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SUPERSYMMETRY AND THE 
HIGGS MASS

An Observation
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n−1)
→ ∞ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4�

(2π)4
�1µ (2�µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(�2 −m2)((�+ k1)2 −m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in �µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µλ̃i

�µ i� for all i.

In the + + +− case, we can make �i · �j = 0 by taking �i =
λ4λ̃i
�4 i� for i = 1, 2, 3 and �4 = λ4λ̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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The box diagram is:
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�
d4�

(2π)4
�1 · � �2 · (�+ k1) �3 · (�− k4) �4 · �

(�2 −m2)((�+ k1)2 −m2)((�+ k1 + k2)2 −m2)((�− k4)2 −m2)
. (2)

1

Different-spin pieces combine
to cancel large corrections.



DICHOTOMY

Higgs at 125 GeV

Beyond MSSM, 
natural

Stop search;
Higgs sector 
(rates, decays)

Models?
(NMSSM, D-terms, 
compositeness....)

MSSM with 
heavy scalars

Gluino 
search

Top-down 
theory

robust
experimental
connection



NATURAL SUSY

To target the natural SUSY scenario (light stops & 
sbottoms, heavier 1st/2nd generation), work with 
simplified spectra.

Bosons and fermions come in pairs of equal 
masses and quantum numbers, with related 
interactions

Must be broken in our world: no two 
particles we know are superpartners of each 
other!

Hierarchy problem:

SUSY stabilizes the weak 
scale, if superpartners are 
nearby!

P. Meade & MR, ’06

Focus on the hierarchy problem:
which particles do we need?

The scalar top quark cancels the biggest divergence.



A SIMPLIFIED 
SPECTRUM
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LIMIT RECASTING
• “The Status of GMSB After 1/fb,” 1110.6444, by Y. Kats, P. 

Meade, MR, D. Shih

• Several simplified spectra

• Simulated with Pythia, FastJet, private code; validated against 
ATLAS & CMS plots

• Strong limits from:

• jets + MET (very powerful, general purpose)

• diphotons + MET, same-sign dileptons (low background)

(similar work: Essig et al. 1110.6443, Brust 
et al. 1110.6670, Papucci et al. 1110.6926, 
Bi et al. 1111.2251, Desai et al. 1111.2830)
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Figure 16: Current best limits on the simplified parameter space for stop NLSPs produced from
gluinos, described in Table 14 (bottom row). The diagonal is positioned to allow on-shell g̃ → tt̃1.

examine the reasons for this in more detail.

When the higgsino is heavy, near the gluino mass, most of the energy of the gluino goes

into the higgsino mass and the result is an energetic ZZG̃G̃ final state, for which hard missing

ET cuts perform well. However, when the higgsino is light, much of the gluino energy goes into

jets, and the Z bosons and gravitinos end up carrying a smaller fraction of the energy. The

dominant background, as shown in [13], is tt production with both tops decaying leptonically,

and the mass of the lepton pair accidentally falling near the Z mass. In Figure 17 at left,

we show the missing ET distributions for two different values of the higgsino mass and for

tt background, after applying all the cuts of [13] except the 100 or 200 GeV cut on missing

ET . It is apparent that at small higgsino masses, a cut on missing ET at 100 GeV keeps a

substantial fraction of both signal and background, while a cut at 200 GeV eliminates most

of the tt background at the cost of low signal efficiency.

We would like to propose a specific choice of cut, “leptonic MT2,” which can more precisely

remove background and probe the region of small higgsino masses. Because the dominant

background is tt, in which both the leptons and the missing transverse energy come from

the decay of two W bosons, we can remove the background very precisely. The variable

MT2 (or “stransverse mass”) is useful, since MT2 computed from the two leptons and missing

ET is bounded above by the W mass [71]. In particular, because both the leptons and the

missing neutrinos are essentially massless, we can use an analytic formula for MT2 [72] rather

than a time-consuming iterative method. In the right panel of Figure 17, we show the MT2

distributions for signal and background. Note that the tt background falls off rapidly at about

80 GeV. Previous discussions of the use of MT2 to reject backgrounds have generally included

jets [73]; an MT2 variable with jets and leptons could be used with an edge at the top mass,

27

GLUINOS & STOPS: GLUINO > 700 GEV

Gluino/stop/gravitino 
simplified model

Shows power of same-
sign dileptons, CMS 
SUS-11-010

No reach for stop 
alone: LHC needs 
more than brute force

Y. Kats, P. Meade, MR, D. Shih ’11 (with many more models)



WINTER CONFERENCES...
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Figure 2: Expected and observed 95% C.L. exclusion limits in the g̃ → tt̄χ̃0
1 (via off mass-shell t̃,

mt̃ = 1.2 TeV) simplified model as a function of the gluino and neutralino masses, together with existing

limits [26]. The lower part of the ±1σ band lies outside the range of the figure. The upper production

cross section limits at 95% C.L. are also shown.
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Figure 3: Expected and observed 95% C.L. exclusion limits in the phenomenological MSSM as a func-

tion of the gluino and stop masses assuming that mχ̃±
1
= 2mχ̃0

1
. The lower part of the ±1σ band lies

outside the range of the figure.

regions, limits have been derived in the context of simplified models where top quarks are produced

in gluino decays and MSUGRA/CMSSM scenarios. In all these signal models, gluino masses below

550 GeV are excluded within the parameter space considered and gluino masses up to 700-750 GeV can

be excluded depending on the model parameters. The results of this analysis are comparable to other

ATLAS searches [26, 64, 65] and in some cases they extend the current exclusion limits on the gluino

6

gluino through off-shell stop

ATLAS-CONF-2012-004, released Feb 2012: same-sign 
leptons, jets, MET
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regions, limits have been derived in the context of simplified models where top quarks are produced

in gluino decays and MSUGRA/CMSSM scenarios. In all these signal models, gluino masses below

550 GeV are excluded within the parameter space considered and gluino masses up to 700-750 GeV can

be excluded depending on the model parameters. The results of this analysis are comparable to other

ATLAS searches [26, 64, 65] and in some cases they extend the current exclusion limits on the gluino

6

gluino to on-shell stop

Confirms our estimates: gluino above ~700 GeV



AND MORE...
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AND MORE

ATLAS-CONF-2012-033
6 to 9 jets + MET

Experiments have learned 
this lesson well! Maybe 
need to think a bit more 
about compressed 
spectra.



GLUINO MASS & STOP MASS
A weakness of the “simplified model” approach where 
we set masses independently is that it misses the RG:

d

d logµ
m2

t̃L
=

1

16π2

�
−32

3
g23M

2
3 − 6g22M

2
2 +Xt + · · ·

�

There is some model dependence, but roughly a bound of 
900 GeV on gluinos means that without tuning

mt̃L
>∼ 360 GeV

Can have tachyonic stop masses at high scale. But 
naturalness really wants gluino below ~ 1.5 TeV. Keep 
looking!



JUST THE STOP?
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This more directly amounts 
to asking about naturalness.

So far, the LHC says 
almost nothing.



A STEALTHY STOP?
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Figure 14: Stop NLSP: limits on direct production (excluded cross section divided by the NLO+NLL

stop production cross section from [67]). Along with the best SUSY searches from Table 1, we show

the limits from the pre-tag sample of the ATLAS tt cross section measurement in the dilepton

channel [68] (orange) and the ATLAS search for tt events with large MET [14] (gray). The curves

are dashed in the low mass region where the efficiency of the jet-related and MET-related cuts (but

not the leptonic selection) is below 1%. This is to indicate that our results may not be reliable there,

since the signal efficiencies are extremely low. The black line is the Tevatron limit estimated in [31]

using the CDF search [69].

search for tt events with anomalously large missing energy [14] (1.04/fb). We find, using the
methods of [31], that neither sets the expected limit due to tightened analysis cuts. The cross
section limits are shown in Fig. 14. Since both analyses use lepton triggers, it may still be
possible to repeat them with softer cuts. Overall, Fig. 14 indicates that [14] is a very promising
search up to 300 GeV or more. Its weakness near Mstop ∼ 200 GeV stems from the fact that
for stops that are only slightly heavier than the top, the gravitinos carry very little energy
(unlike in the 3-body decays of the lighter stops or the 2-body decays of the heavier stops)
and therefore the cut on the transverse mass mT eliminates much of the signal.

At the same time, we see in Fig. 14 that some of the SUSY searches have become com-
petitive and may have already surpassed the Tevatron limit by excluding direct production
of stops up to approximately the top mass. However, since all these searches have very low
efficiencies in that low mass region, the systematic uncertainties on our simulation are likely
to be large, so the precise exclusion limits are highly uncertain. The very low efficiencies
indicate that in applying these cuts, we are making use of the far tails of the kinematic distri-
butions in the signal. We expect that these tails depend on radiation in the event, which we
are simulating with Pythia. A more careful approach would use matching of matrix elements
and parton showers to simulate stop pair production plus jets, which would be an interesting

24

Y. Kats, P. Meade, MR, D. Shih ’11

The stop could be lurking very near the top quark mass, 
canceling the Higgs mass corrections.

Very hard to see 
in this mass range; an 
instance of “stealth 
supersymmetry”  
(J. Fan, MR, J. 
Ruderman, ’11)



THREE-BODY DECAYS?
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LSP DEPENDENCE
For comparison with the LHC limits, we have also shown in Fig. 3, the strongest limit

from the Tevatron, which comes from the D0 sbottom search with 5.2 fb
−1
. This search sets

limits on sbottom pair production, with the decay b̃ → bÑ1. For the left-handed spectrum,

this limit applies directly to the sbottom, which decays b̃L → bH̃
0
for the mass range of

interest (the decay to top and chargino is squeezed out). For the right-handed stop, the

dominant decay is t̃R → bH̃
±
, which means that the stop acts like a sbottom, from the point

of view of the Tevatron search
7
. We note that the Tevatron limit only applies for higgsinos

just above the LEP-2 limit, m
H̃
< 110 GeV, and we see that the Tevatron has been surpassed

by the LHC in this parameter space.
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FIG. 3: The LHC limits on the left-handed stop/sbottom (left) and right-handed stop (right), with

a higgsino LSP. The axes correspond to the stop pole mass and the higgsino mass. We find that the

strongest limits on this scenario come from searches for jets plus missing energy. For comparison,

we show the D0 limit with 5.2 fb
−1

(green), which only applies for m
Ñ1

<∼ 110 GeV, and has been

surpassed by the LHC limits.

7
In order to apply the Tevatron sbottom limit to right-handed stops, we have assumed that the decay

products of the charged higgsino are soft enough not to effect the selection, which applies when the mass

splitting between the charged and neutral higgsino is small
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FIG. 2: Possible decay modes in the simplified model consisting only of a left-handed stop/sbottom,

or right-handed stop, decaying to a higgsino LSP. On the left, we show decays of the left-handed

stop and left-handed sbottom, whose masses are both determined by mQ3 . On the right, we show

possible decays of the right-handed stop, whose mass is determined by mu3 . At this stage, we

neglect left-right stop mixing.

We comment that near the edge of the limit, the typical acceptance of the jets plus missing

energy searches for this signal is only ∼ O(10−3). This is the right order of magnitude to set

a limit because 200 GeV stops have a production cross-section of about 10 pb, which then

leads to 10’s of events after cuts, in 1 fb
−1
.

To understand why the acceptance is ∼ O(10−3), we consider, as an example, the high

missing energy selection of the CMS jets plus missing energy search [12]. This search demands

HT > 350 GeV and /ET > 500 GeV. We find that moderately hard initial state radiation

is required for stops and sbottoms in the mass range of 200-300 GeV to pass this cut.

The low acceptance is related to the probability to produce sufficiently hard radiation. In

order to verify that the acceptance is not considerably underestimated due to the fact that

the additional jets are populated only by the parton shower in events generated by Pythia

(with the total cross-section normalized to the NLO value), we have also generated events

in Madgraph [64] with stop and sbottom pair production including also the possibility of

radiating one extra parton at the level of the matrix element. Overall we find good agreement

between the two estimates, within our typical uncertainties.
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HEAVIER STATES?
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FIG. 1: Measured mCT (left) and Emiss
T (right) distributions

before the mCT selection compared to the SM predictions
(solid line) and SM+MSSM predictions (dashed lines). The
dashed grey band represents the total systematic uncertain-
ties.
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FIG. 2: Expected and observed exclusion limits, as well as
±1σ variation on the expected limit, in the b̃1 − χ̃0

1 mass
plane. The band around the observed limit delimited by the
two dashed lines shows the effect of renormalization and fac-
torization scale variation. The reference point indicated on
the plane corresponds to the MSSM scenario with sbottom
and neutralino masses of 300 GeV and 100 GeV, respectively.
Results are compared to previous exclusion limits from Teva-
tron experiments. Results from LEP cover the region with
sbottom mass below 100 GeV.

suming BR(b̃1 → bχ̃0
1)=100%. Systematic uncertainties

are treated as nuisance parameters and correlated when
appropriate. For the MSSM scenarios considered, the
upper limit at 95% C.L. on the sbottom masses obtained
in the most conservative hypothesis, σmin, is 390 GeV
for mχ̃0

1

= 0. The limit becomes 405 GeV for σnom and

420 GeV for σmax. Neutralino masses of 120 GeV are
excluded for 275 < mb̃

1

< 350 GeV. The three signal re-
gions are used to set limits on the effective cross section
of new physics models, σeff , including the effects of ex-
perimental acceptance and efficiency. The observed (ex-
pected) excluded values of σeff at 95% C.L. are 13.4 fb,

9.6 fb and 5.6 fb (15.2 fb, 9.2 fb and 4.7 fb), respectively
for mCT>100, 150, 200 GeV.
In summary, we report results of a search for sbottom

pair production in pp collisions at
√
s = 7 TeV, based

on 2.05 fb−1 of ATLAS data. The events are selected
with large Emiss

T and two jets required to originate from
b-quarks in the final state. The results are in agreement
with SM predictions for backgrounds and translate into
95% C.L. upper limits on sbottom and neutralino masses
in a given MSSM scenario for which the exclusive de-
cay b̃1 → bχ̃0

1 is assumed. For neutralino masses below
60 GeV, sbottom masses up to 390 GeV are excluded,
significantly extending previous results.
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b̃ → bχ̃0               at ATLAS: bounded 
to ~ 400 GeV if neutralino < 
150 GeV

Similar bounds on
from same-sign dilepton

b̃ → t̃W−

Perelstein, Spethmann hep-ph/0702038: 
in the “supersymmetric golden region” (light stop, large 
A-term mixing stop-right and stop-left)

t̃2 → t̃1Z



LIGHT STOPS
One idea: leptonic MT2. (Kats, Meade, MR, Shih)

Edge at the W mass (also: Cohen, Kuflik, Zurek 1003.2204)

An Observation

Missing momentum

Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n−1)
→ ∞ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4�

(2π)4
�1µ (2�µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(�2 −m2)((�+ k1)2 −m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in �µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µλ̃i

�µ i� for all i.

In the + + +− case, we can make �i · �j = 0 by taking �i =
λ4λ̃i
�4 i� for i = 1, 2, 3 and �4 = λ4λ̃1

[4 1] . Thus, we can

1

MT2 or “stransverse mass” 
variable from Lester, Summers 
hep-ph/9906349

W boson?

W boson?

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

The box diagram is:

16

�
d4�

(2π)4
�1 · � �2 · (�+ k1) �3 · (�− k4) �4 · �

(�2 −m2)((�+ k1)2 −m2)((�+ k1 + k2)2 −m2)((�− k4)2 −m2)
. (2)

Consider the m → ∞ limit, in which we can expand the denominators, e.g.:

1

(�+ k1)2 −m2
=

1

�2 −m2
− 2� · k1

(�2 −m2)2
+ · · · (3)

The leading term by �,m power counting has �µ�ν�ρ�σ in the numerator and (�2 −m2)4 in the denominator,
leading to terms proportional to (�i · �j)(�k · �l) = 0 after integrating. (Here we have 4 �’s and a d4� in the
numerator, and (�2 −m2)4 in the denominator, so the overall dimension is 8-8 = 0. Thus, it’s clear at this
point that the whole integral goes to zero as m → ∞.) At subleading orders, we can use the (�2 · k1)(�3 · k4)
part of the numerator and pull, for example, (�·k1)(�·k4) factors from the denominator, finding nonzero terms
that go schematically like (�i · kj)4/m4 and correspond to generating dimension-8 operators like 1

m4 (F 2)2.
Now let’s look at the triangle diagrams, e.g.: Which is:

8

�
d4�

(2π)4
[�1 · k2 �2 · (2�+ k1)− �2 · k1 �1 · (2�+ k2)] �3 · (�− k4) �4 · �

(�2 −m2)((�+ k1 + k2)2 −m2)((�− k4)2 −m2)
. (4)

Once again, power counting says this → 0 as m → ∞, using �i · �j = 0.
Next we have a bubble: In the numerator, we continue to have the kind of structure we wrote in eqn. 4,

with the factor from the left-hand side contributing:

�1 · k2 �2 · (2�+ k1)− �2 · k1 �1 · (2�+ k2) = 2 (�1 · k2 �2 · �− �2 · k1 �1 · �) . (5)

2



LIGHT STOPS
One idea: leptonic MT2. (Kats, Meade, MR, Shih)
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ALONG SIMILAR LINES...

which is more sensitive to this background topology because of the additional kinematic information

applied in the definition. Specifically, the variable MW
T2 (where the superscript W represents the on-

shell intermediate W information is included when combining lepton and neutrino) can no longer be

cast into the “maximum of two side’s MT ” form, but is instead defined directly as the minimization 5

MW
T2 = min

{

my consistent with:

[

!pT1 + !pT2 = !Emiss
T , p21 = 0 , (p1 + p!)2 = p22 = M2

W ,
(p1 + p! + pb1)

2 = (p2 + pb2)
2 = m2

y

]}

.(3)
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Figure 5: Schematic of MW
T2, along with its signal and background event distributions. Here all of the

information is used, including theW -on-shell mass condition on both sides. As with the other variables,
p2 is the entire missing on-shell W , but p1 is the neutrino that gets paired with the visible lepton to
form the other on-shell W . All the events in the plot have Emiss

T > 150 GeV and MT > 100 GeV. The
events with no compatible top mass under 500GeV are placed in the last bin.

The diagram, along with signal and background distributions are shown in Fig. 5. We use the same

method as before to pick the two b-jets, and a method similar to that for M b!
T2 is used to choose which

b-jet gets paired with the visible lepton. Calculating this variable can be done efficiently in a similar

way as the MT2 calculation in Ref. [47] by generalizing the method there to this case. For perfect

measurements, this variable for the dileptonic tt̄ backgrounds is less than the true top quark mass

since the top mass should be compatible with all background events. On the other hand, the signal

events do not need to satisfy such a bound, because of its different topology and additional missing

massive particles χ̃. For some of the signal events we may not even be able to find a compatible

mass because we apply the variable to a wrong topology with the wrong mass-shell conditions. The

5The programs for calculating all new variables defined in this paper can be downloaded at
https://sites.google.com/a/ucdavis.edu/mass/

8

Bai, Cheng, Gallicchio, Gu 1203.4813

Analog of MT2 designed to reject dileptonic tops with 
missing lepton, which can contaminate a semileptonic stop 
search after MT rejects semileptonic tops.



SPIN TESTS

SM: Correlation
Supersymmetry: No correlation, but polarization

Very light stop: need to supplement missing ET 
variables with more information. Work with Z. Han, A. Katz, 
D. Krohn...



LIKELIHOOD RATIO
Adapt some work of Melnikov & Schulze to this context:
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L(dat) ttbar_corr(blue), stst(red)
Lt dat

Entries  271
Mean    21.33
RMS     8.475

L(dat) ttbar_corr(blue), stst(red)

Each point is a sample of 500 events: stops (red) or tops 
(blue). Log likelihood is noticeably different. Really looking 
for a mixture of mostly tops with some stops; still a 
challenge.



STOP & TOP CROSS SECTION

Madgraph LO:

σ(gg → tt̄) ≈ 68 pb

σ(qq̄ → tt̄) ≈ 23 pb

σ(gg → t̃1t̃
†
1) ≈ 11 pb

σ(qq̄ → t̃1t̃
†
1) ≈ 1.6 pb

At stop mass = top mass, 
rate is about 1/6 of top rate.

Why so small?  Very naive: 
both color triplets, 1/2 the 
degrees of freedom, why not 
1/2 the rate?
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Figure 1: Fraction of stop decays, t̃ → W+bχ, which are three-body, as a function of the stop
mass. More precisely, we are labeling a decay “three-body” when m(W+b) < mt − 3Γt, and have
taken the top quark mass to be 173 GeV. The neutral fermion χ is either the gravitino G̃ or a
massless bino B̃. In the gravitino case, three-body decays persist for larger stop masses, so the
“maximally stealthy stop” is at masses nearer 200 GeV than 175 GeV.

the three-body regime to extend to somewhat higher masses, as illustrated in Figure 1.

(This plot and others throughout the paper rely on simulations performed with MadGraph

5 [19], as well as goldstino vertices we have implemented [20] using the UFO format [21]).

The estimates in [7] show that current analyses have weakened sensitivity in the range

mt � mt̃ � 250 GeV, which we will take as our characterization of the stealth stop

window. We review the current searches relevant for stops in Section 2, characterizing the

extent to which they are simple top rate measurements in this window. Although more

data will reduce the statistical errors on measurements of the top, both systematic and

theoretical uncertainties will remain. Measurements of the top are notoriously difficult

(see, e.g., Ref. [22]), and so the more handles one has to constrain/discover stops, the

better.
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Figure 2: NLO stop pair production cross section at the 8 TeV LHC, as reported by Prospino [23].
The vertical axis on the right shows the rate as a ratio to the tt̄ rate.
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THRESHOLD DEPENDENCE

Madgraph LO:

σ(gg → tt̄) ≈ 68 pb

σ(qq̄ → tt̄) ≈ 23 pb

σ(gg → t̃1t̃
†
1) ≈ 11 pb

σ(qq̄ → t̃1t̃
†
1) ≈ 1.6 pb

The smallness of stop production from q-qbar is related 
to the threshold behavior. Must produce the stops in a p-
wave, so rate goes ~ β3.

Top production and stops from gluons are ~ β, so need 
a better explanation of the small ratio of stops.



MASSLESS LIMIT

σ(gg → t̃1t̃
†
1) →s�m

5α2
sπ

48s

Production rate of stops from gluons:

Production rate of fermionic quarks from gluons:
dσ

dΩ
(gg → qq̄) =

α2
s

24s

�
t2 + u2

�� 1

tu
− 9

4s2

�
.

Have a forward singularity: cut off by the stop mass, but 
enhances the top rate.

Real kinematic difference we should try to exploit.



AMPLITUDES
Consider the even simpler example of γγ → ẽ+ẽ−

A(1+, 2−, 3φ, 4φ) = ie2
[1 3] �2 3�
�1 3� [2 3]

The amplitude is a pure phase.

The t-channel pole is absent; a photon can’t split into 
collinear scalars while conserving angular momentum.

For fermions, the usual splitting amplitude story 
ameliorates the      pole to a         :1/t 1/

√
t

Atree(1+, 2−, 3+
ψ̄
, 4−ψ ) = ie2

[1 4] �2 3�
�1 3� [2 3]

∼ ie2
�

u

t
× phase



RAPIDITY DIFFERENCES

Result of the t-channel singularity for top production. 
Interesting stop/top difference, coming from 
angular momentum conservation.

the result will be a log s
m2

t
enhancement in the rate for forward top production in the parton

center-of-momentum frame. More details? This is a very real physical difference between

the production of top quarks and scalar top quarks, which we should try to exploit. It is

easy to see by considering the even simpler case of scalar QED versus QED, where the

simplest MHV amplitudes with the right little group properties are easily written down

and give the correct answers:

Atree(1+, 2−, 3φ, 4φ) = ie2
[1 3] �2 3�
�1 3� [2 3]

= e2 × phase (4.3)

Atree(1+, 2−, 3−
ψ̄
, 4+ψ ) = ie2

[1 4] �2 3�
�1 3� [2 3]

= e2
�

u

t
× phase. (4.4)

The latter case corresponds to the familiar splitting function ameliorating the pole in a

t-channel diagram to the square root of a pole in the amplitude. In the scalar case, this pole

is completely absent. The two results are, in fact, related by a SUSY Ward identity. try

to mumble something more intuitive about angular momentum conservation?

be careful to get it right

4.2 Parton-level distributions and systematics

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.00

0.05

0.10

0.15

0.20

0.25

�y

Fr
ac
tio
n
of
Ev
en
ts
Rapidity Gap

Stops �180 GeV�
Tops �MC�NLO�
Tops, Μ � 0.5 ΜDefault
Tops, Μ � 2.0 ΜDefault

Figure 5: ∆y distribution between top and antitop for tt̄ production (orange) and for a 180 GeV
scalar top (blue), both normalized to 1. Stops are more likely to be produced at small rapidity
difference because the t- and u-channel poles in fermionic quark production from gg are absent in
scalar quark production. Three curves are shown for tops, corresponding to different choices of
renormalization and factorization scales in MC@NLO.

Our intuition from the limits of massless particles is useless if it doesn’t carry over to

a fact about physical, massive tops and stops, but it does. The distribution of rapidity

gaps between produced tops and stops is shown in Figure 5. The distributions are clearly

different. However, we should keep in mind the fundamental fact about stop rates: in

a sample of candidate top events, we are usually looking for at most 10% of the sample

composed of stops, so even a 50% difference in the shape of pure top and stop distributions

will become a 5% effect in the combined sample. We must investigate the robustness of our

– 9 –



HOWEVER...

Monte Carlo predictions of the shape of the top rapidity gap distribution, to understand

whether such an effect can ever be measured. We will begin by assessing this at parton level,

ignoring subtleties associate with jets and detectors. Making the case that the difference

is observable at this level is a necessary but not sufficient precondition for claiming that it

can be measured at the LHC.

We have generated large samples of tt̄ events using MC@NLO [43, 44] to assess the

systematic uncertainties. words about the size of uncertainties here
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Figure 6: Relative fractional change in the fraction of events in each bin of ∆y. The comparison is
to MC@NLO run with default renormalization and factorization scales. The dotted dark red curve
is the result of halving these scales. The dashed red curve doubles the scales. The blue curve is
the result of adding an admixture of 180 GeV stops (11% of the events, based on the relative NLO
cross sections). The concern is that the effect of stops may be mimicked by a larger renormalization
scale.

So far we have been discussing only inclusive parton-level quantities. Cuts on kinematic

variables can help to draw out the differences between stops and tops. In Figure 5, both

stops and tops peak at ∆y = 0. This is because both are dominantly produced near

threshold, where one has ∆y = 0 by definition. In fact, one can easily see that as a

function of the center-of-mass energy of the parton collision,
√
ŝ, there is a bound on ∆y

in tt̄ events:

∆y ≤ log
ŝ+

�
ŝ− 4m2

t

ŝ−
�
ŝ− 4m2

t

(4.5)

The same consideration applies to the tt̄ subsystem of a stop event. Figure 7 shows where

events lie in the plane of (Mtt̄,∆y); tops are seen to prefer larger ∆y at larger Mtt̄, and it is

apparent that for both samples most events are near-threshold. Thus, a cut on ŝ will allow

us to isolate the regime where there can, in principle, be large differences between top and

stop events (also, this is where our massless-limit intuition applies best). However, there is

a caveat: a hard cut on ŝ will make the difference in distributions clear, but runs the risk of

diluting our samples enough that statistical uncertainties overwhelm the systematics and

prevent us from drawing a clean conclusion.

– 10 –

To some extent, mimicked by a larger RG scale choice 
in the NLO calculation. Need better Standard 
Model theory! Understanding tops is key.

Stop/top rate is small, so it’s a small change in shape.



MESSAGE
The key question for TeV-scale physics now is 
naturalness.

In the near future, the clues to look for are:
- light stops
- changes in Higgs branching ratios or production rates
- novel Higgs decay modes

Should also be looking for displaced gluinos; hints of 
unnaturalness.

We’re eagerly awaiting 2012 data and 
analysis!


