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Naturalist’s World View
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Not All “Natural” GMSB Pheno 
is Immediately Distinctive
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Sbottom pair decaying to binos or gravitinos?

Regardless, already very well-covered!



Stop is the LOSP?
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FIG. 6: Estimated exclusion level for t̃R → tG̃ (left) and t̃L → tG̃ (right), assuming a 2012-like

data sample of 25 fb−1 at 8 TeV. The black curve and green band show the median and ±1σ

quantile exclusions, with 15% systematic errors on the background. The dashed horizontal black

line indicates 95% CLS exclusion, and the dashed horizontal orange line indicates the approximate

equivalent of “5σ” discovery level. The light gray shaded region is where our median exclusion

is better than 95%. On the left plot, the dark gray shaded region indicates the complete range

of ATLAS exclusions: dileptonic, l+jets, and all-hadronic. (The left edge is controlled by l+jets,

which we have not re-interpreted for a gravitino LSP. We expect the true exclusion to be stronger.)

On the right plot, the dark gray shaded region indicates the ATLAS all-hadronic exclusion, which

is likely their only search unaffected by the top quark’s spin.

B. Prospects for 2012 data

The larger luminosity and energy of the 2012 LHC run will greatly increase the sensitivity

of the dileptonic mT2 search. For the results presented below, we assume 25 fb−1 of data

collected at 8 TeV.

We begin with the gravitino LSP. In Fig. 6, we show how the coverage will evolve

for t̃R, and now also include results for t̃L. The former search becomes capable of cleanly

excluding stops between 100 GeV and 475 GeV, with no gaps. Indeed, most of the range not

already excluded by ATLAS stop searches would exceed discovery-level significance, though

some of this region might be independently excluded by non-dedicated SUSY searches [24,

25]. In the t̃L → tG̃ search, we clearly see the degrading effects of left-handed top quark

polarization. The coverage is much weaker over the entire range (note the change in vertical

20

No stealth region!

Kılıç & Tweedie (1211.6106)

7 TeV exclusions

*Theorist analyses using dileptonic mT2 (25 fb-1 8 TeV)

20117 TeV exclusions

Right-handed stops Left-handed stops

Coverage gap due to spin

• Relaxed mT2 cut (95 GeV)
• Minimal jet requirements                

(1 b-tag for ee/µµ, inclusive for eµ)
• MET/Meff cut

~5σ
 discovery

95% CLs

also:  Kats & Shih (1106.0030), Chou & Peskin (hep-ph/9909536)



Or is the Data Whispering H±?
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FIG. 3: The total SM prediction (signal + background) from the LHC8 CMS W+W−

study [3], with additional contributions

from a 125 GeV SM higgs and chargino pair production in the best-fit chargino NLSP scenario (mχ̃+
1
= 110 GeV) shown. The

gray hashed bands represent the uncertainty of the SM prediction. The legend is the same as for Figure 2

trilepton signal is suppressed (though not completely ab-

sent, due to the non-negligible χ±
1 -χ

0
2 mass difference),

but chargino-neutralino production produces a signifi-

cant amount of same-sign dilepton signal, making con-

straints from new ATLAS dilepton searches [23, 24] rele-

vant. We simulated the signal produced by our scenario

in these searches [6, 7, 23, 24, 28, 29] using the same

Monte-Carlo setup as for the W+W−
cross section mea-

surement. Each search is still consistent well within one

sigma, though it could be possible for same-sign dilep-

ton searches to discover this scenario with the full 8 TeV

LHC data set.

GAUGE BOSON PHENOMENOLOGY

Given the current bounds on trilepton [6] signatures,

any new physics must primarily affect only the W+W−

cross section, leaving W±Z and W±γ mostly unaffected.
To illustrate this, consider the gravity mediated sce-

nario discussed in the previous section, with Winos al-

ways decaying to a Bino-like neutralino LSP via on-shell

W ’s and Z’s. In this case the trilepton bounds push the

allowed mass of the Winos to mχ±
1

� 190 GeV, which

makes the wino pair production cross section so small

that the χ2/Ndof improvement of the W+W−
measure-

ment is negligible, less than ∼ 5%.

Since our chargino NLSP scenario evades these trilep-

ton bounds there is no affect on multi-gauge boson phe-

nomenology other than multi-W . There will be signa-

tures of same-sign W gauge boson production with addi-

tional soft jets or leptons arising from χ±χ0
production

and decay. As discussed in the previous section, same-

sign dilepton searches [23, 24] are not yet sensitive enough

to rule out this signal.

The possibly viable gravity mediated scenario with in-

termediate sleptons [13] could feature additional “gauge

boson” signatures, because in addition to producing

��+MET final states (even though no W ’s are involved)

there is also the possibility for �+MET production, show-

ing up in single W -measurements.

HIGGS PHENOMENOLOGY

Modifying the effective W+W−
cross section through

BSM contributions could significantly affect h →
W+W−

measurements since both ATLAS [32] and CMS

[33] searches use data-driven techniques to estimate

W+W−
background. The Monte Carlo output is normal-

ized to fit the data in a control region, and that “renor-

malization” is carried over into the signal region.

However, we find that generically the Higgs search sen-

sitivities are not modified. In a BSM scenario like ours,

where the kinematics are very similar to W+W−
, the

control and signal regions are contaminated in proportion

~

Curtin, Jaiswal, Meade (1206.6888)
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FIG. 1: Examples of electroweak gaugino production and decay for our gauge-mediated SUSY benchmark model (Chargino
pairs on the left and Chargino-Neutralino on the right). Both processes give a W+W− + MET final state, since the decay
products of the off-shell W ∗ in the right diagram are typically too soft to be detected.

In the rest of this letter, we will quantitatively demon-
strate the effects of a particular SUSY scenario for the
W+W− measurement at 7 TeV and 8 TeV. We then in-
vestigate the bounds on these scenarios, and their contri-
butions to other multi-gauge boson and Higgs measure-
ments/searches. Finally we discuss the impact of this
scenario and possible ways to test for it and other closely
related scenarios in the future. While the discrepancies
in W+W− may simply be due to background model-
ing, this letter clearly demonstrates that EW charginos
could have been hiding in plain sight, and can improve a
number of SM measurements done thus far at the LHC.

W+W−
CROSS SECTION AT 7 TEV

ATLAS [1] and CMS [2] measure the W+W− produc-
tion cross section in the dileptonic final state ee, µµ or
eµ with 5 fb−1 of LHC7 data. The main backgrounds to
pp → W−W− → �+�−νν̄ are Drell-Yan, top quark, W
+ jet and other diboson production. ATLAS imposes a
series of cuts designed to remove excess jet activity and
focus on real OS leptons (not from a Z) + MET, without
an upper cut on MET. CMS imposes similar if not softer
cuts, but has different restrictions on the dilepton sys-
tem overall and imposes additional vetoes, resulting in
higher signal purity. Both analyses have an acceptance
of about 6% for pair-produced W ’s in the fully leptonic
channel. ATLAS and CMS also use different methods to
estimate their acceptances for signal. In the end their
similar but still different approaches result in extremely
consistent measured central values for the W+W− cross
section, perhaps making the particular value measured
quite compelling.

To demonstrate the agreement or lack thereof between
data and the SM, kinematic distributions from ATLAS
are shown in Figure 2 (CMS has similar but slightly fewer
kinematic distributions available). There is some dis-

agreement, not only in the overall normalization but also
in the shape – bins at high and low values of the kine-
matic variables generally fit quite well, while the middle
bins display somewhat more significant excesses. As men-
tioned earlier, if new particles are produced which then
decay into OS leptons and missing energy, one could po-
tentially explain discrepancies with the data. Within the
MSSM framework, pair-produced charginos are a natural
candidate for such particles, though our statements are
more broadly applicable in the simplified model context.

In order to display similar kinematics to SM W+W−

and improve agreement with data, the simplest possi-
bility is for charginos to decay via on-shell W ’s with a
production cross section of a few pb, setting a rough up-
per bound on their mass scale. Slightly more complicated
possibilities arise through decays via either off shell W’s
or slepton decays. Taking into account the chargino mass
bound from LEP [4], this implies 100 GeV � mχ̃±

1
�

130 GeV, wino-like charginos, and a mass gap to an in-
visible detector-stable particle larger than mW [37]. This
can easily be achieved both in gravity mediation (with
a light bino LSP) or gauge mediation (with a gravitino
LSP). However, recent trilepton searches from ATLAS
[6], and searches for associated production of W±h in
the bb̄ channel [7], significantly constrain χ±χ0 decays
into W±h or W±Z final states. We will discuss these
bounds later in this letter, but ultimately they lead to
two possible SUSY scenarios for increasing the W+W−

cross section that remain in agreement with all other ex-
perimental data. The first is a gauge mediated scenario
with chargino NLSP, resulting in exclusively W+W− +
MET final states. The second scenario, which is realized
in gravity mediation, relies on an intermediate slepton to
avoid χ0

2 → χ0
1h/Z decays and soften lepton pT ’s suffi-

ciently to avoid bounds. In this letter we focus on the
first scenario as a benchmark while the second, which
doesn’t rely on actual W ’s to affect the W+W− cross

(soft)

σexp/σtheory = 1.1~1.2  ±  0.1
(both CMS & ATLAS)

Higgsino contribution

SM W+W- & Higgs

best-fit:  m(χ0) = 130, m(χ0) = 113, m(χ±) = 110~~ ~
2 1 1

1)  Wait until Run II makes squarks/gluino?
2)  Refine W+W- calculations?
3)  Look for cuts that improve S/B?

* Chargino can be lighter than neutralinos!
Kribs, Martin, Roy (0807.4963)

What do we do?:



Some Ways to Net RPV Stops

• Direct pair production, 2-body decay via RPV
– can be straightforward (LQD) or really difficult (UDD)

• Direct pair production, decay to Higgsinos
– Higgsino “soft cascade”, final 3-body LSP H decay via RPV
– encyclopedia of options

• Dominant f*  ×  (LH, LLE, LQD, UDD)  ×  Flavors

– several escape hatches require adjusting searches

• Produced in decays of heavier colored sparticles
– gluino, heavy stop, sbottom
– stop may decay directly via RPV, or through more 

complicated chains

~

~



Stop Production in Cascades
(Stop ➔ 2j, Unflavored)
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Brust, Katz, Sundrum (1206.2353)

Lisanti, Schuster, Strassler, Toro (1107.5055)
Allanach & Gripaios (1202.6616)
Han, Katz, Son, Tweedie (1211.4025)
Berger, Perelstein, Saelim, Tanedo (1302.2146)
Evans, Kats, Shih, Strassler (1310.5758)
ATLAS-CONF-2013-007
ATLAS 1308.1841



P1

P2

g̃

g̃

t

t

χ̃0
1

χ̃0
1

t

t

Gluinos via 1-Lepton + Many Jets
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• Dilepton, incuding SS, is also an option (see ATLAS-
CONF-2013-007, assuming t ➞ bs)

• However, higher l+jets BR potentially gives better reach          
(cf. RPC gluino searches)

• Also fewer options for SS dileptons (need SS tops)
• And note:  If gluino is Dirac, no guarantee of SS top production

~



Gluinos via 1-Lepton + Many Jets
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FIG. 1: Left: Constraints on a Majorana gluino. The blue line is from the ATLAS same-sign

dilepton search (LHC8, 6 fb−1). The purple line is from the ATLAS b′ search (LHC7, 1 fb−1).

The red lines are our estimates for our l+jets (Nj ,HT ) style search (thin: assuming LHC7, 1 fb−1;

thick: assuming LHC8, 5 fb−1), with the boundary defined by S/
√
S +B = 2. Right: Constraints

on a Dirac gluino. The green line is from the CMS opposite-sign dilepton SUSY search (LHC7,

5 fb−1). The black line is from the ATLAS black hole search (LHC7, 1 fb−1). The purple line is

again ATLAS b′, and the red lines are again our (Nj ,HT ) counting estimates. We do not consider

regions with a g̃ LSP, indicated with dark gray. The light gray line indicates mg̃ = mt̃ +mt.

not produce four tops, but can still produce same-sign tops decaying to SS dileptons if the

gluino is Majorana.

Generic SUSY searches have also been conducted using the opposite-sign (OS) dilepton

channel, which is especially relevant for our Dirac gluino case. In addition, both Dirac and

Majorana gluinos might be picked up by the large variety of SUSY l+jets searches. These

are especially important for us to understand since our own proposed search strategy uses

the l+jets channel. Finally, as our signal is high-multiplicity and high-energy, we can also

consider possible limits from searches for TeV-scale black holes and pairs fourth generation

down-type fermions with b′b̄′ → (tW−)(t̄W+) → lνbb̄6j.

Below, we describe some of the details of these searches. We summarize our estimates of

the most relevant limits in the (mg̃, mt̃) plane in Fig. 1, assuming BR(g̃ → tt̃) ≡ 1. These

are supplemented by what could be obtained using our simplest high-multiplicity, high-HT

search strategy described in section III. The conclusion is that Majorana (Dirac) gluinos at

or above 760 GeV (690 GeV) are completely allowed by existing searches. The strongest

constraints occur when the stop is light, since then the top quark can carry more energy,

6
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Figure 8: As a function of the gluino mass, limits (left) on g̃ → t̃t, t̃ → bH̃, H̃ → jjj, for

mt̃ = 350 GeV, m
H̃

= 200 GeV, and (right) on g̃ → t̃t, t̃ → jj, for mt̃ = 100 GeV (see figure 7)

from the searches [17, 18, 31, 46], and the expected limit from the LSST-proposed lepton + many

jets search. The CMS BH and ATLAS 6-7 jets searches are somewhat less powerful than the

jets+E/T and lepton+jets searches and were left off the graphs for clarity.

the gluino decays to a stop, g̃ → t̃t̄, and the stop decays to a chargino t̃ → bH̃
+
, with the chargino

decaying to unobservable, soft particles (due to a small splitting) and a neutralino LSP H̃
0
. This

in turns decays as H̃
0 → jjj via the RPV coupling λ��

212 (through a diagram involving an off-shell

squark). In this example, we assumed the stop to be at 350 GeV and the higgsinos (chargino and

neutralinos) near 200 GeV, giving 100% branching ratio for g̃ → tbjjj.

Figure 8 (left) presents cross section limits as a function of the gluino mass, for this scenario.

The strongest limits come from the ATLAS [18] and CMS [17] no-lepton high-multiplicity low-E/T

searches, and are comparable to our estimate of the expected limit from a lepton + many jets

(LSST) search. Due to the large number of b-jets (four in each event), the ATLAS t
�
search [31]

(“lepton + 6 jets w/3-4b”) is also relevant. Its limits could likely be improved by requiring larger

jet multiplicities; the single-lepton events in the signal contain 12 colored partons, but the search

demands only ≥ 6 jets. Said another way, one would expect that adding bins with 3 b-tags to the

proposed LSST search (as was suggested in [19]) could make that search quite a bit more powerful,

since background is dominantly tt̄ plus jets. However, it is quite satisfying that simply requiring 1

b tag is enough to put limits well above 1 TeV.

In the second model shown in figure 7, the gluino decays as g̃ → t̃t̄, with the top squark decaying

to a pair of jets t̃ → jj via the RPV coupling λ��
312 (while the higgsinos, assumed to be heavier than

the stop, do not participate in gluino decays). This model was studied in [55], where an LSST-type

24

ATLAS b’ (LHC7, 1 fb-1)

* all 8 TeV
m(t) = 100

ATLAS SS dilepton (LHC8, 6 fb-1)

projected lepton+7j, HT > 1.5*mg 
  (no b-tags, no systematics)

LH
C

7, 1 fb
-1

LH
C

8, 5 fb
-1

Exclusion reach

Han, Katz, Son, Tweedie (1211.4025) Evans, Kats, Shih, Strassler (1310.5758)

*See also Lisanti, Schuster, Strassler, Toro (1107.5055)



Going After the Stop Bump
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FIG. 4: Reconstructed stop mass distributions using jet substructure for 800 GeV Dirac gluinos

with 20 fb−1 at LHC8. Black histograms are signals with 250 GeV (solid) and 140 GeV (dashed)

stops, the red histogram is the tt̄+jets background, and the blue histogram is the W+jets back-

ground. We restrict to events with Nj ≥ 7 and HT > 1200 GeV. (The plot is unstacked.)

of the parent energy).

We run the BDRS procedure in the default setting on the selected stop jet candidate. In

the rare cases where it fails the procedure, the event is discarded. The stop mass is then

defined as the jet mass after filtering, which is plotted in Fig. 4 for some example signals and

the SM backgrounds. While the rate of misreconstruction is not negligible, we nonetheless

obtain very narrow stop peaks on top of fairly featureless backgrounds. As in the traditional

analysis, we define a mass window within ±20% of the nominal stop mass, and run a refined

counting experiment.

D. Comparison of methods and final results

With our methods and cuts now determined, we estimate the performance of the different

analyses. We start with a detailed look at the case of an 800 GeV gluino, which we used above

to compare several kinematic distributions. In Fig. 5, we see the S/
√
B and S/B obtainable

from all three analyses. While the basic (Nj, HT ) analysis tends to give somewhat better

statistical significance, reconstructing the stops and adding in mass window requirements

can improve S/B by as much as a factor of 3.5. We also see how the substructure based

search nicely takes over at low stop masses, where the traditional jet analysis falls off in

effectiveness. The crossover for this gluino mass occurs roughly at mt̃ = 300 GeV. We list a
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FIG. 3: Reconstructed stop mass distributions using our traditional jet analysis for 800 GeV

Dirac gluinos with 20 fb−1 at LHC8. Black histograms are signal, red histograms are tt̄+jets

background, and blue histograms are W+jets background. We consider three different stop masses

and three different choices for the number of jets used in the reconstruction. Rows correspond to

600 GeV stops (top), 400 GeV stops (middle), and 200 GeV stops (bottom). Columns correspond

to reconstructions using the n leading jets with n = 4 (left), 5 (middle), and 6 (right). We restrict

to events with Nj ≥ 7 and HT > 1200 GeV. Vertical dashed lines represent the truth stop masses.

(All plots are unstacked.)

the average pair mass in different ways, the signal peak typically remains distinct in shape.

In the following, to estimate our possible reach, we always pick the n that optimizes our

signal significance. To exploit the peak feature’s ability to improve S/B, we apply a mass

window cut of ±20% around the nominal stop mass.
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FIG. 6: Discovery potential (S/
√
B ≥ 5) for a Majorana (left) and Dirac (right) gluino with 20 fb−1

at LHC8. The red line is our simple (Nj ,HT ) cut-and-count style search. The black line is the

better of our two searches using mass windows around the reconstructed stop peaks (traditional

and substructure), which improve discrimination against backgrounds. The blue line is traditional-

only, without substructure. We do not consider regions with a g̃ LSP, indicated with dark gray.

The light gray line indicates mg̃ = mt̃ +mt.

1.1 TeV for Dirac gluinos. The results are not very sensitive to the stop mass, except as

we approach the line mg̃ = mt̃ +mt. In particular, we can again see the substructure-based

search taking over at lower stop masses. The equivalent exclusion contours (not shown),

would move up to roughly 1.1 TeV and 1.2 TeV, respectively.

In all of our analyses, we have assumed a 100% branching ratio for the gluino decaying to

a top-stop pair. If other decay channels are open, more dedicated reconstruction methods

would help to maximize the discovery potential. Nevertheless, these decay channels can

share similar features with the top-stop channel, and many of the strategies discussed above

still apply with little or no modification. For example, if a sbottom is present below the

gluino mass and above the stop mass, we obtain the same final state particles through the

decay chain g̃ → bb̃ → b(Wt̃). As an example, we have tested the mass point (mg̃, mb̃, mt̃) =

(800, 300, 200) GeV and considered the case g̃g̃ → tt̃bb̃. We let the W from the top decay

hadronically and the one from the sbottom decay leptonically, and apply the same (Nj , HT )

cuts as in Table I. This results in only a slightly different signal efficiency of 31%, from 35%

for the case when both gluinos decay to a top and a stop.

18

traditional jet reco:  “best pair-of-pairs” amidst leading n jets (choose n carefully!)

OR substructure reco:  highest-pT 
fat-jet (after top-jet veto)

2012 discovery reach

* Will be even more important in Run II

Han, Katz, Son, Tweedie (1211.4025)

leading 4j leading 5j leading 6j

traditional+substructure
bump-hunt

traditional-only 
bump-hunt

7+ jets, high HT
(no systematics)

m(g) = 800
m(t) = 400

~
~
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Figure 5. Signal and background events for the benchmark points 2 (up) and 3 (down) after
L = 20 fb−1. Red represents the signal, blue the dileptonic tt̄ background, violet is tt̄, lτl background
and grey is tt̄, τlτl background. On the LH side plot we do not impose b-veto, while on the RH
side plot we do. We conservatively assume b-tag efficiency ∼ 40%.

has five or more jets with pT > 25 GeV, try all possible pairings of two and three

jets. If we get better results when taking the fifth jet into account, use the best

combination which minimizes the mass difference between the reconstructed objects.

7. Look for resonances in the reconstructed dijet invariant mass.

Before we present the results of our simulations we discuss the backgrounds to our

analysis. Clearly the most formidable background is dileptonic tt̄ (also including the leptons

coming from leptonic τ decays). Naively, one could also worry about Z → (τlτl) + jets,

as well as DY l+l− production and W+W−+ jets. We do not simulate these backgrounds

and we rely on experimental results which found these backgrounds negligible to tt̄ with

the cuts which were very similar to ours. First, it was shown in [47] that the background

Z → (τlτl) + jets becomes completely negligible to tt̄ when the third hard jet is required

in the event. We also see from Table 1 in [47] that the DY background is subdominant to

tt̄ at least by factor of 5 after requiring at least two hard jets and /ET > 35 GeV. However

we demand four hard jets in our events, which is supposed to decimate the DY dileptonic

production and render it completely negligible to tt̄. Therefore we will further concentrate

on tt̄ + jets as the dominant background to our signal, and neglect the subdominant

channels.

Since we are looking for bumps in the dijets invariant-mass distribution, it would first

be helpful to understand what effects our cuts have on the backgrounds and how they shape

the background distribution. Not surprisingly, before all the cuts mjj in the background

is a smoothly falling distribution which is peaked around 50 GeV (this peak is carved by

– 12 –

Exploit Stop/Sbottom Sandwich

t1

particle mass

tL

t2
tR

bL

A-term

A-term

• trigger on dileptons from W(*)

• reconstruct stop with “best pair-of-pairs” of dijets

m(b) = 300
m(t) = 217

~
~

Brust, Katz, Sundrum (1206.2353)

~
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Direct Stop Pair Production, 
Decay to Higgsinos

LHC searches examined via the RPV MSSM Yevgeny KATS

t̃

b

f2

f3

f1

f̃

H̃

Figure 1: Stop decay processes. The higgsinos H̃ are assumed to be on-shell, while the sfermion ( f̃ = t̃R,
t̃L, τ̃L, or ν̃τ ) is assumed to be off-shell. The symbols f1, f2, f3 denote Standard Model fermions.

Scenario H̃
+ → H̃

0
1 Final state

Coupling Mediator f̃ transition (for each stop)
A

UDD
312 t̃R YES tbqq

B 323 t̃R NO bbbq

C
LQD

323 τ̃L YES τbbq

D 321 ν̃τ NO τbqq

E 232 t̃L NO µbbq

Table 1: Benchmark models (referred to later by their labels A–E).

final states for each scenario we will discuss. Note that in the case of (2.2), leptons from stop and
antistop decays can have the same sign. In all cases, we will take

m
H̃
= mt̃ −100 GeV , m

f̃
� m

H̃
. (2.4)

We will also assume the mass splitting between H̃
+ and H̃

0
1 , the size of the RPV coupling, and the

mass of f̃ to be such that all the decays are prompt.

3. Simulation of Searches

Our simulation framework includes a comprehensive set of ATLAS and CMS searches from
the 7 and 8 TeV LHC runs. Among the more recent searches added (relative to [1]), we would like
to mention in particular the exotic heavy quark searches from ATLAS [3] and CMS [4],2 the CMS
search for second-generation leptoquarks [5], and the ATLAS search for 6-7 high-pT jets [6]. In
addition to discussing existing searches and ways in which they could be strengthened in the context
of our scenarios, we will examine the expected sensitivity of a search, proposed in [7], for high-ST

events with a lepton, high jet multiplicity and a b tag (without a significant E/T requirement). We
have implemented this search as in Sec. 3.3 of [8], assuming 20 fb−1 at 8 TeV.

For generating events with RPV decays, we used MADGRAPH 5 [9] with the RPVMSSM
model [10], and then PYTHIA 8 [11]. For the technical details of how we simulate searches, see

2The single-lepton channel of the CMS search uses a boosted decision tree and is therefore not useful for reinter-
pretation studies like ours. The opposite and same-sign dilepton channels are included in our framework.

3

t, b

(soft)

t~ RPV
*

• b-jets ubiquitous (t/b # conserved in initial decay)
• potentially multiply-resonant (if no neutrinos)
• potentially very high jet multiplicity
• potentially lots of leptons and/or taus, flavor non-

universality
• often small/nonexistant MET

Evans & Kats (1209.0764, 1311.0890)
* Also working on direct Higgsino production



Some Lessons

• Many options well-covered “for free” by non-dedicated searches
– LHC7 exclusions:  LLE  600~800,  LQD  300~700,  UDD sometimes ~350  
– see Evans & Kats papers for full discussions and limitations

• All-jets is difficult, but up to 6 b-jets per event
– most high-multiplicity b-jet searches involve large MET

• Ditau+jets can benefit from more b-tags, more jets to beat top
• More targeted strategies in development (Evans & Gu)

Stops

A swarm of bs

Natural MFV SUSY signature!!! 8 jets (6b)

Atlas 6-7 jets (w/ 2 b-tags)

is close to exclusion

3b-tag bin could set limits now!

Higher masses? Use 5b or 6b tags

Very low SM background

Conclusion: High

multiplicity b search!

(JAE – in progress)
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Evans (Rutgers) LHC vs RPV November 8, 2013 20 / 37

Stops

Poor τ . . .

τ+τ− + 6 jets (2b): much different picture

CMS 7 TeV t t̄ w/ τs does best

3rd gen LQ insensitive!

pT ,τh ∼ 2pT ,�

E/T � E/T (SUSY )

τ searches don’t utilize extra jets!

τ searches don’t utilize any b-tags!

Conclusion: General

OS τ + n jet search!
(JAE, Gu – in progress)
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Evans (Rutgers) LHC vs RPV November 8, 2013 18 / 37

Stops

A swarm of bs

UDD323: t̃ → b(b̄b̄j)

t̃ → bH̃+ → b(b̄t̃(∗)) −→RPV

bb̄b̄j

b

b̄

s̄

b̄

t̃(∗)

H̃+

t̃ •

Evans (Rutgers) LHC vs RPV November 8, 2013 19 / 37

Stops

Poor τ . . .

LQD321: t̃ → b(τ jj)

t̃ → bH̃+ → b(τ+ν̃(∗)) −→RPV

τ+jjb

b

d

s̄

τ+

ν̃(∗)

H̃+

t̃ •

Evans (Rutgers) LHC vs RPV November 8, 2013 17 / 37



Direct Stop Pair Production,
Direct RPV Decay

• LQD well-covered by leptoquark searches
– LHC7 exclusions: 550~800   Evans & Kats (1209.0764)
– non-dedicated coverage for tau+d/s is also strong

• UDD difficult to trigger, large QCD background
– use ATLAS b-jet trigger   Franceschini & Torre (1212.3622)
– LHC Run II, HL-LHC (Snowmass)   Duggan, et al (1308.3903)  
– jet substructure    Bai, Katz, Tweedie (1309.6631)
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FIG. 1: Existing constraints on pp → t̃t̃∗ → 4j from the LHC, reinterpreting the results of [8–11]

to account for stop acceptances relative to coloron or hyperpion acceptances.

to disentangle from the pure QCD backgrounds. Another major complicating aspect at the

LHC is the multijet triggers, which can heavily prescale-away the signatures of stops lighter

than several hundred GeV. Some of the best current direct limits actually come from LEP,

which rules out mt̃ <∼ 90 GeV [30]. A recent search at the Tevatron extends this limit up

to only about 100 GeV [31]. However, so far, direct searches for pair-production of dijet

resonances at the LHC have failed to reach the sensitivity necessary to place constraints for

any stop mass [8–11]. A snapshot of the current situation can be seen in Fig. 1. In fact, the

inevitable rise of trigger thresholds with instantaneous luminosity and beam energy leaves

us to wonder whether the LHC will ever be sensitive to this signal. At the very least, this

trend suggests that masses near the current limit of 100 GeV might be left unexplored.1

One way around these difficulties is to search for the stop as a dijet resonance produced in

the decays of heavier colored superparticles, such as gluinos [33] or sbottoms [6] (or possibly

the heavier stop eigenstate), or to simply set bounds using the associated leptonic activity

and high HT of these decays [34–37]. Naturalness suggests that these colored superparticles

should also not be far above 1 TeV, and might be produced with observable rates. It is also

possible to invoke Minimal Flavor Violation (MFV), which suggests that stops dominantly

decay (with a branching ratio# 95%) into b̄s̄ or b̄d̄ [13]. It was pointed out in [38] that

incorporating b-tagging into the triggering might allow the direct stop pair signal to write

to tape with higher efficiency, and subsequent kinematic analysis can discriminate it from

1 For recent projections for the long-term LHC, which begin to achieve exclusion reach but nonetheless do

not pursue signals below 300 GeV, see the recent Snowmass study [32].

2

Coverage creeps upward due to progressively harder 4j triggers/cuts

jet
jet

jet
jet

100 GeV limit set by Tevatron

* All searches to date are untagged
_None use 8 TeV data

form best pair-of-pairs



Jet Substructure Approach

subjet

R = π/2 fat-jet

(stop #1)

R = π/2 fat-jet

(stop #2)

subjet

subjet subjet

Bai, Katz, Tweedie (1309.6631)

• Focus on (semi-)boosted stop production
• “Jet” sizes not fixed
• Triggered with HT, not individual jet pT’s

– we assumed 900 GeV (can go lower)
– this is our only dimensionful cut

• QCD continuum becomes ~featureless
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FIG. 3: Final spectra of mavg after all cuts, for an untagged analysis (left) and a b-tagged anal-

ysis assuming BR(t̃ → b̄d̄/b̄s̄) " 100% and tagging/mistagging rates as described in the text

(right). Displayed backgrounds include matched QCD (black), tt̄ (pink), and W+jets (green). The

matched QCD histogram has been smoothed from the Monte Carlo data, as described in the next

section. Displayed example stop models, stacked onto the QCD background, include 100 GeV

(blue), 200 GeV (purple), and 300 GeV (red). The lower panels show the S/B ratio relative to

QCD, and the bin-by-bin fractional statistical errors on the QCD background expected for the

2012 LHC run. (Note the changes in vertical axes between untagged and tagged.)

theoretical control than pure QCD, and its normalization could be extracted in the highly

orthogonal semileptonic channel. We therefore anticipate that it could be systematically

subtracted or accounted for in a constrained fit. Indeed, it can even serve as a useful

calibration peak. If it is necessary to further suppress tt̄, it might be possible to do so with

supplementary substructure cuts that can pick out and reject 3-body features, without highly

resculpting the continuum QCD. (E.g., N-subjettiness [48] observables or the dimensionless

variables of the HEPTopTagger [59] would be appropriate to study.) Regardless, some

degradation of sensitivity in the vicinity of mt should be expected in reality.

If the RPV coupling obeys MFV, then almost every stop decay will contain a b-quark.

It therefore becomes possible to exploit a b-tagged analysis. We show in the right panel

of Fig. 3 the mavg spectra after demanding that at least one of the four subjets is tagged,

assuming flat (b, c, q/g) tag rates of (60%, 10%, 2%). The S/B (and S/
√
B) improves

top peak shape.

9

Average-Mass Spectra

(assuming ~100% BR to bd/bs)

100 GeV

200 GeV

300 GeV
topsV+jets

QCD

**Be careful of top background!

100 GeV

200 GeV

300 GeV
topsV+jets

QCD
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FIG. 5: Results of our untagged search estimates for 20 fb−1 at LHC8, displaying median discovery

significance (left) and exclusion significance (right). The four curves correspond to four data-driven

QCD background estimation methods: shape fit (green), ABCD (purple), asymmetry-sideband

(blue), and single-jet template (red). In the exclusion significance plot, we also indicate the ±1σ

variation expected due to background statistical fluctuations.

method tends to edge out the other three, and that the asymmetry-sideband method offers

a small but consistent improvement over the simple shape fit. (In fact, for exclusion sig-

nificance, the single-jet template method gives results very close to what would be inferred

with a naive S/
√
B analysis with optimized mass windows.) The similarity of the results

is encouraging, and suggests that experimentalists will have many alternative choices for

performing cross-checks of a tentative signal, or as fall-back options if any of these data-

driven methods turns out to be unreliable. From Fig. 5, which shows the untagged analysis,

we see that stops less than about 175 GeV could be discovered, and stops less than about

320 GeV could be excluded. For the b-tagged analysis in Fig. 6, masses below 250 GeV are

discoverable, and exclusion sensitivity extends to nearly 400 GeV. We note that this analysis

was run without re-optimization of our cuts, so it might be possible to construct an even

more sensitive search. It may also be possible to make even further gains by considering a

double-b-tagged search.

Looking ahead, we have also run versions of these analyses on 14 TeV simulations, as-

suming 300 fb−1 luminosity, and for simplicity neglecting pileup. Here, we have used a

summed-jet HT cut of 1600 GeV, which keeps the rate approximately the same as the

900 GeV threshold under 2012 conditions (assuming quadrupled instantaneous luminos-

ity at 14 TeV). The 100 GeV untagged signal remains visible, with statistical significance

14

A-sideband
ABCD

1j template

shape

discover ~150 GeV exclude ~300 GeV

*Δχ2 discriminator, Statistical errors ONLY
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FIG. 6: Results of our b-tagged search estimates for 20 fb−1 at LHC8, displaying median discovery

significance (left) and exclusion significance (right). The four curves correspond to four data-driven

QCD background estimation methods: shape fit (green), ABCD (purple), asymmetry-sideband

(blue), and single-jet template (red). In the exclusion significance plot, we also indicate the ±1σ

variation expected due to background statistical fluctuations.

slightly better than our 2012 estimate, though with approximately 2–3 times smaller S/B.

The discoverable range expands up to about 500 GeV, and masses of 200–300 GeV would

be visible at the 10σ-level. Exclusion should extend up to 650 GeV. This last finding is

comparable to that of the recent Snowmass 2013 report [32], which uses traditional jet re-

construction methods and a highly approximate background estimate. However, that search

assumes 2012-like jet pT cuts, and even then is limited to the mass range above 300 GeV.

By contrast, in our jet substructure version of the search there is practically no low-mass

cutoff on the search range, with masses from 100 GeV to O(TeV) covered by a single analysis

strategy.

IV. CONCLUSIONS

In this paper, we have addressed what has been believed to be one of the most difficult

supersymmetry signatures at hadron colliders, and demonstrated that it may nonetheless be

made highly visible using the tools of jet substructure. Besides serving as a crucial supple-

ment to the LHC’s broad-based program for testing naturalness, this result, if reproducible

in a realistic analysis on actual LHC data, will serve as a benchmark for fully jetty searches.

The implications extend well beyond just RPV supersymmetry. Thus far, multijet searches
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A-sideband
ABCD

1j template

shape

discover ~250 GeV exclude 350~400 GeV

* Δχ2 discriminator, Statistical errors ONLY,  Not re-optimized



Thinking Outside the Beampipe
Displaced Dijets Displaced Dileptons HSCP Stopped Gluinos/Stops

Displaced Dijets

� cds record public plots

� Search for heavy long-lived reasonances

decaying to jet pairs

� use a simple Hidden Valley signature:

H
0 → 2X

0; X
0 → qq̄(udscb)

where X
0

is long-lived, neutral, spin-0 particle

decaying inside the tracker volume.

� no Standard Model background

� looking for pairs of jets with a common displaced

vertex

� background of displaced vertices from:

� nuclear interaction vertices

� randomly crossing tracks from different

proton-proton interactions

� KS and Λ decays

Independently of physical motivation it’s a very
clear signature for new physics!

CMS Long-Lived Exotica Group speaker: Andrzej Żurański

Long-Lived Searches at CMS 4/ 27

where |d0| is the impact parameter of the track with re-
spect to the transverse position of the PV, (xPV, yPV). In
the MC, this requirement rejects 98% of all tracks origi-
nating from the primary pp interaction.

The selected tracks are used to search for displaced
vertices using an algorithm based on the incompatibility-
graph approach, similar to that used in Ref. [16]. The algo-
rithm begins by reconstructing 2-track seed vertices from
all track pairs, and keeping those that have a vertex-fit χ2

less than 5. A seed vertex is rejected if one of its tracks
has hits between the vertex and the PV. Seed vertices are
combined into multi-track vertices in an iterative process,
as follows. If a track is used in two different vertices, the
action taken depends on the distance D between the ver-
tices: if D < 3σD, where σD is the estimated uncertainty
on D, then the tracks of the two vertices are combined
and refitted to a single vertex; otherwise, the track is as-
sociated with only the vertex relative to which it has the
smaller χ2. If the χ2 of a track relative to the resulting
vertex is greater than 6, the track is removed from the ver-
tex, and the vertex is refitted. The process continues until
no tracks are shared among different vertices. Finally, ver-
tices that are separated by less than 1 mm are combined
and refitted. Events containing at least one such displaced
vertex are said to satisfy the event selection criteria.

The typical position resolution of the DV in the sig-
nal MC samples is tens of microns for rDV and about 200
microns for zDV near the interaction point. For vertices
beyond the outermost pixel layer, which is located at a ra-
dius of 122.5 mm, the typical resolution is several hundred
microns for both coordinates.

To ensure the quality of the DV fit, we require the χ2

per degree of freedom (DOF) of the fit to be less than
5. The DV position is required to be within the bar-
rel pixel fiducial region, defined by the longitudinal and
transverse ranges |zDV| < 300 mm, rDV < 180 mm, re-
spectively. To suppress background from tracks that orig-
inate from the PV, we require the transverse distance�

(xDV − xPV)2 + (yDV − yPV)2 between the primary and
the displaced vertices to be at least 4 mm. We require the
number of tracks N trk

DV in the DV to be at least four, to sup-
press background from random combinations of tracks and
from material interactions. Background due to particle in-
teractions with material is further suppressed by requiring
mDV > 10 GeV, where mDV is the invariant mass of the
tracks originating from the DV. We refer to vertex candi-
dates that satisfy (fail) the mDV > 10 GeV requirment as
high-mDV (low-mDV) vertices.
Low-mDV vertices from particle-material interactions

are abundant in regions of high-density detector material.
High-mDV background may arise from random spatial co-
incidence of such a vertex with a high-pT track, especially
when this track and the particle that created the material-
interaction vertex originate from different primary inter-
actions, which may result in a large angle between their
momentum vectors. An example of such a random com-
bination of a material-interaction vertex with a high-pT

track is shown in Fig. 2.

Figure 2: An event from a jet-trigger data sample, where a high-
mass vertex (circled) is the result of an apparently random, large-
angle intersection between a track (labeled as “Large angle track”)
and a low-mDV hadronic-interaction vertex produced in a pixel mod-
ule. Tracks originating from this vertex are shown in blue, those
from the primary vertex are green, and other tracks are orange. The
beampipe and pixel modules with track hits are shown.

To suppress this type of background, we veto vertices
that are reconstructed within regions of high-density ma-
terial, mapped using low-mDV material-interaction candi-
date vertices in data and true material-interaction vertices
in minimum-bias MC events. We use the zDV and rDV po-
sitions of these vertices to form a 2-dimensional material-
density map with a bin size of 4 mm in zDV and 1 mm in
rDV. Studies have shown [16] that the positions of pixel
layers and associated material are well simulated in the
MC detector model, while the simulated beampipe posi-
tion is shifted with respect to the actual position. Thus,
the use of data events to construct the material map en-
sures the correct mapping of the beampipe material, while
MC events make possible the high granularity of the map
at the outer pixel layers, where material-interaction ver-
tices in the data are relatively rare due to the low density
of primary particles. Material-map bins with vertex den-
sity greater than an rDV- and zDV-dependent density crite-
rion are designated as high-density-material regions, which
constitute 34.4% of the fiducial volume |zDV| < 300 mm,
4 < rDV < 180 mm. High-mDV vertices reconstructed
within these bins are rejected. We refer to the combina-
tion of all the requirements above as the vertex-selection
criteria.

In addition to the vertex-selection criteria, events are re-
quired to contain a muon candidate reconstructed in both
the MS and the ID with pT > 45 GeV, which is well into
the efficiency plateau of the 40 GeV level-1 trigger. The
muon candidate must satisfy

�
∆φ2 +∆η2 < 0.1, where

∆φ (∆η) is the difference between the azimuthal angle
(pseudorapidity) of the reconstructed muon candidate and
that of the muon identified by the trigger. The ID track
associated with the muon candidate is required to have at
least six SCT hits, with at most one SCT hit that is ex-
pected but not found, and must satisfy an |η|-dependent
requirement on the number of TRT hits. No pixel-hit re-

3

b-quark analyzing power is fL − f0 " −0.40. neutrino is some complicated mess (can

I simplify it?). softer jet is also some complicated mess. and we discover here that ideal

analyzing power is roughly βW in top-frame. note that Jezabek lists formulas for all cases.

discussion concentrating on how the phase space factorizes, what constitutes an “ideal”

observable, etc.

comparisons of a few different approaches, including an explanation of N-P ideal discrim-

inators versus our naive analyzing powers (also asymmetries vs full shapes).

mention that we have to assume SM decays, though this is still under investigation with

the huge LHC data sets.

III. REALISTIC EXAMPLES

run a few different models. maybe try out particle-level N-subjettiness without pileup or

UE. though I guess I have to use CMS or Hopkins... anyway, this is just an illustration.

examples: 3 TeV top resonances, pair of 1.0 TeV stops (or maybe some other mass with

sensible production rate).

CP violation? has it been considered before with jets? this could be interesting and

powerful....can scan for CP over exact top production phase space.

IV. CONCLUSIONS

NLO calculation would be nice, as usual.

cτGMSB ∼ 0.1mm

(

100 GeV

m̃

)5
( √

F

100 TeV

)4

(3)
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* formulas for 2-body decays

b-quark analyzing power is fL − f0 " −0.40. neutrino is some complicated mess (can

I simplify it?). softer jet is also some complicated mess. and we discover here that ideal

analyzing power is roughly βW in top-frame. note that Jezabek lists formulas for all cases.

discussion concentrating on how the phase space factorizes, what constitutes an “ideal”

observable, etc.

comparisons of a few different approaches, including an explanation of N-P ideal discrim-

inators versus our naive analyzing powers (also asymmetries vs full shapes).

mention that we have to assume SM decays, though this is still under investigation with

the huge LHC data sets.

III. REALISTIC EXAMPLES

run a few different models. maybe try out particle-level N-subjettiness without pileup or

UE. though I guess I have to use CMS or Hopkins... anyway, this is just an illustration.

examples: 3 TeV top resonances, pair of 1.0 TeV stops (or maybe some other mass with

sensible production rate).

CP violation? has it been considered before with jets? this could be interesting and

powerful....can scan for CP over exact top production phase space.

IV. CONCLUSIONS

NLO calculation would be nice, as usual.

cτRPV ∼ 0.1mm

(

100 GeV

m̃

)(

10−6

λ

)2

(3)
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A Displaced RPV Stop Recast 

• m( t ) = 150  &  √s > 400   ⇒   σ ~ 30 pb 
via direct QCD pair production

• ~50% chance to get neutral stop-hadron
• ~50% pass basic acceptance,  ~5% reco 

efficiency for cτ ~ 40 cm
• luminosity ~ 20,000 pb-1

• TOTAL:  30 * 0.5 * 0.5 * 0.05 * 20,000 = 
7,500 events

• O(1) background  ⇒  limit is ~5 events

^

Displaced Dijets Displaced Dileptons HSCP Stopped Gluinos/Stops

Displaced Dijets

� cds record public plots

� Search for heavy long-lived reasonances

decaying to jet pairs

� use a simple Hidden Valley signature:

H
0 → 2X

0; X
0 → qq̄(udscb)

where X
0

is long-lived, neutral, spin-0 particle

decaying inside the tracker volume.

� no Standard Model background

� looking for pairs of jets with a common displaced

vertex

� background of displaced vertices from:

� nuclear interaction vertices

� randomly crossing tracks from different

proton-proton interactions

� KS and Λ decays

Independently of physical motivation it’s a very
clear signature for new physics!

CMS Long-Lived Exotica Group speaker: Andrzej Żurański

Long-Lived Searches at CMS 4/ 27

t~

Generalizes in many directions:   displaced W/Z/h in GMSB, 
displaced 3-jet? (RPV gluino/neutralino, GMSB stop), 

displaced 1-jet + FSR? (GMSB squark/gluino)

CMS PAS EXO-12-038

~



Summary / 
Incomplete Laundry List

• LOSP stop in GMSB is never stealthy (but LH is annoying)
• WW excess may hint at GMSB Higgsinos
• RPV stop LSP bump might be found in decays of (Dirac) 

gluino, sbottom (heavier stop?)
• Direct stop pair ➞ RPV Higgsinos strongly constrained “for 

free”, but gaps suggest new strategies (more b-tags!)
• Direct stop pair ➞ 4j discoverable now using substructure, 

even without b-tags
• Huge potential for both GMSB & RPV coverage in 

displaced decay searches



Conclusion

• The number of places for SUSY to hide is rapidly shrinking, 
but....

• Exotic creatures may still be hiding in the data!



More...



Natural SUSY Cross Sections
Superpartner Production

Assume pair-produced with RPC couplings – no RPV production!

200 400 600 800 1000 1200 1400

1

10

100

1000

104

105

m �GeV�

Σ
�fb�

8 TeV

H
�

t��b� g�

StopsHiggsinos

Naturalness suggests:

m
t̃
� 500− 700 GeVm

H̃
� 200− 350 GeV

σ × L � 150− 2000 eventsσ × L � 1k − 10k events

Moderate σ and STLow ST , but high σ

Evans (Rutgers) LHC vs RPV November 8, 2013 8 / 37



“Stable” Charged L(O)SP
Displaced Dijets Displaced Dileptons HSCP Stopped Gluinos/Stops

Heavy Stable Charged Particles
� multitude of limits for tracker-only and tracker+TOF analyses
� limits for gluinos assume various fractions of g�g neutral states
� CS - charged suppressed interaction model

)2cMass (GeV/
500 1000 1500

th
!/

!
95

%
 C

L 
lim

it 
on

 

-610

-510

-410

-310

-210

-110

1

10

210

)2cMass (GeV/
500 1000 1500

th
!/

!
95

%
 C

L 
lim

it 
on

 

-610

-510

-410

-310

-210

-110

1

10

210

-1 = 8 TeV, L = 18.8 fbs   -1 = 7 TeV, L = 5.0 fbsCMS    

Tracker - Only

gg~gluino; 50% 
gg~gluino; 10% 
g; CSg~gluino; 10% 

stop
stop; CS
stau; dir. prod.
stau
|Q| = 2e/3

)2cMass (GeV/
500 1000 1500

th
!/

!
95

%
 C

L 
lim

it 
on

 

-610

-510

-410

-310

-210

-110

1

10

210

)2cMass (GeV/
500 1000 1500

th
!/

!
95

%
 C

L 
lim

it 
on

 

-610

-510

-410

-310

-210

-110

1

10

210

-1 = 8 TeV, L = 18.8 fbs   -1 = 7 TeV, L = 5.0 fbsCMS    

Tracker + TOF

gg~gluino; 50% 
gg~gluino; 10% 

stop
stau; dir. prod.
stau
|Q| = 2e/3
|Q| = 1e

CMS Long-Lived Exotica Group speaker: Andrzej Żurański
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Cut Flow  (Untagged)
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FIG. 2: The effects of our cuts on the spectrum of mavg ≡ (m1 + m2)/2, defined on declustered

fat-jets. From left-to-right, top-to-bottom, cuts are added sequentially. The effect of the preceding

cut is shown with dotted histograms for comparison. Background is matched QCD (black), and

example stop models are 100 GeV (blue), 200 GeV (purple), and 300 GeV (red).

our stop signal.5 However, the multibody structure of this background is under much better

5 The fact that tt̄ is not a larger contribution is perhaps somewhat surprising, given that for mt̃ " mt,

the inclusive tt̄ cross section is about six times larger than t̃t̃∗. About half of this factor comes from

the tt̄ all-hadronic branching fraction, since only all-hadronic events are efficient at passing the HT cut

and subsequent substructure cuts. It is also important to realize that for high-pT central production, the

difference in cross sections is not as big. (Asymptotically, the factor of six reduces to a factor of two.)

Finally, the large fraction of partial reconstructions with two-body substructure significantly broadens the

8

100 GeV

matched QCD

200 GeV
300 GeV

* 8 TeV
_20/fb


