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Direct DM Detection Anomalies :   Near PQ Symmetry limit of NMSSM,                                                        
Phys.Rev.Lett.106:121805,2011 (Cao, Draper, Liu, Wang,Zhang)

RG Invariants in the MSSM :                                                    
Phys.Rev.D82:075005,2010;  D83:035014,2011 (Carena, Draper, Shah)

MSSM Higgs searches at hadron colliders :                                          
Phys.Rev.D81:015014,2010; D83:055007,2011 (Carena, Draper,Liu)

Higgs from SUSY cascade decays :                                                                               
arXiv:1103.4138   (Gori, Schwaller)
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Carlos Wagner 2010-2011 Research Activities

Wednesday, May 25, 2011



!"#$%%&'()*+,-./0(12

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

!"#$%&'(
)*+,'(+&(
-*.%&'(/"&&
0(12",,%-&(
"'(3456%7
!899(:%&'

Current 7 TeV LHC Run

Wednesday, May 25, 2011



!"#$%%&'()*+,-./0(12

!"#$%&%'%&()*+),%--$)$"./01)

!"#$%&'(&)*+,&-./+0&12&"34&%%5&(3&6!778+,

Current 7 TeV LHC Run

Wednesday, May 25, 2011



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.
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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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Interesting enough, if a Higgs were there, one 
would expect, in average                       .          
The excess statistical significance is, however, 

Robs = Rexp + 1

The Tevatron is already 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
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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
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Physics Beyond the SM : 
Supersymmetry
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Loop Corrections to Higgs boson massesLoop Corrections to Higgs boson masses

!! Most important corrections come from the stop sector,Most important corrections come from the stop sector,

     where the off-diagonal term depends on the stop-Higgs trilinear     where the off-diagonal term depends on the stop-Higgs trilinear

     couplings,     couplings,

!! For large CP-odd Higgs boson masses, and withFor large CP-odd Higgs boson masses, and with

     dominant one-loop corrections are given by,     dominant one-loop corrections are given by,

!! After two-loop corrections:After two-loop corrections:
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            Okada, Yamaguchi, Yanagida; Ellis et al, Haber et al. ’90

Carena, Espinosa, Quiros, C.W.’95; Haber and Hempling ’96; Heinemeyer, Hollik, Weiglein’98 

M m mS Q U= =

M.Carena, J.R. Espinosa, M. Quiros, C.W. ‘95
M. Carena, M. Quiros, C.W.’95

Mass of the SM-like Higgs h 
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Figure 2. Comparison of the diagrammatic two-loop O(m2
t h

2
t αs) 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 different

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 β = 1.6 and tanβ = 30, respectively.
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Standard Model-like Higgs Mass

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

mt = 180 GeV.
For mt = 173 GeV,
the maximum mh

shifts to 127 GeV.
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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.

Wednesday, May 25, 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
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Suppression factor in the LHC channels at 
the 2012--2013 run
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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
M. Carena, P. Draper, T. Liu, C.W.’11, to appear
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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

Standard Higgs search channels at the Tevatron.
P. Draper,  T. Liu and C.W. ’10 

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
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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 of SM-like Higgs presence in almost all parameter space

M. Carena, P. Draper, T. Liu, C.W.’11, to appear (non-standard Higgs searches included)
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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 

Butterworth, Davison, Rubin, Salam’08

Kribs, Martin, Roy, Sapnnowsky’10

Plehn, Salam, Spannowsky’09 (ttbar+H)
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ATL-PHYS-PUB-2009-088 (Aug 2009)

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

!"#$%&'(#)&*#&)"$+,)-(.,/$0$1*#,'")$2334$$5$$678"$22
$9:$;$''$("7)*."($<=$>?@>%$&(<=8$A"#$(&'(#)&*#&)"B

123(45((4→6ν7Η→889(#%#6:;";<($+&(=6'>
?@#"%(;"A%#6(#%,(8#$BAC'+%,;(;#@D63;9

!""#$%&$'%($'"%)*+%,""#$%-.')//0*/%1'"%-$%2#$+%)#%0*32'%'"%,04$,05""+%60'78

E"A%#6(3F3%&;(?@
5
GHIJ(!3K9<(GHLMN

O#$BAC'+%,(3F3%&;<((GIJML
!

90/5'%&$'%($'"%)*+%'0/5'%-.')//0*/%)'%ε
-
:;<%=%)*+%>1,7?@AB%16"C%>"2*'0*/%-)#$+%)*),D#0#7

P

"
!
#
$
% &
'
()

Giacinto Piacquadio

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

!"#$%&'(#)&*#&)"$+,)-(.,/$0$1*#,'")$2334$$5$$678"$9:
$;<$=$''$("7)*."($>?$@AB@%$&(>?8$C"#$(&'(#)&*#&)"D

123(45(6(778νν(99($2#%%37:

123(;5($2#%%37(":(<"%#77=($'>9"%3,(?"&2(&23(45($2#%%37:

@,A#%&#B3('<(B'"%B(&'(2"B2(C
1
D(&23(4(6(νν(:"B%#&+E3(B3&:(#$$3::"973(&'(&23(F.1(1E"BB3E

G373$&"'%(":(:">"7#E(&'(&23(;5($2#%%37(H9+&(4(":(:373$&3,IJ(K"%#7(>#::(,":&E"9+&"'%:D

45(6(77(99(":($73#%3EL(9+&(:+<<3E:(<E'>(&23(7'?(M/('<(&23(73C&'%"$(,3$#=('<(&23(4

!"#$% !"#$&

7799 νν99

!"#'( !"#'&

N@J(O#A":'%LP-QR

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

!"#$%&'(#)&*#&)"$+,)-(.,/$0$1*#,'")$2334$$5$$678"$9:
$;<$=$''$("7)*."($>?$@AB@%$&(>?8$C"#$(&'(#)&*#&)"D

123(45(6(778νν(99($2#%%37:

123(;5($2#%%37(":(<"%#77=($'>9"%3,(?"&2(&23(45($2#%%37:

@,A#%&#B3('<(B'"%B(&'(2"B2(C
1
D(&23(4(6(νν(:"B%#&+E3(B3&:(#$$3::"973(&'(&23(F.1(1E"BB3E

G373$&"'%(":(:">"7#E(&'(&23(;5($2#%%37(H9+&(4(":(:373$&3,IJ(K"%#7(>#::(,":&E"9+&"'%:D

45(6(77(99(":($73#%3EL(9+&(:+<<3E:(<E'>(&23(7'?(M/('<(&23(73C&'%"$(,3$#=('<(&23(4

!"#$% !"#$&

7799 νν99

!"#'( !"#'&

N@J(O#A":'%LP-QR

!"#$"%&'()"#$*+#,"'

-./0

!"#$%&'(#)&*#&)"$+,)-(.,/$0$1*#,'")$2334$$5$$678"$20
$9:$;$''$("7)*."($<=$>?@>%$&(<=8$A"#$(&'(#)&*#&)"B

1"%#2(3#44(,"4&5"6+&"'%

C7(($D<(#)<'&#<,=$7E#")$#<8.#$("F"*#<,=

7(8#44(594'2+&"'%("4(:'',(9%'+:;(&;#&(<7(66(

=9#>($#%(69(,"4&"%:+"4;9,(?7(66(=9#>(

@A5'3(B?(9C9%&4D

7(BEF9&4(6#$>:5'+%,("4(,'3"%#&9,(6G(BE66H(

I;"$;(=5'C",94(#($'%&"%++3(,9$59#4"%:(66(

3#44(,"4&5"6+&"'%(@A5'3(:766(4=2"&&"%:D

C7(($D<(#)<'&#<,=$7E#")$F,,("$("F"*#<,=

7(&&6#5(;#4(#(,'+629(=9#>(4&5+$&+59H(I"&;(#(A"54&(

J$'%&"%++3(=9#>(69&I99%(&;9(B(#%,(&'=(3#44(

@KLM(F9&4(A5'3(&;9(&'=($'559$&2G(59$'%4&5+$&9,D(#%,(

#(49$'%,(=9#>(#&(&;9(&'=(3#44(@#22(&;599(F9&4(A5'3(

&;9(&'=(59$'%4&5+$&9,("%(#(4"%:29(<"::4($#%,",#&9D

!"#$%&'()

ATLAS SimulationSM Higgs :

Wednesday, May 25, 2011



MSSM with Higgsino LSP

Discovery of Higgs boson with 10 inverse fb at a 14 TeV LHC possible

SHSP 1a / SHSP 1b SHSP 2a / SHSP 2b SHSP 3 SHSP 4 SHSP 5 SHSP 6

tanβ 10 10 10 5 6.5 10

M1 300 GeV 150 GeV 163 GeV 200 GeV 200 GeV 300 GeV

M2 600 GeV 300 GeV 400 GeV 400 GeV 400 GeV 600 GeV

M3 2.1 TeV 1.05 TeV 1.0 TeV 1.4 TeV 1.4 TeV 2.1 TeV

µ 150 GeV 150 GeV 200 GeV 200 GeV −150 GeV 150 GeV

mA 1 TeV 1 TeV 1 TeV 150 GeV 150 GeV 200 GeV

at 900 GeV −900 GeV 900 GeV 2.04 TeV
a

1.4 TeV 900 GeV

mq̃ 1 TeV 1 TeV/750 GeV 1 TeV 1 TeV 1 TeV 1 TeV

m
l̃

1 TeV/350 GeV 1 TeV/350 GeV 350 GeV 1 TeV 1 TeV 1 TeV

mh 116 GeV 117 GeV 116 GeV 114 GeV 115 GeV 115 GeV

mH 1 TeV 1 TeV 1 TeV 161 GeV 157 GeV 202 GeV

mA 1 TeV 1 TeV 1 TeV 150 GeV 150 GeV 200 GeV

mH± 1 TeV 1 TeV 1 TeV 169 GeV 170 GeV 216 GeV

χ1 138 GeV 110 GeV 140 GeV 157 GeV 136 GeV 138 GeV

χ2 −158 GeV −161 GeV 209 GeV −207 GeV −163 GeV −158 GeV

χ3 206 GeV 174 GeV −209 GeV 227 GeV 210 GeV 306 GeV

χ4 625 GeV 338 GeV 429 GeV 433 GeV 426 GeV 623 GeV

χ+
1 148 GeV 137 GeV 191 GeV 187 GeV 152 GeV 148 GeV

χ+
2 625 GeV 337 GeV 429 GeV 433 GeV 426 GeV 623 GeV

σtot 3.9 pb 5.8 pb / 8.07 pb 2.76 pb 2.4 pb 4.1 pb 4.0 pb

% Higgs 4.5%/3.4% 4.2%/6.8% 6.6% 12.8% 8.6% 7.0%

σh/H/A 0.18 pb/0.13 pb 0.24 pb/0.55 pb 0.18 pb 0.31 pb 0.35 pb 0.28 pb

a ab = at for this point as well

TABLE I. The parameters, part of the spectrum, and some relevant collider information for the Study Points used in this

analysis. The spectrum was computed with SUSPECT2 [44]. The quoted cross section is determined at lowest order for the

LHC operating at a center of mass energy of
√
s = 14 TeV. See the text for the definition of % Higgs and σh/H/A.

Backgrounds and Cuts:

The primary SM backgrounds we consider are:

• t̄t+jets

• W/Z+ heavy flavor

• W/Z+ jets

• t̄t+ b̄b

These backgrounds are familiar from many supersym-

metry/BSM searches. They have large cross sections,

multiple jets, some of which are b-jets, and sources of

missing energy from vector boson decays. The back-

ground events are first generated at parton-level using

ALPGEN v13 [45] and are then showered and hadronized

using PYTHIA v6.4
3
. We also use the ATLAS tune [46]

in PYTHIA to model the underlying event. Jet manip-

ulation is done using FastJet [42]. We do not perform

any detector simulation or smearing of jets. A realistic

ATLAS/CMS specific search in the spirit of Ref. [20] is

beyond the scope of this work. However, since high pt

jets result in a large amount of energy deposited in the

calorimeter cells where energy resolution is excellent, we

3 All events generated with ALPGEN using CTEQ5L par-
ton distribution functions and default options for factoriza-
tion/renormalization scheme.

do not expect smearing to significantly modify our re-

sults.

Before we run our substructure algorithm, we intro-

duce cuts to isolate the signal from the background.

Rather than tailoring the cuts to each specific SHSP

point, we choose a more generic set which can be applied

to all Study Points. In particular, we use:

1. /ET > 300 GeV.

2. 3
+

jets, at least one of which is tagged as a b-jet.

To be counted as a jet, we require pT > 200 GeV

– the pT requirement on the jets is set so high be-

cause we want to capture an entire boosted object

(ideally a Higgs) within a single jet. As explained

in Sec. V, objects will be reconstructed from sub-

jets contained within individual high-pT jets rather

than combining multiple jets. We impose a pseu-

dorapidity cutoff of |η| < 4.0 for jets which are not

flavor-tagged, while b-tagged jets are restricted by

the pseudorapidity extent of the tracker, |η| < 2.5.

3. No isolated leptons with pT > 20, |η�| < 2.5.

4. H
jets
T =

�
i pT,i > 1.0 TeV, where the sum extends

over all jets indexed by i.

Large missing energy, large H
jets
T , and high jet multi-

plicity are often the characteristics of new physics and,

in particular, of weak scale supersymmetry with R-

10
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Kribs et al concentrated on the region of light Higgsinos, 
where the proportion of boosted Higgs bosons tends to be 
large.

The appearence of hard jets, b-tagging and large missing 
energy already provide interesting ways of suppressing the 
background

Highly boosted Higgs provide an additional tool

Light Higgsinos tend to be inconsistent with the standard 
neutralino relic density

It is therefore interesting to study what happens when one 
departs from these regions. 
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Chargino and Neutralino Decays into Higgs
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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 neutralino and chargino masses. The green shaded regions are excluded by the latest
CDMS/Xenon100 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).

6

Direct Dark Matter Cross Section Constraints (pre Xenon)

Gori, Schwaller, C.W. ’11
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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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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.
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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.

(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.
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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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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).
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Boosted Higgs at the 7 TeV Run

Squark Masses 1 TeV

Squark  Masses 800 GeV
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Figure 7: Probability for a Higgs boson in squark decay chains, for MA = 200 GeV and tanβ = 10

and two different values for the slepton masses: m�̃ = 400 GeV (first row) and m�̃ = 200 GeV

(second row). From lightest to darkest blue, the probabilities are 5%, 10%, 15%, 20%, 25% and

30%. The grey hatched area is either excluded by LEP (at small values of µ) or excluded by a stau

LSP (at large values of µ). Superimposed are the regions of correct relic density.
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Regions of parameter space consistent with Neutralino 
relic density: Light CP-odd boson and light Sleptons

Upper Row : ml̃ = 400 GeV
Lower Row : ml̃ = 200 GeV

Clear degradation 
of Higgs signal for 
light sleptons

mq̃ � 1 TeV
Mg̃ � 6M1

M2 = 2M1

Gori, Schwaller, C.W.’11
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14 RGIS

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

Renormalization Group  allows the obtention of couplings and masses at high 
energies.  RG Invariants allow a direct connection between low and high energy 

quantities. Interestingly enough, there are 14 RGIs in the MSSM
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Applications of RGI’s

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

 For General Gauge Mediation, additional sum rules are established, 
plus a possibility of determining the messenger scale.

 For minimal models,  several rum rules are established, that allow to 
establish 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, ’10 & ’11
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Conclusions
Search for Higgs bosons in the low mass region will be very challenging, both 
at the Tevatron as well as the LHC

If expected efficiency improvements are implemented, Tevatron can probe the 
whole region consistent with SM precision electroweak measurements by data 
at the end of this year. 

Intermediate mass region around 130 GeV remains, however, challenging, and 
this translates to other well motivated models like the MSSM

At an early  LHC, and moderate values of the CP-odd Higgs mass, reach in 
relevant channels is affected by increase in bottom width. Discovery potential 
increased in  large CP-odd Higgs mass region.

Complementarity between searches at colliders calls for eventual combination 
of  Tevatron-LHC results at the end of 2012.

Large proportion of Higgs events is there if sleptons are above

RGI Invariant very efficient in establishing an infrared-ultraviolet connection in 
the MSSM 

neutralino N2
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                        Run III at the Tevatron: Higgs Sensitivity

Basic Numbers for 2011 Projections 

4

Additional improvements ongoing, eg. !! channels -> projections 
typically done with 50% improvements. 
CDF and D0 each have about 7 fb-1 of analyzable data at present, and 
are gaining data at >2fb-1/yr.  Expect to have about 10 fb-1 apiece by 
the end of 2011. 

Efficiency Improvements in the low Mass Region
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Higgs Couplings to fermions

• At tree level, only one of the Higgs doublets couples to down-quarks 
and leptons, and the other couples to up quarks

• Since the up and down quark sectors are diagonalized 
independently, the interactions remain flavor diagonal. 

• h is SM-like, while H and A have enhanced couplings to down quarks

L = Ψ̄i
L (hd,ijH1dR + hu,ijH2uR) + h.c.

d̄L
m̂d

v
( h + tanβ (H + iA)) dR + h.c.
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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
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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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CMSSM and MGM at the Tevatron

In both cases, the Tevatron could probe most of the models with 
squarks at the LHC reach and values of the CP-odd mass below 1 TeV.

M. Carena, P. Draper, S. Heinemeyer,T. Liu, G. Weiglein, C.W. ’10
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                        Run III at the Tevatron: Higgs Sensitivity

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

14

tan ! 
enhancement of 
gg->" through 
b-quark loop
and bb" 
associated 
production

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

2011 Run III

Combination with Non-Standard Higgs channels

End of 2011

Maximal Mixing Scenario :  Red region is barely below 2 sigma. Combination of 
non-SM channels become significant to probe large regions of parameter space.                        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
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W + jets
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SUSY

 = 14 TeVs, -1L = 10 fb

“What good is that fancy substructure?”

HT > 1 TeV, /ET > 300 GeV
HT > 1 TeV, /ET > 300 GeV
4+ high− pT jets,no leptons

Comparison*: with substructure analysis vs. with PGS

Mbb̄

3
+
high-pT jets, no leptons

1 candidate Higgs

*not totally fair

2+ b-tags

(Stolen from A. Martin slides)
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Radiative Corrections to Flavor Conserving Higgs Couplings

• Couplings of down and up quark fermions to both Higgs fields arise 
after radiative corrections. 

 

• The radiatively induced coupling depends on ratios                                   
of  supersymmetry breaking parameters
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Figure 1: SUSY radiative corrections to the self-energies of the d-quarks

We show that the usual approach of calculating tanβ enhanced FCNC (Flavor Changing
Neutral Currents) effects in the Kaon sector does not agree with the exact results one finds
in the limit of flavor independent masses. Thus, we develop a perturbative approach that
leads to agreement with the exact result in this limit. Finally we study the effects of the
phases of M1, M2, M3 and µ on ∆Ms, BR(Bs → µ+µ−) and εK in the cases of uniform and
split squark spectra.

We shall emphasize the implications of the present bounds on BR(Bs → µ+µ−) for future
measurements at the Tevatron collider, both in Higgs as well as in B-physics. In particular,
we shall show that the present bound on BR(Bs → µ+µ−) leads to strong constraints
on possible corrections to both ∆Ms and the Kaon mixing parameters in minimal flavor
violating schemes. Moreover, we shall show that this bound, together with the constraint
implied by the measurement of BR(b → sγ) leads to limits on the possibility of measuring
light, non-standard Higgs bosons in the MSSM.

This article is organized as follows. In section 2, we define our theoretical setup, giving
the basic expressions necessary for the analysis of the flavor violating effects at large values
of tan β. In particular, we show how the first order perturbative expressions in the CKM
matrix elements are inappropriate to define the corrections in the Kaon sector where higher
order effects need to be considered. In section 3 we show the implications of the constraint
on BR(Bs → µ+µ−) for the mixing parameters of the Kaon and B sectors in the large tanβ
regime. In section 4, we explain the implications for Higgs searches at the Tevatron. We
reserve section 5 for our conclusions and some technical details for the appendices.

2 Theoretical Setup

2.1 The resummed effective Lagrangian and the sparticle spec-
trum

The importance of large tan β FCNC effects in supersymmetry has been known for sometime.
The finite pieces of the one-loop self energy diagrams lead to an effective lagrangian for the

2

tanβ =
v2

v1

Xt = At − µ/ tanβ � At ∆b = (Eg + Eth
2
t ) tan β
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Non-Standard LHC Channels may also help
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And they are already providing meaningful limits

A detailed combined analysis is in progress
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Searches for non-standard Higgs bosons at the Tevatron
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Combination of  CDF and D0                                         
Non-Standard Higgs Searches
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