent bounds on the scale of new physics

Does the original RS model pass the test of precision measurements 

 and allow for new excitations of SM particles at the reach of the LHC?

W ,Z,g,!

! heavy

UV brane IR brane

 Higgs + KK modes

Since all KK modes tend to be localized towards the IR brane,  
and the heavy SM fermions should also be localized towards this 
brane, KK glons couple strongly to top quarks. 

All KK mode masses are quantized in units of π k exp(−kL),

mn = (x1 + (n− 1)π)k exp(−kL)

where x1 � 2.5 for gauge bosons and 3.8 for gravitons. For even fermions,
it depends on the localization, but it is similar to gauge bosons.
In general, it depends on localization and on brane terms.

Warped Extra Dimensions
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Top pairs from KK gluons
• Nice signal above SM top 

production

• PDF and stat. errors shown, 
assuming 100  

• Width/Mass ~17%
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Figure 3: Invariant mass distribution of tt̄ pairs coming from the KK gluon resonance, and SM
tt̄ production. The errors shown on the background curve are the statistical errors assuming
100 fb!1 of luminosity.
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Figure 4: Invariant mass distribution of the decay products for several masses of the KK gluon.
This assumes all tt̄ events are fully collimated. “BG” is QCD dijet production. All jets are
required to have pseudo-rapidities |!| < 0.5, and at least one to have pT > 500 GeV. The errors
shown on the background curve are the statistical errors assuming 100 fb!1 of luminosity.
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Figure 2: Total cross-section for production of the first KK gluon, as a function of KK mass.

3 Discovery

3.1 Cross Section

The KK excitations of the gluons will appear as resonances in the process pp ! qq̄, primarily
decaying in the tt̄ channel. The branching ratio for g(1) ! tt̄ is 92.5% (and another 5.5% is
to bb̄, with the rest to light quark jets). To study the signal we have simulated the process
qq̄ ! g(1) ! qq̄ using MADGRAPH and MADEVENT [12]. A plot of the inclusive cross section
as a function of the resonance mass is shown in Fig. 2. The width of this resonance with the
fermion configuration in Eq. 3 is

!/M " 0.17. (6)

Figure 3 shows the tt̄ invariant mass distribution from KK resonances, demonstrating that
with e"cient top quark identification it should be visible above the SM tt̄ background up to
relatively high masses. This will require reconstructing the tt̄ pair to identify the relatively
narrow resonance in the mtt̄ distribution. Clearly, identifying the top pairs will be crucial to
the discovery and study of the KK-gluon and experiments will have to be as e"cient as possible
in identifying tops.

To emphasize the importance of top ID, consider the worst case scenario in which a top
jet is not distinguished from a QCD jet. We compare the signal with QCD dijet production.
We show the rates for dijets, with both pseudo-rapidities < 0.5 and the leading jet pT > 500
GeV in Fig. 4. We see that even selecting the events to be very central and containing high
pT jets, signal identification is di"cult. The raw dijet rate is overwhelming even with these
cuts. Although more refined cuts could reduce the background, they are probably not enough
without some top-quark ID.

4

Cross-section at LHC reasonable, 
limited by small coupling to light 
fermions, and lack of glue-glue 

coupling

dσ
/d

m
(p

b/
G

eV
)

mtt̄

mKK

σ
pb
B. Lillie, L. Randall, L. Wang  hep-ph/0701166

M_tt (GeV) 

(TeV)

Agashe et al;
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More realistic reach estimates

• When heavy gluon KK modes decay into top-quarks, tops are heavily 
boosted

• Reach depends on proper top quark identification and control of 
backgrounds. 

• KK gluons decaying dominantly into right-handed top quarks may be 
discovered up to masses of 4 TeV.  (Agashe et al’07, U. Baur, L. Ohr’08)

• Measurement of the inclusive top cross section may provide 
information on the particular RS model, and,  in particular of the size 
of the IR brane kinetic terms.  (Lillie, Tait, Shu’07).  

Friday, June 10, 2011
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Figure 4: Reconstructed tt̄ mass on linear (a) and logarithmic (b) scales using the dRmin algorithm after

all cuts. The electron and muon channels have been added together and all events beyond the range of

the histogram have been added to the last bin. Only statistical uncertainties are shown.

Figure 5: Event display for a high-mass event (mtt̄ = 1602 GeV). The main panel on the top left shows

the r − φ view, the bottom panel the r − z view, and the middle right panel the calorimeter η − φ view.

The top quark boosts lead the decay products to be collimated, albeit still mostly distinguishable using

standard reconstruction algorithms.
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Figure 6: Expected (dashed line) and observed (black points connected by a line) upper limits on

σ× BR(Z� → tt̄) (a) and σ× BR(gKK → tt̄) (b) using the dRmin algorithm. The dark and light green

bands show the range in which the limit is expected to lie in 68% and 95% of experiments, respectively,

and the red lines correspond to the predicted cross-section times branching ratio in the leptophobic top-

colour and RS models. The error bars on the topcolour cross-section curve represent the effect of the

PDF uncertainty on the prediction.

12 Summary and conclusions

A search for top quark pair (tt̄) resonances in the lepton plus jets final state has been performed with the

ATLAS experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity

of 200 pb
−1

, and was recorded at a proton-proton centre-of-mass energy of 7 TeV. No evidence for a

resonance is found. Using the reconstructed tt̄ mass spectrum, limits are set on the production cross-

section times branching ratio to tt̄ for narrow Z� models. The observed 95% C.L. limits range from 38

pb at m = 500 GeV to 3.2 pb at m = 1300 GeV. In Randall-Sundrum models, Kaluza-Klein gluons with

masses below 650 GeV are excluded at 95% C.L.
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Medina, Shah, Wagner ‘07

In these models KK gluons are  strongly coupled to KK tops and KK 
tops provide their dominant decay branching ratio

Contino, Da Rold, Pomarol’06GHU models with Custodial Symmetry : Agashe, Delgado, May, Sundrum’03
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Heavy quark reach increased to about 1.5 TeV from the QCD production reach of about 1.1 TeV
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Are there any Hints of New Physics

Beyond the ones coming from Astrophysics and Cosmology ?

(N. Weiner’s talk for complementary view)
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Observed HEP Anomalies
Signals which are two to three standard deviations away from the expected SM predictions.

• 100 GeV Higgs signal excess. Rate about one tenth of the corresponding SM Higgs one.

• 115 GeV Higgs signal, seen only by Aleph experiment at LEP.

• DAMA/LIBRA  annual modulation signal, direct DM detection searches (sodium iodide NaI 
scintillation crystal).  COGENT experiment sees a compatible signal, disputed by XENON

• Anomalous magnetic moment of the muon.

• Forward-backward asymmetry of the bottom quark at LEP.

• Forward-backward asymmetry of the top quark at the Tevatron.

• Apparent anomalous neutrino results, in MiniBoone, MINOS, LSND and reactor fluxes.

• CP-violation in the Bs mixing seen by D0 and CDF.  Related dimuon charge asymmetry at D0

• Anomalies observed in                                                                    transitions

• Apparent 214 MeV muon pair resonance in the decay

• Anomalous W + 2 jets events with invariant mass of the 2 jets peaking at 150 GeV at CDF

• Proton radius difference measured in electron or muon hydrogen atoms ? (R. Hill, G. Paz’11)                     

Σ→ p µ+µ−
B → Kπ, B → τν and B → Kl+l−
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appropriate amount of cold dark matter but cannot be excluded by cosmological constraints.
Here we want to study whether both regions where the LEP chargino limit is reduced can be
excluded by the experimental data on aµ.

As emphasized in ref. [11] the supersymmetric contributions to aµ coming from smuon-
neutralino and sneutrino-chargino loops are significant and the present experimental bound
already sets important constraints on the parameters, especially if tan! is large. For tan! ! 1,
the supersymmetric contribution is approximately given by

"aµ "
#

8$ sin2 %W

m2
µ

m̃2
tan ! " 15 # 10!10

!
100 GeV

m̃

"2

tan ! , (11)

where m̃ represents the typical mass scale of weakly-interacting supersymmetric particles. It
is evident from eq. (11) that, if tan ! ! 1, the experimental constraint on "aµ can set bounds
on the supersymmetric particle masses which are competitive with the direct collider limits.
Indeed, the case tan! " mt/mb ! 1 has some special theoretical appeal. First of all, it allows
the unification of the bottom and tau Yukawa couplings at the same energy scale at which gauge
couplings unify, consistently with the prediction of the minimal SU(5) GUT model. Also it
allows a dynamical explanation for the top-to-bottom mass ratio, with approximately equal top
and bottom Yukawa couplings at the GUT scale, consistently with the minimal SO(10) GUT
[19].

The supersymmetric contribution to aµ is
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where the errors are due to the electroweak, lowest-order

hadronic, and higher-order hadronic contributions, respectively.

The di!erence between experiment and theory

"aµ = aexp
µ ! aSM

µ = 255(63)(49)" 10!11 , (15)
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Figure 2: Compilation of recently published
results for aµ (in units of 10!11), subtracted
by the central value of the experimental aver-
age (3). The shaded band indicates the exper-
imental error. The SM predictions are taken
from: HMNT [18], JN [4], Davier et al.,
09/1 [17], and Davier et al., 09/2 [15]. Note
that the quoted errors do not include the un-
certainty on the subtracted experimental value.
To obtain for each theory calculation a result
equivalent to Eq. (15), the errors from theory
and experiment must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.2 times the

estimated 1! error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to " data reduces the discrepancy to 1.9!, assuming

July 30, 2010 14:34

Muon Anomalous Magnetic Moment

Present status:  Discrepancy between Theory and 
Experiment  at more than  three Standard Deviation level

New Physics at the Weak scale can fix this 
discrepancy.  Relevant example : Supersymmetry

Masses of the order of the weak scale lead to a natural 
explanation of the observed anomaly !

M. Carena, G. Giudice,  C. E.M. Wagner ’96
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QCD, excellent agreement between data and theory is

found [18].

A full compilation of all contributions to ahad,LOµ is

given in Table II of Ref. [18].

Muon magnetic anomaly. Adding all lowest-

order hadronic contributions together yields the estimate

(this and all following numbers in this and the next para-

graph are in units of 10−10) [18]

ahad,LOµ = 692.3± 1.4± 3.1± 2.4± 0.2± 0.3 , (12)

where the first error is statistical, the second channel-

specific systematic, the third common systematic, corre-

lated between at least two exclusive channels, and the

fourth and fifth errors stand for the narrow resonance

and QCD uncertainties, respectively. The total error

of 4.2 is dominated by experimental systematic uncer-

tainties. The new result is −3.2 · 10−10 below the pre-

vious one [26]. This shift is composed of −0.7 from

the inclusion of the new, large photon angle data from

KLOE, +0.4 from the use of preliminary BABAR data

in the e+e− → π+π−2π0 mode, −2.4 from the new high-

multiplicity exclusive channels, the re-estimate of the un-

known channels, and the new resonance treatment, −0.5
from mainly the four-loop term in the QCD prediction of

the hadronic cross section that contributes with a nega-

tive sign, as well as smaller other differences. The total

error on ahad,LOµ is slightly larger than that of Ref. [26]

owing to a more conservative evaluation of the inter-

channel correlations.

Adding to the result (12) the contributions from higher

order hadronic loops, −9.79± 0.09 [44], computed using

a similar dispersion relation approach, hadronic light-by-

light scattering (LBLS), 10.5 ± 2.6 [46], estimated from

theoretical model calculations (cf. remark in Footnote 5),

as well as QED (7), and electroweak effects (10), one

obtains the full SM prediction

aSMµ = 11 659 180.2± 4.2± 2.6± 0.2 (4.9tot) , (13)

where the errors have been split into lowest and higher or-

der hadronic, and other contributions, respectively. The

result (13) deviates from the experimental average (4) by

28.7± 8.0 (3.6σ).5

A compilation of recent SM predictions for aµ com-

pared with the experimental result is given in Fig. 7.

Update of τ -based g−2 result. Since the majority

of the analysis in the aµ analysis also affects the τ -based
result from Ref. [22], a reevaluation of the correspond-

ing τ -based hadronic contribution has been performed

in Ref. [18]. In the τ -based analysis [47], the π+π−

5 Using alternatively 11.6±4.0 [14] for the light-by-light scattering
contribution, increases the error in the SM prediction (13) to 5.8,
and reduces the discrepancy with experiment to 3.2σ.
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FIG. 7: Compilation of recent results for aSM
µ (in units of

10−11), subtracted by the central value of the experimental
average (4). The shaded vertical band indicates the exper-
imental error. The SM predictions are taken from: DHMZ
10 [18], HLMNT (unpublished) [43] (e+e− based, including
BABAR and KLOE 2010 π+π− data), Davier et al. 09/1 [22]
(τ -based), Davier et al. 09/1 [22] (e+e−-based, not including
BABAR π+π− data), Davier et al. 09/2 [26] (e+e−-based in-
cluding BABAR π+π− data), HMNT 07 [44] and JN 09 [45]
(not including BABAR π+π− data).

cross section is entirely replaced by the average, isospin-

transformed, and isospin-breaking corrected τ → π−π0ντ
spectral function,6 while the four-pion cross sections, ob-

tained from linear combinations of the τ− → π−3π0ντ
and τ− → 2π−π+π0ντ spectral functions, are only eval-

uated up to 1.5 GeV with the τ data. Due to the lack

of statistical precision, the spectrum is completed with

the use of e+e− data between 1.5 and 1.8 GeV. All the

other channels are taken from e+e− data. The complete

lowest-order τ -based result reads [18]

ahad,LOµ [τ ] = 701.5± 3.5± 1.9± 2.4± 0.2± 0.3 , (14)

where the first error is τ experimental, the second esti-

mates the uncertainty in the isospin-breaking corrections,

the third is e+e− experimental, and the fourth and fifth

stand for the narrow resonance and QCD uncertainties,

respectively. The τ -based hadronic contribution differs
by 9.1 ± 5.0 (1.8σ) from the e+e−-based one, and the

full τ -based SM prediction aSMµ [τ ] = 11 659 189.4 ± 5.4
differs by 19.5±8.3 (2.4σ) from the experimental average.

This τ -based result is also included in the compilation of

Fig. 7.

6 Using published τ → π−π0ντ spectral function data from
ALEPH [48], Belle [49], CLEO [50] and OPAL [51], and using
the world average branching fraction [36] (2009 PDG edition).

287

3.6σ Discrepancy A. Hoecker’11; Boughezal, Melnikov’11

Here m̃ represents the weakly interacting supersymmetric particle masses.

For tanβ � 10 (50), values of m̃ � 230 (510) GeV would be preferred.
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Forward-Backward Asymmetry 

!  Employ an unfolding 
procedure to go from 
reconstructed to parton 
level: 
!  1. Subtract the background 
!  2.  Unfold for bin-to-bin 

migration effects due to 
detector resolution and event 
selection effects 

01/19/10 Andrew Ivanov ,KSU 

!fb = 19.3% +/- 6.5% (stat) +/- 2.4% (syst) 

!  Systematic uncertainty includes 
various assumptions about the 
shape of  –Ql-Yhad distribution  

7 

Top Forward Backward Asymmetry and
Direct Dark Matter detection

40 

Att at high and low mass: parton level 
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Regarding the CDF W + 2 jets anomaly announced 
two months ago at Fermilab 

Fit to data with SM templates + gaussian
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(d)
Data fitted with SM
templates plus a gaussian.
∆χ2 observed 20.31 that
corresponds to a statistical
significance of 3.7σ
(including trial factor)

Electrons Muons
Excess events 156± 42 97± 38

Excess events / expected diboson 0.60± 0.18 0.44± 0.18
Mean of the Gaussian component 144± 5 GeV/c2

V. Cavaliere (University of Illinois at Urbana-Champaign) Seminar 04/06/2011 27 / 38
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Significance increased to 4.7 S.D. after recent update

D0 is going to report on their results soon, may be today (J. Zhu’s talk)
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D0 Thesis on Higgs WW limits 

S.M. Zelitch’10
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Possible Explanations of Tevatron Anomalies

Red line : New Physics
S-Channel : Heavy (Axi-)Gluon Resonance. (Ferrario, Rodrigo; Shu, Tait, Wang;                   
Perez et al,  Djouadi et al ) Already constrained by LHC.

T-Channel : New Flavor violating, Charged or neutral, scalar or vector      
resonances (Jung, Murayama, Pierce, Wells; Cheung, Keung, Yuan; Barger, Berger, Shaughnessy....)

Top Forward Backward Asymmetry

T-Channel
S-Channel

q

q

t

t
__

q

q

t

t_ _

Global fit in different models, including cross section and invariant mass 
distribution constraints : Cao, McKeen, Shaughnessy, Rosner, C.W. ’10

T-Channel
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that the bands along the gL = 0 axis are slightly wider than those along the fL = 0 axis due

to the asymmetric contributions of fL and gL to !G! , cf. Fig. 5(e).

2. mG! = 2000GeV

When the G! boson is very heavy, only the interference term in Eq. (20) contributes to

AFB, leading to

AINT
FB !

(fL " fR) (gL " gR)

(fL + fR) (gL + gR)
. (38)

This dependence is illustrated in Fig. 7. In order to get positive corrections to AFB and the

top pair production cross section, the product fLgL needs to be negative to compensate the

negative sign from the denominator of the propagator 1/(ŝ"m2
G!) which is what we see in

the upper left and lower right quadrants of Figs. 7 (a) and (b). The results of the MCMC

scan are shown in Fig. 8 for mG! = 2000GeV. The contours look similar to those in Fig 6 but

show a slight pull into the upper right and lower left quadrants which is not what we would

expect from Fig. 7. This shows that the Mtt̄ distribution is again determining the shape of

the contours since Fig. 7 only takes AFB and !tt̄ into account and not the Mtt̄ distribution.

The fit to both experiments is similar to the mG! = 1000 GeV case, #"2$chain = 2.29 for an

integrated luminosity 3.2 fb"1 which is also worse than in the SM where #"2$chain = 2.07.

The fit is worsened at the upgraded luminosity with #"2$chain = 5.58 if the central values do

not change which is again a worse fit than the SM.
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FIG. 7: Theoretical prediction contours for mG! = 2000 GeV with fR = gR = 0 in the plane of fL

and gL with fR = gR = 0: (a) cross section (pb) and (b) Atot
FB.

19

Heavy, 2 TeV Gluon Resonance

Opposite charges to light and heavy generations.

Cao, McKeen, Shaughnessy, Rosner, C.W. ’10

Due to large couplings and heavy gluon width, LHC dijet  searches                   
already put strong constraints on this scenario
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Possible Explanations of Tevatron Anomalies
W +  2 jets Anomaly

Red lines : New Physics.   External one decays into two jets
S-Channel : Scalar or Vector Resonances (Eichten, Lane, Martin; Cilic and Thomas; 
Cao, Carena, Gori, Menon, Schwaller, Wang, C.W. ...)

T-Channel : New Charged or neutral, scalar or vector resonances (Hooper, 
Buckley, Kopp, Perez, Neil; Fox, Liu, Tucker Smith, Weiner, Yu...)

T-Channel

S-Channel

q

q

q

q
W

W

q

_ _
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Two Higgs Doublet Model Explanations

• 250 to 300 GeV charged Higgs boson, decaying to neutral one

• Neutral Higgs boson has CP-even and CP-odd components 
which may be split, providing one or two close-by resonances.  
Flavor Physics constraints. 

• Real Higgs mass enhanced w.r.t. SM prediction, in order to 
regain agreement with precision electroweak measurements
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Figure 4: Dijet invariant mass spectrum for di-boson background only (red) and signal
plus background (blue). The parameters chosen for the simulation are MH± = 330 GeV,
MA0 = 210 GeV and MH0 = 150 GeV.
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Several proposals to do that, one particularly interesting based on Z’
proposed by Hooper, Buckley, Koop and Neil ’11

Another based on two Higgs doublets, proposed by Ann Nelson, T. Okui 
and T. Roy’11  Constrained by Flavor Physics

Somewhat different implementation of this idea,  Q.H. Cao,                  
M. Carena, S. Gori, A. Menon, P. Schwaller, L.T. Wang, C.W. ’11

Common Origin of Anomalies ?

Kinematic distributions can rule out some of these models, but still both      
s-channel explanations, as well as flavor universal Z’ models seem to be 
consistent with data.

Z’ models lead to new photon and Z plus 2 jets signals and are easily 
constrained at the LHC (Hewett, Rizzo’11) 

Kinematic Distributions

Technicolor ? Eichten, Lane and Martin suggest a technirho 
decaying into a technipion !             arXiv:1104.0976
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Cao, Carena, Gori, Menon, Schwaller, Wang, C.W.  to appear

Total invariant mass distribution

Only up-quark Z’coupling Universal Z’ coupling
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Reasons for Proposal and Later 
Solutions to 4 Puzzles 
!  1) Klein Paradox --apparent violation of unitarity 

(solution:positron existence- pair production 
possible) 

!  2) Wrong Statistics in Nuclei--N-14 nucleus  
appeared to be bosonic--(solution: neutron not a 
proton-electron bound state) 

!  3) Beta Ray Emission-apparent Energy non 
conservation (solution:neutrino) 

!  4) Energy Generation in Stars (solution: nuclear 
forces, pep chain, carbon cycle etc.----pion) 

(1932)

G. Segre’10
Friday, June 10, 2011
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Regions of parameter space consistent with Neutralino 
relic density: Heavy CP-odd boson and heavy Sleptons

Gori, Schwaller, C.W. ’11

Green : tanβ = 50
Black : tanβ = 10

mA = 1TeV

mq̃ � 1 TeV
Mg̃ � 6M1

M2 = 2M1

(a) (q̃L → h+X) (b) (q̃R → h+X)

(c) (t̃1 → h+X) (d) (t̃2 → h+X)

Figure 3: Probability for a Higgs boson in squark decay chains, for MA = 1000 GeV. From lightest

to darkest blue, the probabilities are 5%, 10%, 15%, 20%, 25%, 30%. The gray hatched area is

excluded by LEP. Superimposed are the regions of correct relic density for tanβ = 10 (black) and

tanβ = 50 (green). The constraints from dark matter direct detection are not shown. The yellow

star indicates the benchmark point (I) discussed in Sec. 4.

12
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Regions of parameter space consistent with  Neutralino 
relic density: Heavy Sleptons and Light CP-odd boson

Green : tanβ = 50
Black : tanβ = 10

Gori, Schwaller,  C.W.,  arXiv:1103.4138

mA = 300 GeV

M2 = 2M1

mq̃ � 1 TeV
Mg̃ � 6M1

Countours of proper 
relic density

Blue regions :

Appreciable 
Branching 
Decay Fraction.

Darker means 
larger branching 
decay fraction.

X : energetic
quarks, leptons 
and missing 
energy

Good prospects of observing Higgs in the14 TeV
 run and, perhaps, even in the 7 TeV run (Gori’s talk today)

(a) (q̃L → h+X) (b) (q̃R → h+X)

(c) (t̃1 → h+X) (d) (t̃2 → h+X)

Figure 4: Same as Fig. 3, for MA = 300 GeV. The yellow star and cross show the positions of the
benchmark points (II) and (III) respectively, discussed in Sec. 4.

13

Friday, June 10, 2011



Hints of an Organizing Principle

Fortunately, we already know that the MSSM soft terms cannot be arbitrary,

because of experimental constraints on flavor violation.

For example, if there is a smuon-selectronmixing

(mass)2 term L = !m2
µ̃LẽL

ẽLµ̃!
L, and M̃ =

Max[mẽL
, mẽR

, M2], then by calculating this

one-loop diagram, one finds the decay width:

!

e!µ!

eB,fW 0

eµ ee

µ" " e"!

!(µ" " e"!) = 5 # 10"21
MeV

!m2
µ̃LẽL

M̃2

"2!100 GeV
M̃

"4

For comparison, the experimental limit is (from MEGA at LAMPF):

!(µ" " e"!) < 3.6 # 10"27
MeV.

So the amount of smuon-selectron mixing in the soft Lagrangian is limited by:

!m2
µ̃LẽL

M̃2

"
< 10"3

! M̃

100 GeV

"2

83

Another example: K0 ! K0 mixing.

Let L = "m2
d̃Ls̃L

d̃Ls̃!L be the flavor-violating

term, and M̃ = Max[md̃L
, ms̃L

, mg̃].

Comparing this diagram with!mK0 gives:

eg eg

d̃ s̃

s̃ d̃

d s

s d

K0 ! K0

m2
d̃Ls̃L

M̃2
< 0.04

! M̃

500 GeV

"

The experimental values of ! and !"/! in the effective Hamiltonian for the

K0, K0 system also give strong constraints on the amount of d̃L, s̃L and

d̃R, s̃R mixing and CP violation in the soft terms.

Similarly:

TheD0, D0 system constrains ũL, c̃L and ũR, c̃R soft SUSY-breaking mixing.

The B0
d, B0

d system constrains d̃L, b̃L and d̃R, b̃R soft SUSY-breaking mixing.

In general, the soft-SUSY breaking terms must be either very heavy, or

nearly flavor-blind, to avoid flavor-changing violating experimental limits.

84

Flavor Changing Neutral Currents

• Two particularly constraining examples of flavor changing neutral
currents induced by off-diagonal soft supersymmetry breaking parameters

• Contribution to the mixing in the Kaon sector, as well as to the rate of
decay of a muon into an electron and a photon.

• While the second is in good agreement with the SM predictions, the first
one has never been observed.

• Rate of these processes suppressed as a power of supersymmetric particle
masses and they become negligible if relevant masses are heavier than 10 TeV

18

SUSY Breaking and Flavour Changing Neutral Currents

Low Energy Supersymmetry requires reduced flavor dependence.         
Preference towards flavor independent SUSY breaking schemes.

Demand masses larger than 10 TeV, unless flavor violation is small.

Friday, June 10, 2011



The search for the Standard Model Higgs at the LHC

• Low mass range mHSM < 200 GeV

H !"" ,## ,bb,WW ,ZZ

•  High mass range mHSM > 200 GeV

H !WW ,  ZZ

   1 bf-1

 in 2009

If there is a Higgs boson, with properties similar to those predicted in 
the Standard Model, the high energy/luminosity LHC will find it.

14 TeV
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Effects of KK modes of the gauge bosons on Z pole observables

• Large mixing with Z and W zero modes through Higgs

Large corrections to the Mz/Mw ratio

                   (T parameter)

M
KK

! 5 "10  TeV

•    Top and bottom zero modes localized closer to the IR brane 

Large gauge and Yukawa couplings to Gauge Bosons and fermion KK modes

                                        Large corrections to the Zbb coupling

!

!

x x x x

x x

x

x

SM in the bulk

Z Z

b
L

b
Lb

L

b
L

b
R

'

b
R

'

B
(n)
,W

3

(n)

Csaki et al’02; Hewett et al’02, Pomarol et al’02
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1)  Extend SM bulk gauge symmetry to a custodial symmetry

How to obtain a phenomenologically interesting theory?

SU(2)L x SU(2)R 

2) The custodial symmetry together with a discrete L     R    symmetry

and a specific bidoublet structure of the fermions under

!

SU(2)L x SU(2)R

==> reduce tree level contributions to the T parameter and the  Zbb coupling

             that allow for lightest KK gauge bosons with MKK~ 3 TeV 

x x x x x xx x

x x x x

Agashe, Delgado, May, 

Sundrum ‘03

Agashe, Contino, DaRold, 

Pomarol ‘06T 3
R(bL) = T 3

L(bL)
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Correlation between corrections to T and Zbb

T has negative values in most of the
parameter space. Positive values

require:   RH top “almost flat”  and
LH top/bottom near the IR

UV        (singlet localization)      IR

T

Positive T leads to large
deviations from allowed

experimental values of Zbb

T

2!  experimental bound

c2

to the group theory factors associated with the 10-dimensional representation of SO(5) it is

impossible to accommodate the observed top mass unless the SU(2)L singlet top comes from a

5. The SU(2)L doublet components can arise either from a 5 or a 10 of SO(5).5 Therefore, in

the top quark sector, only the bidoublet and singlet localized masses (M̂Q and M̂u) are relevant.

The localized masses also a!ect the spectrum of KK modes and have the important conse-

quence that they make the light states even lighter. Based on this observation we see that

• The bidoublet localized mass, M̂Q, by pushing the ! states to lower masses, has the e!ect

of enhancing the negative contributions to the T parameter discussed in section 3.

• The localized mass M̂u can also generate light states in the singlet towers, which in general

enhances their positive contributions to the T parameter.

We find that whenever the bidoublet mass, M̂Q, is appreciable, the negative contributions to

the T parameter are very important. In fact, if the top mass is generated only from M̂Q, T

is negative for all c1 and c2, the localization parameters for the two SO(5) multiplets that

generate the top quark [12].

Given the restrictions imposed by the top quark mass, and in order to obtain positive

values of T , we consider the case with only quintuplets of SO(5), and choose the parities so

that bidoublet mixing masses are forbidden:

"1L ! Q1L =

!
!u

1L(", +) qu
L(+, +)

!d
1L(", +) qd

L(+, +)

"
# u!

L(", +) ,

"2R ! Q2R =

!
!u

2R(+,") q!uR (+,")
!d

2R(+,") q!dR(+,")

"
# uR(+, +) ,

(55)

where, under SU(2)L $ SU(2)R, Qi ! (2, 2) for i = 1, 2, and u and u! are singlets under this

symmetry. All multiplets are taken to have charge X = 2/3. The parities of Q1 and u are

fixed by the unbroken SU(2)R symmetry on the IR brane, and by the low-energy content. The

parities of Q2 are chosen so the bidoublets cannot mix through IR brane localized masses, and

the parity of u! is then fixed so a singlet mixing mass, that generates the top quark mass, can

be written:

#(L " y)
#
M̂uū

!
LuR + h.c.

$
. (56)

5When both a 5 and a 10 are used, only the bidoublets in each multiplet can mix, due to the unbroken
SU(2)L $ SU(2)R symmetry on the IR brane. Maximizing the top Yukawa coupling requires maximizing the
mixing. If one assigns the singlet to the 10 and makes the mixing large, one finds a situation where e!ectively
both chiralities come from a 10, which leads to a small top mass. Therefore, the singlet must come from a 5.
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Figure 6: Contribution to the T parameter involving the KK modes of Eq. (55), which couple
to the Higgs through the top Yukawa coupling. We use k̃ = 1.5 TeV and mtop = 167 GeV.

where k̃ = ke!kL, and !Sf is the contribution from the fermion loops given in Eq. (44). In

Fig. 7 we show !Sf as a function of c2 for several values of c1. We see that, as we said, it is

positive and much less dependent on the parameters of the model.

For a light Higgs with mH ! 115 GeV (recall that gauge-Higgs unification models typically

predict a light Higgs), a 2! bound on S "< 0.3 appears [20]. In order to be consistent with the

2! S-T bounds for the largest allowed values of S, a positive contribution of T # 0.3 is also

required. The bound on S leads to a lower bound k̃ # 1.2 TeV (this includes a contribution

!Sf # +0.06), which corresponds to KK gauge boson masses of MKK # 2.5 k̃ # 3 TeV. In

turn, the positive contribution to T can arise from the 1-loop e"ects associated with the top

sector discussed above, for specific values of the bulk mass parameters. For example, taking

c1 = 0, this can be obtained for c2 = $0.468. The top mass fixes M̂u # 2.91. The gauge

contributions to the T and U parameters of Eq. (20) are negligible (!Tgauge # $0.006 and

!Ugauge # 0.005).

For the above values of parameters, one also finds "gb L/gb L # 0.8 % 10!3, arising from the

gauge contribution in Eq. (25). There are also potentially important loop-level contributions
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FIG. 1: Correlation between the one-loop contributions to the T parameter, denoted by !T , and

the one-loop contributions to !gbL
/gbL

in the model of Eq. (5). We show representative curves

for a few values of the left-handed top quark localization parameter, c1, and the bottom quark

localization parameter, c3, as the right-handed top localization parameter, c2, is varied. We take

the mass of the first KK excitation of the SU(2)L gauge bosons mgauge
1 = 3.75 TeV. The band

corresponds to the 2-" bound on !gbL/gbL, assuming no large corrections to the ZbRb̄R coupling.

give the analytic expressions here since they are somewhat complicated. The dominant

contribution arises from the singlet, but the mixing terms can also give a relevant e!ect.

It should be noted that, although these contributions depend on several mass and mixing

parameters, within the context of an extra dimensional theory all of these are highly corre-

lated by the shape of the wavefunctions. As an example, we show in Fig. 1 the correlation

between the one-loop contributions to T and the ZbLb̄L vertex in the gauge-Higgs unification

scenario based on the SO(5)! U(1)X gauge symmetry, and with the fermion content given

in Eq. (5). In particular, we see that in the region where T becomes positive, the one-loop

contribution to the ZbLb̄L vertex increases, and cannot be neglected in the EW fit. In the

figure, we did not include the tree-level contributions to the T -parameter from gauge KK

mode exchange, which are subdominant.

Given the importance of these one-loop corrections, we have formally added them to the

e!ective Lagrangian at the same level as the tree-level corrections computed in the previous

11

EW Precision Measurements and Light KK states
in Warped Extra Dimensions

M.~Carena, E.~Ponton, J.~Santiago and C.~E.~M.~Wagner,
Nucl.Phys.B759:202-227,2006 and hep-ph/0701055

Model based on an extended custodial symmetry, leading to small 
corrections to the T parameter and the Z-coupling of bottom quarks.   

c2 : Right-handed top bulk mass
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Warped Extra Dimensions

• Space is compact, of size 2 L, with orbifold  conditions  x, y                   x,-y

• Brane at y = 0  ( Ultraviolet or Planck Brane)

      Brane at y = L  (Infrared or TeV Brane)

• Non-factorizable metric:                                         solution to 5d Einstein equations

• Newton’s law modified:  5d Planck mass relates to MPl:

 ! Natural energy scale at the UV brane: Fundamental Planck scale

      At the TeV brane, all masses are affected by an exponential warp factor:
.

                                                                          Assuming fundamental scales all of same order:

                                                                                                Solution to Hierarchy problem :

                                                                                 Higgs field lives on the TeV brane

                                                                                                                         with kL ~30

Solution to the Hierarchy Problem

 

ds
2
= e

!2k |y|
"µ#dx

µ
dx

v
+ dy
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Randall, Sundrum’99
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Physics Beyond the Standard Model :  The LHC ERA

The current decade will see the completion of the Tevatron and the full development of 
the LHC program, which will provide detailed information of physics at the TeV scale.

Origin of fermion and gauge boson masses (electroweak symmetry breaking dynamics) 
expected to be revealed by these experiments.

Missing energy signatures at the LHC may reveal the presence of one or more dark 
matter candidates which may be the first evidence of a world of new particles. Direct 
and indirect detection experiments will reach maturity.

Tevatron, LHCb and super B-factories will provide accurate information on flavor 
physics, leading possibly to complementary information on new physics.

Search for charged lepton number violation and neutrino double beta decay experiments 
could reveal nature of neutrinos, and new dynamics at the TeV scale. Neutrino oscillation 
experiments may lead to the observation of CP-violation or other surprises.

The next years can mark the termination of the Standard Model Dictatorship and the 
beginning of a genuine new era in physics, similar to the one that led to the successful 
SMs of particle physics and cosmology,  which arguably started about 100 years ago.   
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Gauge Mediated SUSY Breaking

Supersymmetry breaking is transmitted to the observable 
sector via (flavor blind) gauge interactions

Messenger sector in complete representations of SU(5) and 
vector-like.  

Minimal model:  One 

SUSY  Breaking
Sector

Messenger
Sector

Observable
Sector (quarks, 
leptons, Higgs)Gauge Int.

(5, 5̄) ≡ (3, 2) + (3̄, 2̄)

W = λ S 3 3̄ + γ S 2 2̄, < S >= S + FSθ2,

with S a singlet field parametrizing SUSY breaking and the messenger mass
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Integrating the messenger sector gives mass to gauginos at one-loop

Minimal Gauge-Mediated SUSY Breaking model (continued)

The effect of SUSY breaking is to split the messenger masses:

!, ! : m2
fermions

= |y2!S"|2 , m2
scalars = |y2!S"|2 ± |y2!FS"| ;

q, q : m2
fermions

= |y3!S"|2 , m2
scalars = |y3!S"|2 ± |y3!FS"| .

The SUSY-breaking apparent here is transmitted

to the MSSM gauginos through one-loop graphs:

The results are

! S "

! FS "

B, W, g

Ma =
"a

4#
!, where ! #

!FS"
!S"

.

The MSSM gauge bosons do not get such a mass shift, since they are protected

by gauge invariance. So SUSY breaking has been successfully communicated to

the MSSM.

112

Gauge bosons do not get contributions since
 they are protected by gauge invariance

==> successful SUSY breakdown

Scalar superpartner masses are generated at two-loops

Minimal Gauge-Mediated SUSY Breaking model (continued)

The effect of SUSY breaking is to split the messenger masses:

!, ! : m2
fermions

= |y2!S"|2 , m2
scalars = |y2!S"|2 ± |y2!FS"| ;

q, q : m2
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= |y3!S"|2 , m2
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The SUSY-breaking apparent here is transmitted

to the MSSM gauginos through one-loop graphs:

The results are

! S "

! FS "

B, W, g

Ma =
"a

4#
!, where ! #

!FS"
!S"

.

The MSSM gauge bosons do not get such a mass shift, since they are protected
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the MSSM.
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ψq̄ψq

Aq Aq̄Minimal Gauge-Mediated SUSY Breaking model (continued)

The MSSM scalars do not get

any masses at 1-loop order,

but do at 2-loops from these

Feynman diagrams:

The result for each MSSM scalar ! can be written:

m2
! = 2!2

h“!3

4"

”2

C!
3 +

“!2

4"

”2

C!
2 +

“!1

4"

”2

C!
1

i
, where

C!
3 =

!
4/3 for # = eQi, ēui, ēdi;

0 for # = eLi, ēei, Hu, Hd

C!
2 =

!
3/4 for # = eQi, eLi, Hu, Hd;

0 for # = ēui, ēdi, ēei

C!
1 = 3Y 2

! /5 for each # with weak hypercharge Y!.

These squared masses are positive (fortunately!).
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Ai

Ai Ai Ai

Minimal GMSB model can be generalized by putting N copies of the 
messenger sector.  All expressions above multiplied by N
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C!
1 = 3Y 2

! /5 for each # with weak hypercharge Y!.

These squared masses are positive (fortunately!).
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LHC Discovery Reach
First KK mode of the top decays mostly into  W and 
bottom-quarks

Two points were explored, on the blue and red lines. In the 
first the KK top may be discovered with 100  inverse fb, in 
the second with 300 inverse fb. 

QCD
reach
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Warped Case

• Graviton KK modes have 1/TeV coupling strength to SM fields and

masses starting with a few hundred GeV.

• KK graviton states produced as resonances.

• One can rewrite the warp factor and the massive graviton couplings

in terms of mass parameters as:

exp(−kL) =
mn

kxn

Λπ �
M̄Plm1

kx1

(62)

with x1 � 3.8, xn � x1 + (n− 1)π.

• Calling η = k/M̄Pl, one gets that the graviton width is

Γ(Gn
) � m1η

2 x3
n

x1
(63)

Physics Beyond the Standard Model Carlos E.M. Wagner, Argonne and EFI

KK Gravitons at the LHC

Graviton Coupling strength 
E/Λπ
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• Warped Extra Dimensions
Narrow graviton resonances: pp→ GN → e+e−

From top to bottom: k/MP l = 1, 0.5, 0.1, 0.05, 0.01
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� Angular distributions reveal spin of resonance
Physics Beyond the Standard Model Carlos E.M. Wagner, Argonne and EFI

Davoudiasl, Hewett, Rizzo, ’00
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Higgs From Gauge Fields in Warped Extra Dimensions  

UV: SU(2)L ! U(1)Y SO(4) ! U(1)X " SU(2)L ! SU(2)R ! U(1)XIR:

Extra gauge bosons have the quantum numbers of the Higgs

No tree-level Higgs potential ! induced at one-loop (calculable)

Coleman-Weinberg potential has been computed for the model considered
here by Medina, Shah and C.W. (to appear)

SO(5)/SO(4) Aâ

µ(!,!) Aâ

5(+,+)!
Identify
with H

Bulk gauge symm: SU(3)c ! SO(5) ! U(1)X SO(5) ! SU(2)L " SU(2)R!

EWSB minima in large regions of parameter space

Can be consistent with Z, W, top masses and Higgs LEP bound

A. Medina, N. Shah, C.W. , Phys. Rev. D 76: 095010 (2007)

Contino, Da Rold, Pomarol’06
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Black Hole Production ?

• Two partons with center of mass energy
√

s = MBH , with

MBH > Mfund

Pl
collide with a impact parameter that may be smaller

than the Schwarzschild radius.

RS � 1
M

fund

P l

�
MBH

M
fund

P l

� 1
d+1

• Under these conditions, a blackhole may form

• If Mfund

Pl
� 1 TeV → more than 10

7
BH per year at the LHC

(assuming that a black hole will be formed whenever two partons

have energies above MPl).

• Decay dictaded by blackhole radiation, with a temperature of order

1/RS . Signal is a spray of SM particles in equal abundances: hard

leptons and photons.

• At LHC, limited space for trans-Planckian region and quantum

gravity.

Physics Beyond the Standard Model Carlos E.M. Wagner, Argonne and EFI

fund
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Black Hole production at the LHC

1

10

10 2

10 3

10 4

10 5

10 6

10 7

10 8

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
MBH, GeV

d
N

/d
M

B
H

 !
 5

00
 G

eV

MP = 1 TeV

MP = 3 TeV

MP = 5 TeV

MP = 7 TeV

Dimopoulos and Lansberg; Thomas and Giddings ’01

Sensitivity up to M fund
Pl � 5− 10 TeV for 100 fb

−1
.

Physics Beyond the Standard Model Carlos E.M. Wagner, Argonne and EFIFriday, June 10, 2011



Direct Dark Matter Cross Section Constraints (post Xenon)

Gori, Schwaller, C.W. ’11 

MA = 300 GeV tanβ = 10 MA = 300 GeV tanβ = 50

MA = 1000 GeV tanβ = 10 MA = 1000 GeV tanβ = 50

Figure 1: Dark matter relic density in the M1 − µ plane for heavy squarks and sleptons and
MA = 300 GeV (top) and MA = 1000 TeV (bottom), for tanβ = 10 (left) and tanβ = 50 (right).
The thin region between the solid black lines is the region in which the predicted relic density is
in accordance with the experiments [20]. The gray hatched region is excluded by LEP bounds on
chargino masses. The green shaded regions are excluded by the latest Xenon 100 bounds on the
spin independent dark matter-nucleon cross section, when using the most recent determination of
the strange quark form factor fs = 0.020 (dark green) or the most conservative value for the strange
quark form factor fs = 0.118 (light green). They yellow symbols denote benchmark points chosen
for the collider analysis (see discussion in section 4).
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Figure 6: Normalized transverse momentum distributions of Higgs bosons in event samples corre-

sponding to scenarios I and II. The fraction of events with pT > 200 GeV is 40% and 25% respec-

tively. Note: The (III) distribution is more or less between (I) and (II). Pedro

the plane M1 − µ is excluded because of the appearance of a stau LSP (right corner of the

plots presented).

From the figure, it is evident that the dark matter relic abundance does not change

considerably in correspondence to changes of the slepton mass, on condition to be away

from the region where the lightest stau becomes the LSP.

A different behavior is shown by the branching ratios. Comparing Fig. 7 with Fig. 4

obtained for heavy sleptons, one can notice that for not too small slepton masses (m�̃ =

400GeV) both first two generation squark decays and stop decays are not particularly

affected in the region of our interest M1 � µ. In that region, in fact, the next to lightest

neutralino is still too light to decay in lepton-slepton channels. For larger values of M1,

instead, the branching ratios are affected by the presence of lighter sleptons since all the

decays Ñ2 → �i�̃i start to be kinematically open and suppress sensibly the branching ratio

of the decay Ñ2 → Ñ1h. Still the branching fractions of production of the lightest Higgs

bosons are sizable.

For smaller slepton masses (m�̃ = 200GeV) and large values of µ, the contribution

of squarks of the first two generation is tiny, since the next to lightest neutralino decays

mainly into lepton-slepton pairs. Differently, the stops still contribute to the production

of the lightest Higgs boson, since the heaviest neutralino Ñ4 has still sizable branching

fractions into the lightest Higgs.
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Figure 5: Probability for a heavy Higgs boson or a pseudoscalar in squark decay chains, for

MA = 200 GeV and tanβ = 10. From lightest to darkest blue, the probabilities are 5%, 10%, 15%.

The grey hatched area is excluded by LEP. Superimposed are the regions of correct relic density

and the region excluded by dark matter direct detection (shaded in grey).

density constraints, namely

(I) MA = 1000 GeV M1 = 220 GeV µ = 280 GeV tanβ = 10 ,

(II) MA = 300 GeV M1 = 280 GeV µ = 400 GeV tanβ = 50 ,

(III) MA = 300 GeV M1 = 150 GeV µ = 400 GeV tanβ = 50 .

Production of supersymmetric particles at the LHC with
√
s = 14 TeV is simulated using

Pythia 8, version 8.145 [12]. Sparticle decays are simulated using decay tables generated

with SUSY-HIT [13]. Higgs decays are switched off to simplify the analysis.

We impose a very elementary set of cuts, namely we require

• E/T > 200 GeV,

• at least two jets, with pT1 > 300 GeV and pT2 > 200 GeV,

• no isolated leptons.

The missing energy cut together with the lepton veto serves to suppress SM backgrounds

involving leptonic W decays. Demanding hard jets also reduces the supersymmetric back-

grounds from direct neutralino and chargino pair production, that is sizable for small values

of M1 and µ.

12

Heavy sleptons :  The presence of (boosted) Higgs bosons is 
quite generic in the high      sample (14 TeV analysis)pT

Boosted Higgs : pT > 200 GeV

Good prospects of observing Higgs in the14 TeV
 run and, perhaps, even in the 7 TeV run.

Gori, Schwaller, C.W.,  arXiv:1103.4138

To see this in more detail, we simulate the signal for the points

(I) MA = 1000 GeV M1 = 220 GeV µ = 280 GeV tanβ = 10 ,

(II) MA = 300 GeV M1 = 280 GeV µ = 400 GeV tanβ = 50 ,

(III) MA = 300 GeV M1 = 135 GeV µ = 400 GeV tanβ = 10 .

The three points represent the several broad regimes in which one can get rather large

Higgs production branching ratios, compatibly with a correct relic abundance. Point (I)

is representative for the large MA regime, where sizable Higgs production is obtained for

M1 between 150 GeV and 400 GeV. The chosen value of M1 = 220 GeV is not particularly

optimized to maximize the production of Higgs bosons, but a good compromise, since larger

gaugino masses decrease both the gluino production cross section and the average boost of

the Higgs boson.

Points (II) and (III) are instead representative for the intermediate MA regime (see

Fig. 4). The first point is away from the resonant region, the second instead lies close to

the resonance. As a consequence, in this latter case, we had to choose a rather tuned value

for M1 (135 GeV) to obtain a correct dark matter relic abundance. Assuming gaugino

universality, this implies a rather light gluino with a mass of around 800 GeV, which is

only slightly above the most recent LHC constraints [18, 19].

In addition, we also simulate one point corresponding to a scenario with nonuniversal

gaugino masses. From Fig. 7 we find that the point

(IV) MA = 300 GeV M1 = 49 GeV M2 = 400 GeV µ = 300 GeV tanβ = 10

satisfies the relic density constraint, while offering a large Higgs production rate from

left-handed squark and stop decays. M3 is fixed to M3 = mq̃ = 1 TeV.

4.1 Higgs Signal Rates at the 14 TeV LHC

Production of supersymmetric particles at the LHC with
√
s = 14 TeV is simulated using

Pythia 8, version 8.145 [44]. The leading order cross sections for squark and gluino pro-

duction were in addition checked using Prospino [45]. Sparticle decays are simulated using

decay tables generated with SUSY-HIT [34]. Higgs decays are switched off to simplify the

analysis.

We impose a very elementary set of cuts, namely we require

• E/T > 200 GeV,

• at least two jets, with pT1 > 300 GeV and pT2 > 200 GeV.

The missing energy cut serves to suppress SM backgrounds from Z+jets and W+jets

production
3
and from jet energy mis-measurements in hard QCD events. Demanding hard

jets also reduces the supersymmetric backgrounds from direct neutralino and chargino pair

production which is sizable for small values of M1 and µ.
3In addition a veto on hard isolated leptons could be used to suppress this background.
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production
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jets also reduces the supersymmetric backgrounds from direct neutralino and chargino pair

production which is sizable for small values of M1 and µ.
3In addition a veto on hard isolated leptons could be used to suppress this background.
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σ[pb] σcut[pb] σh[fb] σboosted[fb]
(I) 1.11 0.52 78 31

(II) 0.73 0.34 116 31

(III) 2.59 0.90 360 135

(IV) 1.60 0.83 231 101

Table 1: Cross sections for SUSY production at the LHC with
√
s = 14 TeV. Shown are

the total production cross sections, and the cross sections of events that pass our simple

cuts. The fourth column shows the cross section for events that contain at least one Higgs

boson, while for the last column we require in addition that the Higgs has a transverse

momentum pT > 200 GeV.

In Tab. 1 we show the total production cross sections and the cross sections for events

that pass the basic cuts for the three benchmark points. The fourth column gives the cross

sections for events in the cut sample that contains at least one Higgs boson, analogously

the last column the cross section for boosted Higgs.

The large gluino mass inhibits larger production cross sections for the first two points.

The cross section for events containing a Higgs boson for scenarios (I) and (II) is in fact

of order 0.1 pb, corresponding to 1000 events with 10 fb
−1

. This signal will be challenging

to find at the LHC using conventional cut based analyses, but might be possible if one

properly makes use of the heavy spectrum of produced particles [37].

For the jet substructure based analyses to be applicable, at least a fraction of the events

must have Higgs bosons with pT > 200 GeV [17]. The transverse momentum distributions

of the Higgs bosons in our samples are shown in Fig. 9. Points (I) and (II) have O(30 fb)

cross sections for boosted Higgs bosons.

The third scenario (point (III)) has a larger production cross section for sparticles

thanks to a smaller gluino mass. Together with a large branching fraction for boosted

Higgs bosons, this leads to an enhanced cross section for boosted Higgs bosons.

The nonuniversal point (IV) has a production cross section after cuts similar to (III),

in spite of having a slightly heavier gluino. The reason is that, due to the very light Ñ1,

more jets from squark decays pass the cuts. Also note that the fraction of Higgs events

with a boosted Higgs boson is larger than for the other benchmark points. This feature is

again largely due to the small Ñ1 mass.

The total cross sections for SUSY cascades with Higgs bosons are comparable to those

obtained for the parameter points that were studied in [17]. The fraction of events with

strongly boosted Higgs bosons tends to be slightly smaller, around 30-40% compared to

50% in [17], since in our case some of the Higgs bosons originate from longer decay chains.

Despite the slightly reduced number of boosted Higgs bosons, the similarity with the

results of [17] suggests that the Higgs boson can be discovered in SUSY decay chains also

22
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σ[pb] σcut[pb] σh[fb] σboosted[fb]
(I) 0.092 0.019 2.7 1.1

(II) 0.042 0.015 5.1 1.1

(III) 0.113 0.030 10 3.6

(IV) 0.106 0.029 8.2 3.3

Table 2: Cross sections for sparticle production at the LHC with
√
s = 7 TeV, for squark

masses of 1 TeV. All other parameters are chosen as in Tab. 1. Shown are the total

production cross sections, and the cross sections of events that pass our simple cuts. The

fourth column shows the cross section for events that contain at least one Higgs boson,

while for the last column we require in addition that the Higgs has a transverse momentum

pT > 200 GeV.

σ[pb] σcut[pb] σh[fb] σboosted[fb]
(I) 0.23 0.086 11 3.0

(II) 0.18 0.063 17 2.0

(III) 0.31 0.142 36 11

(IV) 0.36 0.169 45 14

Table 3: Same as Tab. 2, for squark masses of 800 GeV, and with jet pT requirements re-

laxed to 200 GeV and 150 GeV respectively. For point (IV) also the gluino mass parameter

M3 has been lowered to 800 GeV.

satisfies the boosted criterion. In particular the benchmark points (I) and (II) suffer from
this effect, when comparing with the case of 1 TeV squarks. Points (III) and (IV) are

less sensitive, since, for these points, a large part of the Higgs boost comes from the mass

difference between the lightest and the heavier neutralinos that is not affected by the

reduced squark masses. For point (III) and (IV) we expect respectively roughly 11 and

14 boosted Higgs events per experiment at the end of 2011, which might be sufficient to

observe an excess in the boosted discovery channel.

While a more detailed analysis is required to determine whether these events can be

observed at this early stage, the event rates (at least) for points (III) and (IV) give rise to

some hopes. Clearly these points are also the most constrained scenario and at the point

of being probed by the LHC experiments. The most recent constraints from ATLAS [19]

actually exclude squark masses mq̃ � 800 GeV for gluino masses mg̃ ≈ 800 GeV, however

this analysis assumes a very simplified spectrum with a massless LSP. The parameter point

(III) is better approximated by MSUGRA with M1/2 = 335 GeV and m0 = 375 GeV, which

is still allowed [19], and reproduces the physical squark and gluino masses of point (III).

24

σ[pb] σcut[pb] σh[fb] σboosted[fb]
(I) 0.092 0.019 2.7 1.1

(II) 0.042 0.015 5.1 1.1

(III) 0.113 0.030 10 3.6

(IV) 0.106 0.029 8.2 3.3

Table 2: Cross sections for sparticle production at the LHC with
√
s = 7 TeV, for squark

masses of 1 TeV. All other parameters are chosen as in Tab. 1. Shown are the total

production cross sections, and the cross sections of events that pass our simple cuts. The

fourth column shows the cross section for events that contain at least one Higgs boson,

while for the last column we require in addition that the Higgs has a transverse momentum

pT > 200 GeV.

σ[pb] σcut[pb] σh[fb] σboosted[fb]
(I) 0.23 0.086 11 3.0

(II) 0.18 0.063 17 2.0

(III) 0.31 0.142 36 11

(IV) 0.36 0.169 45 14

Table 3: Same as Tab. 2, for squark masses of 800 GeV, and with jet pT requirements re-

laxed to 200 GeV and 150 GeV respectively. For point (IV) also the gluino mass parameter

M3 has been lowered to 800 GeV.

satisfies the boosted criterion. In particular the benchmark points (I) and (II) suffer from
this effect, when comparing with the case of 1 TeV squarks. Points (III) and (IV) are
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reduced squark masses. For point (III) and (IV) we expect respectively roughly 11 and

14 boosted Higgs events per experiment at the end of 2011, which might be sufficient to

observe an excess in the boosted discovery channel.

While a more detailed analysis is required to determine whether these events can be

observed at this early stage, the event rates (at least) for points (III) and (IV) give rise to

some hopes. Clearly these points are also the most constrained scenario and at the point

of being probed by the LHC experiments. The most recent constraints from ATLAS [19]

actually exclude squark masses mq̃ � 800 GeV for gluino masses mg̃ ≈ 800 GeV, however

this analysis assumes a very simplified spectrum with a massless LSP. The parameter point

(III) is better approximated by MSUGRA with M1/2 = 335 GeV and m0 = 375 GeV, which

is still allowed [19], and reproduces the physical squark and gluino masses of point (III).
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Boosted Higgs at the 7 TeV Run

Squark Masses 1 TeV

Squark  Masses 800 GeV
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Chargino and Neutralino Decays into Higgs
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SM:
Couplings tend to converge at
high energies, but unification
is quantitatively ruled out.

MSSM:

Unification at αGUT � 0.04
and MGUT � 1016 GeV.
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Experimentally, α3(MZ) � 0.118± 0.004
in the MSSM: α3(MZ) = 0.127− 4(sin2 θW − 0.2315)± 0.008

Bardeen, Carena, Pokorski & C.W.

Remarkable agreement between Theory and Experiment!!
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Threshold Corrections

The unification prediction depends strongly on the supersymmetry particle 
mass spectrum,

The threshold scale does not correspond to any particular particle scale but it 
may be approximated by

where Mi are the SU(2) and SU(3) gaugino masses.

Naive unification may be obtained for threshold scales of the order of   1 TeV,  
which are easier to obtain for a smaller ratio of the wino and gluino masses 
than what the simplest models predict.  

In these models the predicted value of the strong gauge coupling would be 
somewhat larger than the experimental value, and this variation must be 
compensated by thresholds at the GUT scale.

α3(MZ) � 0.127− α2
3(MZ) ln

�
TSUSY

MZ

�

TSUSY � |µ|
�

M2

M3

�3/2
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where !t̃ is the stop mixing angle, while the chargino-stop amplitude has the form [30, 31]

A!! ! µAt tan"

1 + #3 tan"
C0(m

2
t̃1
, m2

t̃2
, m2

!+). (24)

The forms of these amplitudes are important in understanding the constraints on the SUSY
contributions to BR(b " s$), which will be d iscussed below.

2.1.4 BR(Bu " %&)

The final B-physics observable of interest is the process Bu " %& which the Belle experi-
mental collaboration finds to be [20]

BR(Bu " %&)Belle = (1.79+0.56
!0.49(stat)+0.46

!0.51(syst)) # 10!4, (25)

while the Babar collaboration finds a value [21]

BR(Bu " %&)Belle = (0.88+0.68
!0.67(stat) ± 0.11(syst)) # 10!4. (26)

The average of these two experiments is then [25]

BR(Bu " %&)Exp = (1.31 ± 0.48) # 10!4. (27)

The Standard Model contribution is mediated by the W-boson and has the generic
form [32]

BR(Bu " %&)SM =
G2

F mBm2
"

8'

!
1 $ m2

"

m2
B

"2

F 2
B|Vub|2%B (28)

and using the present values for |Vub|, %B and the extracted value of fB = 0.237± 0.037 GeV
leads to the value [25] BR(Bu " %&)SM = (0.85 ± 0.13) # 10!4. In the MSSM there is
an extra contribution due to the charged Higgs which interferes destructively with the SM
contribution, so that at large tan" the ratio of the two is [32]

RB"# =
BR(Bu " %&)MSSM

BR(Bu " %&)SM
=

#
1 $

!
m2

B

m2
H±

"
tan2 "

1 + #0 tan"

$2

. (29)

Therefore assuming at most a 2( deviation due to the charged Higgs contribution we have
the allowed range

0.32 % RB"# % 2.77. (30)
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(Belle-Babar’06)

(UTFit’07)

BR(Bu → τν)MSSM

BR(Bu → τν)SM
=

�
1−

�
m2

B

m2
H±

�
tan2 β

(1 + Eg tanβ)

�2

BR(Bs → µ+µ−)

Cancellations between Diagrams contributing to

In models in which supersymmetry breaking is transmitted at high energies, 
even starting from universal masses, the Yukawa evolution of parameters 
induces flavor violation couplings in the left-handed gluino currents

These are known to have small effects on                                     , but     
may induce important contributions to 

Essentially, what happens is that the stop mixing dependence to the 
diagrams contributing to                                 is replaced by                                 

  A delicate cancellation may occur between these contributions

In addition,  dark matter searches start to constraint the parameter space 
with small values of the CP-odd Higgs mass and large values of 

Bu → τν + b→ sγ

BR(Bs → µ+µ−)

BR(Bs → µ+µ−)

tanβ

XRL ∝
�
Eth2

t + Eg,3 − Eg,(1,2)

�
tan2 β�

1 + Eg,(1,2) tanβ
�
(1 + ∆b)

Ellis, Heinemeyer,Olive, Weiglein’07

Flavor Higgs induced effects

• The same corrections to the couplings induced FCNC in the neutral Higgs sector,  
which combined with charged Higgs induced contributions, lead to important flavor 
effects induced by the Higgs sector at large values of 

In models with flavor independent high 
energy supersymmetry breaking, flavor 
violating gluino couplings are induced at 
low energies and cannot be ignored. 

Very relevant constraints come also from  
b to s gamma, which receives SUSY 
contributions from charged Higgs, chargino 
and gluino loops.

Direct dark matter detection may also 
become relevant. 
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Babu, Kolda’00, Buras et al’02, Dedes, Pilaftsis’03...
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efficiency improvement of 50% in the bb̄ and W+W−
channels will be necessary to reach

the exclusion limit achieved with 10 fb
−1

and a 25% increase in efficiency. If only 25%

is gained in efficiency and 7 fb
−1

in luminosity, the same exclusions will apply at 90%

C.L.

We emphasize that our näıve combination leads to a conservative upper limit on

the R parameter, up to about 10% larger than that presented by the experimental

collaborations in some ranges of Higgs mass. Furthermore, it does not include the

possible effects of new search channels. For example, one channel not included in our

analysis is the h → γγ from D∅, which, from the results of Ref. [34], would improve the

näıve combined bound on R by up to 1.5% in the 120−140 GeV mass range. Therefore,

our improvement factors imply upper bounds on those required for large coverage of the

SM Higgs mass range.

 0.1
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Figure 1: Individual channel and combined constraints on RSM at 95% C.L. from
CDF. The orange curve gives the näıve analytic combination.

It is clear from Figs. 1- 3 that Higgs masses near 125 GeV will be the most difficult to

probe. It is essential in this region to include constraints from both bb̄ and W+W−
decay

channels. As a test of the strength of the W+W−
limit in the low mass region, in Fig. 4

we plot the limit in the SM and in a modification of the SM where the Higgs coupling to

down-type fermions is highly suppressed, leading to an enhancement of the branching

ratio to W+W−
. This scenario arises in a certain window of MSSM parameters. We can

see from Fig. 4 that the bound is quite strong (R95 � 2 for 120GeV� mh � 170GeV)

even without any improvements in efficiency or luminosity.

6

Comparison of Simple Combination  of Channels
with CDF Results. Ratio R for exclusion

Applicable to new model in which all channels rescale in the same way.
In the MSSM, channels should be considered separately and recombined.

P. Draper, T. Liu and C. Wagner’09
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