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Figure 1: The Higgs mass in low-energy super-
symmetry for large tan� ⇡ 20. The shaded re-
gion in the (Xt,mS) plane corresponds to the
observed value of mh. Higher-order corrections
and the uncertainty in the top mass amount to
an error of a few GeV in mh.

Figure 2: The white region is the range in the
(m

˜t1
,m

˜t2
) plane allowed by the mh constraint,

while shaded regions are excluded. The full,
dashed, and dotted lines correspond to fixed val-
ues of �t, satisfying the mh constraint with
|Xt| >

p
6 (blue) or |Xt| <

p
6 (black).

2 The light-stop window

2.1 Constraints from the Higgs mass and decay rates

The leading part of the supersymmetric prediction for the mass of the lightest Higgs boson

is
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where Xt = (At + µ cot �)/mS, m2

S = m
˜t1m˜t2 is the average stop mass, yt = mt/v is the

top-quark Yukawa coupling, and v ⇡ 174 GeV is the Higgs vev. In fig. 1 we show the region

of the (Xt,mS) plane compatible with the observed Higgs mass (for tan � � 1), including

also the leading two-loop corrections to the Higgs mass not shown in eq. (1). The lightest

average stop mass that can lead to the observed Higgs mass is obtained for

mS ⇡ 500 GeV and X2

t ⇡ 6 . (2)

We focus on such configuration, the so-called “maximal mixing” case, since it reduces the

fine-tuning in electroweak symmetry breaking and can lead to observable signals.
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Constraints from decay rates
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S = m
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top-quark Yukawa coupling, and v ⇡ 174 GeV is the Higgs vev. In fig. 1 we show the region
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also the leading two-loop corrections to the Higgs mass not shown in eq. (1). The lightest

average stop mass that can lead to the observed Higgs mass is obtained for
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We focus on such configuration, the so-called “maximal mixing” case, since it reduces the

fine-tuning in electroweak symmetry breaking and can lead to observable signals.
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Constraints from RG evolution
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Figure 3: Renormalization group evolution from
the unification scale to the weak scale of gaug-
ino masses M

1

, M

2

, M

3

(green curves), of
the stop mass parameters m

˜tL
and m

˜tR
(full

and dashed blue curves, respectively), ytAt (red
dashed curve), mHu (black curve), in a configu-
ration leading to m

˜tR
⌧ m

˜tL
at the weak scale.

All masses are in GeV units and we assumed
the MSSM.

Figure 4: Gluino and light-stop masses result-
ing from a scan of the parameter space assum-
ing universal scalar and gaugino masses, and
the condition |At| < 3m

0

, at the GUT scale.
All points satisfy the mh ⇡ 126 GeV con-
straint and are colored according to the value of
m

˜t2
/m

˜t1
, as indicated on the right-handed axis.

For illustrative purposes lines corresponding to
M

3

/m

˜t1
= 1, 2, 3, 4 are also shown.

2.2 Constraints from the RG evolution

A numerically large splitting between m
˜tL

and m
˜tR

naturally arises from the evolution under

renormalization-group equations (RGE), provided scalar masses are significantly larger than

gaugino masses at the high scale. This can be understood by looking at the one-loop RGE

for third generation squark masses and mHu . Neglecting o↵-diagonal flavor-mixing terms we

have
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where µ is the renormalization scale, and

Yt = m2

˜tL
+m2

˜tR
+m2

Hu
+ A2

t . (11)
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Experimental bounds + Higgs

M3 < 1.6 TeV

met1 < 400 GeV

QCD termYukawa term QCD and Yukawa term compensate in 
running of                               

Yukawa term leads to                               

               co      consistent with weak            
scale configuration

Large mass splitting

met1 ⇠ metR met2 ⇠ metL•    

•         
•Gluino mass        



Constraints from flavor physics

Small mixing: remaining flavor violation described by CKM angles

BR(B ! X
S

�)
exp

BR(B ! X
S

�)
SM

= 1.09± 0.11

Figure 5: Correlation between BR(B ! Xs�) and ✏K . The two ellipses denote the 68% and 90% CL
experimental range. All points reproduce the observed Higgs mass. The two black curves are obtained
varying m

˜tR
between 200GeV and 400GeV (from left to right) for mS = 500GeV, µ = 250GeV,

and tan� = 20 (dashed curve) or tan� = 10 (full curve). The points are obtained varying the
parameters in the range µ = [150� 400]GeV and m

˜tR
= [200� 400]GeV, with mS < 700GeV and

tan� = 20 (red) or tan� = 10 (blue).

constraint favors tan � � 1. As a result, the experimental constraint on BR(B ! Xs�) puts

a very stringent bound on the maximal value of |✓t| for higgsino masses of O(m
˜tR
), providing

a further argument in favor of a sizable hierarchy between the two stop mass eigenstates [see

eq. (7)]. The sign of the correction can be positive or negative, depending on the relative

sign of µ and At. The experimental data favor a constructing interference with the SM

amplitude: BR(B ! Xs�)exp/BR(B ! Xs�)SM = 1.09± 0.11.2

In the case of ✏K , the correction is always positive and, in first approximation, is inde-

pendent from the mixing angle. As a result, the present experimental constraint ✏expK /✏SMK =

1.14± 0.10 [19] can be better satisfied if µ is not too heavy.

The correlation between the two observables is shown in fig. 5, where we restrict the

attention to the value of sgn(µAt) favored by BR(B ! Xs�). As can be seen, after imposing

the mh constraint and requiring |µ| ⇠< 400 GeV, present data favor the configuration with

m
˜tR

⌧ m
˜tL

that maximizes the correction to ✏K and minimizes the impact in BR(B ! Xs�).

2This ratio is evaluated using the SM estimate from Ref. [16], and a naive average of the HFAG result
and the latest Babar result [18] on BR(B ! Xs�)exp.

8

• Large mass splitting

Experimental Data:

• Small mixing

BR(B ! XS�)

BR(B ! XS�)SM
= 1� 2.5�C7 � 0.7�C8 Correlation with  



Constraints from dark matter 

A light stop cures the excessive relic abundance of B-ino LSP

   

Lightest neutralino mass slightly smaller than lightest stop



Stop decay ratesGluino to top stop 

Tommaso Lari 30 

Gluino-mediated 
stop production 

Direct sbottom 
production 

3rd Generation SUSY 

2 

 Natural Supersymmetry 
 Higgs regularised by stop mass 

 Light sbottoms, stops, gluinos 

 Dedicated Searches in ATLAS 
 Gluino-mediated stop/sbottom 

 3 b-jets with 8 TeV, 13 fb-1  
 3 leptons with 8 TeV, 13 fb-1  

 Direct sbottom pair production 
 3 leptons with 8 TeV, 13 fb-1  

 Direct stop pair production 
 Summary of 7 TeV results 

HCP 13/11/2012 Tom Barber, 3rd Generation SUSY Searches with ATLAS 
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Bounds from existing LHC searches

How can we detect stop decays?

Reconstruction + identification of soft decay products

Problem

Trigger      Jets and leptons too soft     

Solution

Detect  through associate jet production etet⇤ + Jets

•                    for the first two jets                          pjet
T > 60 GeV

•                    for the other jets                          pjet
T > 40 GeV



Bounds from existing LHC searches

Emulation of razor analysis (                                            )           etet⇤
p

s = 7 TeV pp PY THIA8
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Figure 7: Distribution of MR (left), R

2 (center), and box-by-box event fraction (right) for pair-
produced stop events as a function of the stop mass, for t̃ ! `⌫`bN decays and m

˜t � M

DM

= 30
GeV. Even if this case is the most favorable for the selection of leptonic final states, the hadronic
box is the most populated due to the small value of m

˜t �M

DM

.

used in the hadronic SUSY searches: pjetT > 60 GeV for the first two jet; pjetT > 40 for the

other jets. The looser jet selection increases the e↵ective cross section we are sensitive to.

To estimate the sensitivity of the search to the soft leptons from the stop decays, we

implemented an emulation of the razor analysis, based on generator-level jets and leptons.

We generate pair-produced stop squarks in
p
s = 7 TeV pp collisions using PYTHIA8 [30].

The stop are forced to decay with a flat matrix element as t̃ ! `⌫`bN . The transverse

momenta of all the visible particles are summed to compute the missing transverse energy at

generator level. Similarly, these particles are clustered into jets using the FASTJET [31, 32]

implementation of the antikT [33] algorithm. As for CMS, we use R = 0.5 to define the

jet size. The razor variables and the six boxes (MuEle, MuMu, EleEle, Mu, Ele, and Had)

are defined following the instructions provided by the CMS collaboration [34]. To take into

account the limited e�ciency in lepton detection, we applied the e�ciency curves of the CMS

dilepton SUSY search [35], using a hit-or-miss analysis. This is a valid procedure, since the

lepton definition in the razor and dilepton SUSY searches are similar.

We scan the value of the stop mass between 100 GeV and 400 GeV, fixing the stop-to-

neutralino mass gap to 30 GeV. We show in fig. 7 the distribution of the razor variables for

di↵erent stop masses, as well as the breakdown in boxes. A few important features should

be noticed:

i) The MR variable approximates the momentum of the jets in the frame such that

|pj1 | = |pj2 |. In the case of squark pair-production, for which this variable was designed,

this corresponds to the squarks rest frame. This is why the MR distribution for this

case peaks at the M
�

= (m2

˜t1
�M2

DM

)/m
˜t1 . Instead, in the case we consider here the

jets come from the associated (non-resonant) production and the peak is at ⇠ 150

GeV, regardless of the stop and neutralino masses (due to the selection on the jet pT

12

 [GeV]RM
500 1000 1500 2000 2500

Pr
ob

ab
ilit

y 
(a

.u
.)

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08  = 700

χ∼
 = 100 GeV mt~m

 = 1300
χ∼

 = 160 GeV mt~m
 = 1900

χ∼
 = 220 GeV mt~m

 = 2500
χ∼

 = 280 GeV mt~m
 = 3100

χ∼
 = 340 GeV mt~m

 = 3700
χ∼

 = 400 GeV mt~m

2R
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Pr
ob

ab
ilit

y 
(a

.u
.)

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16  = 700

χ∼
 = 100 GeV mt~m

 = 1300
χ∼

 = 160 GeV mt~m
 = 1900

χ∼
 = 220 GeV mt~m

 = 2500
χ∼

 = 280 GeV mt~m
 = 3100

χ∼
 = 340 GeV mt~m

 = 3700
χ∼

 = 400 GeV mt~m

MuEle MuMu EleEle Mu Ele Had

Pr
ob

ab
ilit

y 
(a

.u
.)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9  = 700

χ∼
 = 100 GeV mt~m

 = 1300
χ∼

 = 160 GeV mt~m
 = 1900

χ∼
 = 220 GeV mt~m

 = 2500
χ∼

 = 280 GeV mt~m
 = 3100

χ∼
 = 340 GeV mt~m

 = 3700
χ∼

 = 400 GeV mt~m

Figure 7: Distribution of MR (left), R

2 (center), and box-by-box event fraction (right) for pair-
produced stop events as a function of the stop mass, for t̃ ! `⌫`bN decays and m

˜t � M

DM

= 30
GeV. Even if this case is the most favorable for the selection of leptonic final states, the hadronic
box is the most populated due to the small value of m

˜t �M

DM

.

used in the hadronic SUSY searches: pjetT > 60 GeV for the first two jet; pjetT > 40 for the

other jets. The looser jet selection increases the e↵ective cross section we are sensitive to.

To estimate the sensitivity of the search to the soft leptons from the stop decays, we

implemented an emulation of the razor analysis, based on generator-level jets and leptons.

We generate pair-produced stop squarks in
p
s = 7 TeV pp collisions using PYTHIA8 [30].

The stop are forced to decay with a flat matrix element as t̃ ! `⌫`bN . The transverse

momenta of all the visible particles are summed to compute the missing transverse energy at

generator level. Similarly, these particles are clustered into jets using the FASTJET [31, 32]

implementation of the antikT [33] algorithm. As for CMS, we use R = 0.5 to define the

jet size. The razor variables and the six boxes (MuEle, MuMu, EleEle, Mu, Ele, and Had)

are defined following the instructions provided by the CMS collaboration [34]. To take into

account the limited e�ciency in lepton detection, we applied the e�ciency curves of the CMS

dilepton SUSY search [35], using a hit-or-miss analysis. This is a valid procedure, since the

lepton definition in the razor and dilepton SUSY searches are similar.

We scan the value of the stop mass between 100 GeV and 400 GeV, fixing the stop-to-

neutralino mass gap to 30 GeV. We show in fig. 7 the distribution of the razor variables for

di↵erent stop masses, as well as the breakdown in boxes. A few important features should

be noticed:

i) The MR variable approximates the momentum of the jets in the frame such that

|pj1 | = |pj2 |. In the case of squark pair-production, for which this variable was designed,

this corresponds to the squarks rest frame. This is why the MR distribution for this

case peaks at the M
�

= (m2

˜t1
�M2

DM

)/m
˜t1 . Instead, in the case we consider here the

jets come from the associated (non-resonant) production and the peak is at ⇠ 150

GeV, regardless of the stop and neutralino masses (due to the selection on the jet pT

12

 [GeV]RM
500 1000 1500 2000 2500

Pr
ob

ab
ilit

y 
(a

.u
.)

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08  = 700

χ∼
 = 100 GeV mt~m

 = 1300
χ∼

 = 160 GeV mt~m
 = 1900

χ∼
 = 220 GeV mt~m

 = 2500
χ∼

 = 280 GeV mt~m
 = 3100

χ∼
 = 340 GeV mt~m

 = 3700
χ∼

 = 400 GeV mt~m

2R
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Pr
ob

ab
ilit

y 
(a

.u
.)

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16  = 700

χ∼
 = 100 GeV mt~m

 = 1300
χ∼

 = 160 GeV mt~m
 = 1900

χ∼
 = 220 GeV mt~m

 = 2500
χ∼

 = 280 GeV mt~m
 = 3100

χ∼
 = 340 GeV mt~m

 = 3700
χ∼

 = 400 GeV mt~m

MuEle MuMu EleEle Mu Ele Had

Pr
ob

ab
ilit

y 
(a

.u
.)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9  = 700

χ∼
 = 100 GeV mt~m

 = 1300
χ∼

 = 160 GeV mt~m
 = 1900

χ∼
 = 220 GeV mt~m

 = 2500
χ∼

 = 280 GeV mt~m
 = 3100

χ∼
 = 340 GeV mt~m

 = 3700
χ∼

 = 400 GeV mt~m

Figure 7: Distribution of MR (left), R

2 (center), and box-by-box event fraction (right) for pair-
produced stop events as a function of the stop mass, for t̃ ! `⌫`bN decays and m

˜t � M

DM

= 30
GeV. Even if this case is the most favorable for the selection of leptonic final states, the hadronic
box is the most populated due to the small value of m

˜t �M

DM

.

used in the hadronic SUSY searches: pjetT > 60 GeV for the first two jet; pjetT > 40 for the

other jets. The looser jet selection increases the e↵ective cross section we are sensitive to.

To estimate the sensitivity of the search to the soft leptons from the stop decays, we

implemented an emulation of the razor analysis, based on generator-level jets and leptons.

We generate pair-produced stop squarks in
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s = 7 TeV pp collisions using PYTHIA8 [30].
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Figure 8: Left: predicted cross section and experimental limits as functions of the lightest stop
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) plane from ATLAS analyses (dotted regions
shaded in yellow), CMS analyses (dot-dashed regions shaded in green), our re-analysis (red).

conclusion applies to compressed stop-neutralino spectra, since the signature in the razor

Had box is the same.

A change in the lepton selection could further increase the sensitivity of these analyses.

The left plot on Fig. 9 shows the distribution of the muon pT for W+jets events selected

by the CMS monojet analysis, before applying the muon veto and the isolated track veto.

This is compared to the equivalent distribution obtained for events with pair-produced stops,

decaying to W ⇤bN , with at least one of the two W ⇤ producing a µ⌫ pair. We consider two

values of the stop mass (m
˜t = 150 GeV and m

˜t = 270 GeV) for �M = 15 GeV. Requiring

one muon with pT < 15 GeV corresponds to reducing the Z(⌫⌫)+jets background to a

negligible level, and to rejecting ⇠ 92% of the other backgrounds.

To evaluate the potential improvement due to this change, we applied the monojet anal-

ysis to the generated stop-stop samples, and we separate the selected events in two boxes

(as for the razor analysis): the Muon box, including all the events with one muon with

pT < 15 GeV; the Had box, with all the other events. We then distribute the background

in the two boxes as follows: all the Z(⌫⌫)+jets background to the Had box; 8% (92%) of

the other background in the Mu (Had) box. We then evaluate the potential sensitivity of

this modified analysis on a sample of pair-produced stop decays, decaying to W ⇤bN , 20% of

which produce at least one muon in stop decay.

15

Monojet and Razor Analyses

Missing Transverse 
Energy + PT > 30 GeV

More efficient
More performant

At large splits the limit from the Razor Analyses is 
consistent with the official limit on stop pair production 

How the sensivity could be improved?

•  Extending the razor analysis at the tail of     for law R2

• Changing in the lepton selection

• Requiring a displaced vertex from the primary one of the p-p collision
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Figure 9: Improvements that can be obtained with a dedicated search. Left: distribution of the
muon pT for W+jets and stop-pair events passing the CMS monojet selection criteria, except for
the muon veto and the veto on isolated tracks. Right: expected excluded cross section for stop pair
production obtained from the CMS monojet analysis (blue) and a modified monojet+muon search
(black). Events are generated with four-body stop decays to ff̄

0
bN , of which ⇠ 20% produce one

muon.

The right plot of Fig. 9 shows the expected exclusion limit, compared to what is obtained

with the usual monojet analysis. A similar improvement could be used for electrons, provided

the understanding of the electron identification and the fake rate at low pT . One should keep

in mind that our results come from a simplified description of the CMS detector. A more

accurate assessment of the improvement can only be obtained with a detailed simulation

of the detector performances. We look forward to see this change applied to the monojet

analyses by ATLAS and CMS.

As a side remark, we would like to stress the fact that the stop decay products could

be displaced from the primary vertex of the proton-proton collision. Requiring a displaced

vertex, particularly with one muon originating from it, can potentially reduce the standard

model background to a very small level. However for �M ⇡ 30GeV only a small fraction

of the t̃
1

decay after a detectable path of about 1 mm. An accurate estimate of the signal

sensitivity for a diplaced-vertex analysis would require an accurate description of the vertex

resolution for the LHC detectors and should be investigated directly by the ATLAS and CMS

collaborations. Even if the signal reduction is too large to be beneficial for 8 TeV searches,

this is an interesting possibility in light of the high statistics expected for the future 14 TeV
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resolution for the LHC detectors and should be investigated directly by the ATLAS and CMS
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Conclusions

•                wwith         = 200-400 GeV 
•                  with          = 1-2 TeV
• Gluino mass below 1.5 TeV
•                      compete with 
• Limits on stop masses of about 250 GeV


