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Short Summary of Run I

• Discovered the Higgs boson with SM properties
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Short Summary of Run I

• Flavor-changing decay?

Figure 3: Post–fit combined mMMC
µ⌧ distribution obtained by adding individual distributions in SR1 and SR2. In

the lower part of the figure, the data are shown after subtraction of the estimated backgrounds. The grey band
in the bottom panel illustrates the post–fit systematic uncertainties on the background prediction. The statistical
uncertainties for data and background predictions are added in quadrature on the bottom part of the figure. The
signal is shown assuming Br(H ! µ⌧)=0.77%, the central value of the best fit to Br(H ! µ⌧). The last bin of the
distribution contains overflow events.

and VH Higgs boson production, and ±4% for the Z ! µµ and VV backgrounds. Finally, an additional
±5.7% systematic uncertainty on Br(H ! ⌧⌧) is applied to the SM H ! ⌧⌧ background.

6 Results

A simultaneous binned maximum–likelihood fit is performed on the mMMC
µ⌧ distributions in SR1 and SR2

and on event yields in WCR and TCR to extract the LFV branching ratio Br(H ! µ⌧). The fit exploits
the control regions and the distinct shapes of the W+jets and Z ! ⌧⌧ backgrounds in the signal regions to
constrain some of the systematic uncertainties. This leads to an improved sensitivity of the analysis. The
post–fit mMMC

µ⌧ distributions in SR1 and SR2 are shown in figure 2, and the combined mMMC
µ⌧ distribution

for both signal regions is presented in figure 3. Figure 2 illustrates good agreement between data and
background expectations in SR1. A small excess of the data over the predicted background is observed
in the 120 GeV< mMMC

µ⌧ <140 GeV region in SR2. This small excess in SR2 has a local significance of
2.2 standard deviations and a combined significance for both signal regions of 1.3 standard deviations.
This corresponds to a best fit value for the branching fraction of Br(H ! µ⌧)=(0.77 ± 0.62)%. Due to
the low significance of the observed excess, an upper limit on the LFV branching ratio Br(H ! µ⌧) for
a Higgs boson with mH = 125 GeV is set using the CLs modified frequentist formalism [61] with the
profile likelihood–ratio test statistics [62]. The observed and the median expected 95% CL upper limits
are 1.85% and 1.24+0.50

�0.35%, respectively. Table 3 provides a summary of all results.
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Short Summary of Run I

• No strong sign of BSM physics

Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
CMS Exotica Physics Group Summary – Moriond, 2015!
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Short Summary of Run I

• No strong sign of BSM physics

Mass scales [GeV]
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• Is this normal?
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Next Particle from Colliders

• Longer time interval between theory and experiment
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Next Particle from Colliders

• Longer time interval between theory and experiment

MSSM
> 2029 ?
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Short Summary of Run I

• A few tentative hints

from discussion with B. Dobrescu@Fermilab in May 2015

✦  lepton flavor dependent

✦ understand more of the 
boosted objects

see more talks about 
them here

✦ no cross confirmation 
from CMS and ATLAS
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What to Anticipate for LHC Run II?
• Increase the reach for well-motivated new particle 

masses by a factor of few

• search for brand new (less-motivated) signatures

• no story change yet; but the focus of searches will be 
shifted
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Figure 3: Discovery p0 values as a function of the gluino mass in the gluino-pair production models at a given
integrated luminosity of 1, 2, 5, or 10 fb�1 (from inner to outer lines) with a hypothesis of 20% (top) or 40%
(bottom) uncertainties on the total background prediction, respectively. For each integrated luminosity scenario,
one baseline signal region is optimised for one target signal point with a hypothesis of 20% uncertainties on the total
background prediction. These signal regions are used in both plots.
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Physics Driven Signature Driven

Data Driven
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Physics Driven

Naturalness

Dark matter
compositeness
new dynamics

extra-dimension
……
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Signature Driven
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Naturalness

• The new physics scale is 
generically at ~TeV

• LHC Run 2 will be the right one 
to discover them 

• Hope Nature will not have a 
meta tuning such that the LHC 
is just below the threshold
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Naturalness

• The new physics scale is 
generically at ~TeV

• LHC Run 2 will be the right one 
to discover them 

• Hope Nature will not have a 
meta tuning such that the LHC 
is just below the threshold
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Figure 1: GHGH production in hadronic collisions (u-channel GH exchange is not shown).
Curly lines represent gluons, while dashed lines represent scalar octets.
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Figure 2: Scalar octet decay to gluons, due to the cubic GH interaction of Eq. (2.2). A
diagram similar with the left one but with interchanged end points for the gluon lines is
not shown.

The production of GH at hadron colliders occurs mainly in pairs, due to the couplings

(2.1) to gluons, via the tree-level diagrams shown in Fig. 1. This production depends

only on the GH mass, because the couplings to gluons are fixed by QCD gauge invariance.

Single GH production is possible at one loop through a cubic interaction [the last term in

Eq. (2.2)], but it is suppressed enough (by the loop factor and by an accidental cancellation

discussed in section 2.2) to be neglected.

2.2 Decays of the scalar octet

The only renormalizable coupling of GH that violates the Z2 invariance under the GH →
−GH transformation is the cubic term in Eq. (2.2). Thus, the only decays of GH allowed

by the renormalizable couplings shown above occur at one or more loops and involve at

least one vertex proportional to µG. At one loop, divergent terms from the triangle and

bubble diagrams shown in Fig. 2 cancel each other, and the finite result for the width of

GH decaying into two gluons is

Γ0(GH → gg) =
15α2

s µ
2
G

128 π3MGH

(
π2

9
− 1

)2
, (2.3)

where αs is the QCD coupling evaluated at MGH
. This width is accidentally suppressed

by the small numerical coefficient given in the paranthesis (see [15] for a similar case).

5

octet with those due to supersymmetric Higgs bosons. In Section 4 we derive the ReCoM

predictions, compare them with the CDF data for several 3b kinematic distributions, and

discuss implications for other final states, such as those arising from associated production

of a coloron and a W boson. We summarize strategies to distinguish different models with

multi b jets in Section 5.

2 Spin-0, weak-singlet, color-octet particle

The theory considered in this section is the standard model plus only one particle, GH ,

which is a real field of spin 0, transforming as an octet under the QCD gauge group SU(3)c

and as a singlet under the electroweak gauge group SU(2)W×U(1)Y . These gauge charges

imply that GH is electrically neutral, and does not have any renormalizable interactions
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Figure 2: Scalar octet decay to gluons, due to the cubic GH interaction of Eq. (2.2). A
diagram similar with the left one but with interchanged end points for the gluon lines is
not shown.

The production of GH at hadron colliders occurs mainly in pairs, due to the couplings

(2.1) to gluons, via the tree-level diagrams shown in Fig. 1. This production depends

only on the GH mass, because the couplings to gluons are fixed by QCD gauge invariance.

Single GH production is possible at one loop through a cubic interaction [the last term in

Eq. (2.2)], but it is suppressed enough (by the loop factor and by an accidental cancellation

discussed in section 2.2) to be neglected.

2.2 Decays of the scalar octet

The only renormalizable coupling of GH that violates the Z2 invariance under the GH →
−GH transformation is the cubic term in Eq. (2.2). Thus, the only decays of GH allowed

by the renormalizable couplings shown above occur at one or more loops and involve at

least one vertex proportional to µG. At one loop, divergent terms from the triangle and

bubble diagrams shown in Fig. 2 cancel each other, and the finite result for the width of

GH decaying into two gluons is

Γ0(GH → gg) =
15α2

s µ
2
G

128 π3MGH

(
π2

9
− 1

)2
, (2.3)

where αs is the QCD coupling evaluated at MGH
. This width is accidentally suppressed

by the small numerical coefficient given in the paranthesis (see [15] for a similar case).
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Naturalness: top partner
• The leading model is supersymmetry. The Higgs field 

could also be a composite particle.

• To cancel the top-quark induced divergence, we can 
have bosonic or fermionic top partners 
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Figure 8.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cotα ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H
0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.

∆(m2
h0) =

h0

t

+
h0

t̃

+ h0
t̃

Figure 8.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

basis and with masses mt̃1
, mt̃2

much greater than the top quark mass mt, one finds a large positive
one-loop radiative correction to eq. (8.1.20):

∆(m2
h0) =

3

4π2
cos2α y2tm

2
t ln

(
mt̃1

mt̃2
/m2

t

)
. (8.1.24)

This shows that mh0 can exceed the LEP bounds.
An alternative way to understand the size of the radiative correction to the h0 mass is to consider

an effective theory in which the heavy top squarks and top quark have been integrated out. The quartic
Higgs couplings in the low-energy effective theory get large positive contributions from the the one-loop
diagrams of fig. 8.3. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhanced h0 mass.

An interesting case, often referred to as the “decoupling limit”, occurs when mA0 ≫ mZ . Then
mh0 can saturate the upper bounds just mentioned, with m2

h0 ≈ m2
Z cos2(2β)+ loop corrections. The

particles A0, H0, and H± will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from sufficiently low-energy experiments. The angle α is very nearly β−π/2, and h0 has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h0 to behave in a way nearly indistinguishable from a Standard
Model-like Higgs boson, even if mA0 is not too huge. However, it should be kept in mind that the

t t̃
t̃

t̃

Figure 8.3: Integrating out the top quark and top squarks yields large positive contributions to the
quartic Higgs coupling in the low-energy effective theory, especially from these one-loop diagrams.
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Figure 5: One-loop contributions to the Higgs boson (mass)2 from the top sector of
the Littlest Higgs model.

3.2 Fermion Sector

The largest quadratically divergent one-loop contribution to the Higgs mass param-
eter in the SM actually comes not from the gauge sector, but from the top quark
loop shown in Fig. 5 (a). To cancel this divergence, the top Yukawa coupling has
to be extended to incorporate the collective symmetry breaking mechanism. In the
L2H model, this is achieved by introducing a pair of weak-singlet Weyl fermions UL

and UR with electric charge +2/3. These are coupled to the third generation quark
doublet q3L = (uL, bL)T and the singlet u3R in the following way:

Ltop = −
λ1

2
f χ†

LiϵijkϵmnΣjmΣknu3R − λ2f U †
LUR + h.c. , (28)

where

χL =

(

σ2q3L

UL

)

(29)

is the “royal” SU(3) triplet [18], and Σjm denotes the 3 × 2 upper right hand block
of the Σ field defined in Eq. (14). (The indices i, j, k run between 1 and 3, and
m, n = 4, 5.) The spectrum and interactions of the top quark and its partners can be
obtained by expanding the Σ fields in this Lagrangian to the desired order. Neglecting
the EWSB effects, the mass eigenstates are given by

tL = uL, tR =
λ2u3R − λ1UR
√

λ2
1 + λ2

2

,

TL = UL, TR =
λ1u3R + λ2UR
√

λ2
1 + λ2

2

, (30)

with t massless at this level and

MT =
√

λ2
1 + λ2

2 f. (31)
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Top Partners at Run I

Early work:               Meade and Reece, hep-ph/0601124
                               Kong and Park, hep-ph/0703057
                               Han, Mahbubani, Walker, Wang, 0803.3820

                               ......
Endpoints:                 YB, Cheng, Gallichio, Gu, 1203.4813
                               Cao, Han, Wu, Yang, Zhang, 1206.3865
                               Killic and Tweedie, 1211.6106
Spin-correlations:      Han, Katz, Krohn, Reece, 1205.5808
Top-tagging:              Plehn, Spannowsky, Takeuchi, 1205.2696
                               Kaplan, Rehermann, Stolarski, 1205.5816
                               Dutta, Kamon, Kolev, Sinha, Wang, 1207.1893
Shapes of missing Et:  Alves, Buckley, Fox, Lykken, Yu, 1205.5805
Topness:                   Graesser and Shelton, 1212.4495

                               ......

t̃1 ! t+ �̃0
1 the signal is ttbar+MET
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Kinematical Variables for ttbar+METwhich 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:

[

p⃗T1 + p⃗T2 = E⃗miss
T , p21 = 0 , (p1 + pℓ)2 = p22 = M2

W ,
(p1 + pℓ + 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
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• Noticing the main background is dileptonic ttbar, one 
can construct the asymmetric MT2 variable. The 
background is bounded by the top quark mass.

YB, Cheng, Gallichio, Gu, 1203.4813
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Top Partners at Run I
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• WIMP dark matter has a scale ~  
TeV and may show up at LHC

• the generic EFT-based mono-X 
signatures have been searched 
for at the LHC Run 1

• Only subset of asymmetric dark 
matter may has a TeV scale

Dark matter

• LHC Run 2 will concentrate 
more on simplified dark matter 
models

• there could be more exotic dark 
matter signatures



18

Dark Matter@LHC Run I
10 7 Interpretation
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K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-
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based on dark matter effective operators
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Dark Matter FSR Signature 
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Figure 1: An illustrative Feynman diagram for the mono-Z 0 signature at hadron colliders. The Z 0 is
mainly produced from dark matter final state radiation.

decay of a light force carrier (a Z 0 for instance) as a new collider signature, which appears as a very

narrow cone of radiation with a small multiplicity of charged particles. Although we will concentrate

on an Abelian dark matter sector, we also note that a non-Abelian dark sector can naturally result in

a cascade of gauge bosons. The latter case has been studied in the context of lepton jets [31–35] as well

as jets with hadronic shower products that nevertheless could be distinguished from QCD jets [36–38].

The basic process is that dark matter is pair produced, after which one of the particles can radiate a

dark Z 0; a cartoon of this is illustrated in Fig. 1. The Z 0 from FSR will decay back to SM particles and

behave as visible particles at colliders, while there can still be substantial missing transverse energy

from the dark matter particles. At hadron colliders and under the assumption that dark matter can

be produced in pairs, the dark matter loop will always mediate this Z 0 decaying into two quarks. So,

at the very least one can search for a hadronic Z 0 at the LHC. For a heavy Z 0, the signature is more

like a hadronically-decaying Z-boson and behaves as two jets plus missing transverse energy. One

could then search for a resonance for the two jets to reduce the SM backgrounds [39].

A more interesting collider signature appears when the Z 0 is light and has mass O(1 GeV). Due to

the kinematic constraints, the Z 0 will decay into only a few hadrons. For the few examples in our paper,

the Z 0 will mainly decay into two or three mesons including two charged ones. By requiring large

missing transverse energy, the Z 0 particle is boosted and the decay products are highly collimated.

This mono-Z 0 jet can be distinguished from a QCD jet using a jet-substructure analysis. Using the

variables adopted by the hadronic ⌧ tagging, we will work out the tagging e�ciency for a mono-Z 0 jet

as well as the mistag e�ciency for a QCD jet. We demonstrate that a dedicated collider analysis based

on the mono-Z 0 signature will dramatically improve our understanding of the dark matter interactions

2
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Hadrons

χ
Z ′

Given the fact that dark 
matter can be produced at 
the LHC and couple to Z’; 
Z’ must decay into hadrons
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Figure 7: Left panel: the constraints on dark matter-proton spin-indepenent scattering cross sec-
tions from the standard mono-jet analysis at the 14 TeV LHC with 100 fb�1 and the mono-Z 0 jet-
substructure based analysis. The model parameters are MZ0 = 1 GeV and g� = 1.0. Also shown
are the current constraints from direct detection experiments: LUX [56], SuperCDMS [57] and CDM-
SLite [58]. Right panel: the same as the left one but for dark matter-proton spin-dependent scattering
cross sections. The current experimental bounds are from: PICASSO [59], SIMPLE [60], PICO-2L [61]
and IceCube [62].

signal. The mono-Z 0 signature will dramatically enhance the discovery potential and easily compete

with the next-generation spin-dependent dark matter experiment like PICO.

3.2 Inelastic Dark Matter

Next we consider a dark matter sector with an inelastic splitting between the ground state � and

excited state �⇤. The kinematics of the mono-Z 0 signal is now di↵erent if the decay �⇤ ! �Z 0 is

permitted. We introduce Dirac dark matter fields with an o↵-diagonal coupling to Z 0 given by

g� (�⇤�
µ� + ��µ�⇤) Z 0

µ . (12)

A simple way to realize this interaction without any corresponding diagonal interactions is to have

two Dirac fermions, �
1

and �
2

, which have opposite charges under the U(1)0 symmetry but identical

masses. The choice of equal masses and opposite charges is protected by a matter parity under which:

�
1

! �i�2�⇤
2

and �
2

! �i�2�⇤
1

. To generate a mass splitting between those two states, one can

introduce the matter parity breaking operator � �0�̄
1

�
2

+ �⇤ �0 †�̄
2

�
1

. Here, the scalar field �0 has a

non-zero VEV to break the U(1)0 gauge symmetry. Rotating to the mass eigenstate, � = (�
1

��
2

)/
p

2

and �⇤ = (�
1

+�
2

)/
p

2, we have only the o↵-diagonal coupling in Eq. (12). For this specific realization,

we anticipate the mass di↵erence � ⌘ m�⇤ � m� to be at the same order of magnitude as MZ0 and

can be dramatically smaller than the dark matter mass.

12

YB, James Bourbeau, Tongyan Lin 
1504.01395

Z 0

MZ0 = 1 GeV
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Simplified Dark Matter Models
• Better description, but more models. One may have 

several hundred models to work with. 

• One should use LHC signatures to organize different 
models. Finding signatures beyond the MSSM could be 
useful. 



21

Simplified Dark Matter Models
• Better description, but more models. One may have 

several hundred models to work with. 

• One should use LHC signatures to organize different 
models. Finding signatures beyond the MSSM could be 
useful. 

1 Introduction

Mention also the case for dark matter directly charge under the QCD interaction. Provide existing

models having two dark matter particles couple to Ga
µνG

a µν like SUSY, composite dark matter models

and so on.

Understand the Rayleigh interaction of the molecular in the effective operator language (why the

sky is blue?).

[1][2][3]

2 Contact Interaction

We first perform an effective operator analysis for dark matter interacting with gluons via the chromo-

Rayleigh interaction. For a complex scalar dark matter, X, we have the following the CP -conserving

and dimension-six operator for two dark matter particles interacting with the gluon field

OcRayleigh
1 =

αs

4π Λ2
1

X†XGa
µνG

a µν , (1)

OcRayleigh
2 =

iαs

4π Λ2
2

(XX −X†X†)Ga
µνG̃

a µν , (2)

where Λi is the cutoff; G̃a µν = 1
2 ϵ

µναβGa
αβ ; the overall factor has taken into account of a loop factor.

In order for X to be stable we impose a Z2 symmetry, under which X is odd. We will calculate the

thermal relic abundance, direct detection cross section and collider constraints for those two operators.

2.1 Thermal Relic Abundance

Depending on the UV physics, the dark matter sector could be more complicated than just one state.

Therefore, the dark matter thermal relic abundance calculation based just on the operators in Eq. (2)

can only provide a guidance for the potential parameter space inMX and Λi for a thermal dark matter.

For the first operator, we have the dark matter self-annihilation rate from the process X†X → gg as

1

2

[
⟨σv⟩(X†X → gg)

]
=

1

2

[
α2
s

π3
M2

X

Λ4
1

]
≡ s , (3)

in leading order of the dark matter relative velocity v expansion. Here, the overall factor of 1/2 is due

to the relic density being comprised of particles and antiparticles. For the second operator, we have

annihilation rate from the process of XX[X†X†] → gg as

1

2
[⟨σv⟩(XRXI → gg)] =

1

2

[
α2
s

π3
M2

X

Λ4
2

]
≡ s . (4)

1
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Chromo-Rayleigh Interactions
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“UV”-Completed Simplified Models

Independent on how GH decays, we have constraints on the GH mass to be above 500-600 GeV.

Using the relation in Eq. (14), one can convert it into a limit on the cutoff as Λ1 ! 1.5 − 1.7 TeV for

λ = 1, which is more stringent than the limits in Table 2.3 from just a mono-jet search.

3.2 QCD-charged Particle Mediation for OcRayleigh
2

To UV-complete the second operator OcRayleigh
2 , we introduce the following CP -conserving Lagrangian

L ⊃ −y1
(
X +X†

)
(ψ1ψ2 + ψ2ψ1)−

(
X −X†

)
(y2 ψ1γ5ψ2 + y2 ψ2γ5ψ1) . (22)

Here, ψ1 and ψ2 are chosen to be QCD triplets and their electroweak quantum numbers will be

discussed later. Using the freedom of field redefinitions of ψ1 and ψ2, one can keep the first coupling,

y1, to be a real number and the second coupling, y2, to be a complex number in general. We choose y2

to be a real number to satisfy the CP symmetry. In terms of the components, X = (XR + iXI)/
√
2,

we have the interactions as

L ⊃ −
√
2 y1 XR (ψ1ψ2 + ψ2ψ1)−

√
2 iXI (y2 ψ1γ5ψ2 + y2 ψ2γ5ψ1) . (23)

Under the C and P properties, one has XR to be C-even and P -even, while XI to be C-even and

P -odd. If Im(y1y2) ̸= 0 the above Lagrangian is P -conserving but C-breaking, so CP is also broken.

In terms of XR and XI , we have the effective operator as

OcRayleigh
2 = −

αs

2πΛ2
2

XRXIG
a
µνG̃

a µν , (24)

which is P -conserving but C-breaking. To generate this effective operator, we need to have a nonzero

value of Im(y1y2).

At one-loop level, one has the box diagrams in Fig. 3 to generate the effective operator, OcRayleigh
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In the heavy particle limit with mψ1
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Independent on how GH decays, we have constraints on the GH mass to be above 500-600 GeV.

Using the relation in Eq. (14), one can convert it into a limit on the cutoff as Λ1 ! 1.5 − 1.7 TeV for
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1 Introduction

Mention also the case for dark matter directly charge under the QCD interaction. Provide existing

models having two dark matter particles couple to Ga
µνG

a µν like SUSY, composite dark matter models

and so on.

Understand the Rayleigh interaction of the molecular in the effective operator language (why the

sky is blue?).

[1][2][3]

2 Contact Interaction

We first perform an effective operator analysis for dark matter interacting with gluons via the chromo-

Rayleigh interaction. For a complex scalar dark matter, X, we have the following the CP -conserving

and dimension-six operator for two dark matter particles interacting with the gluon field

OcRayleigh
1 =

αs

4π Λ2
1

X†XGa
µνG

a µν , (1)

OcRayleigh
2 =

iαs

4π Λ2
2

(XX −X†X†)Ga
µνG̃

a µν , (2)

where Λi is the cutoff; G̃a µν = 1
2 ϵ

µναβGa
αβ ; the overall factor has taken into account of a loop factor.

In order for X to be stable we impose a Z2 symmetry, under which X is odd. We will calculate the

thermal relic abundance, direct detection cross section and collider constraints for those two operators.

2.1 Thermal Relic Abundance

Depending on the UV physics, the dark matter sector could be more complicated than just one state.

Therefore, the dark matter thermal relic abundance calculation based just on the operators in Eq. (2)

can only provide a guidance for the potential parameter space inMX and Λi for a thermal dark matter.

For the first operator, we have the dark matter self-annihilation rate from the process X†X → gg as

1

2

[
⟨σv⟩(X†X → gg)

]
=

1

2

[
α2
s

π3
M2

X

Λ4
1

]
≡ s , (3)

in leading order of the dark matter relative velocity v expansion. Here, the overall factor of 1/2 is due

to the relic density being comprised of particles and antiparticles. For the second operator, we have

annihilation rate from the process of XX[X†X†] → gg as

1

2
[⟨σv⟩(XRXI → gg)] =

1

2

[
α2
s

π3
M2

X

Λ4
2

]
≡ s . (4)

1

• two representative one-loop diagrams (totally 6)

pp !  2 2 ! (u g X)(ū g X†) ! 4j + Emiss
T

• LHC signature: a pair of dijet- 
resonance plus MET

cRayleigh DM

J. Osborne

Outline

Introduction

Contact
Interactions

O1
Completion

O2
Completion

Conclusion

Completion of OcRayleigh
2

• Focus on last case, Z2-even  1 and Z2-odd  2.

• Pair produced  2, which decays via:

 2 !  1+X ! 2j +X

hi

 1

 2

G

u

X

hi

p

p

X

X

1

• Consider light dark matter, mX = 10 GeV.

• Background simulation required.

YB, Osborne, 1506.07110
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Asymmetric Dark Baryon Model

nDM ⇠ np mDM ⇠ mp

⌦
DM

⌦
Baryon

= m
DM

n
DM

m
p

np
⇡ 5 ⇠ 6

(1): (2):Two conditions:

⇤dQCD ⇠ ⇤QCD ?

• (2) If dark matter is a “dark baryon” from a new QCD-like 
strong dynamics in the dark matter sector

• Need to have QCD and dQCD gauge couplings related to 
each other



24

IRFP to Relate QCD and dQCD Scales

Banks-Zaks fixed point

↵s

⇤UVM⇤QCD

  

 

⇤dQCD

↵d

YB, Schwaller, 1306.4676
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The bi-fundamental of QCD 
and dark QCD prefers to have 
masses below 2 TeV
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Ratios of Energy Densities

In the strong washout regime, ΓN1
> H(M1), the final asymmetry can be estimated as [13, 14]

QY1
(∞) =

π2

6zfK1
ϵQeq

N1
(0) , (13)

where Qi = ni/s are the entropy normalized particle densities, K1 = ΓN1
/H(M1) and zf is the freeze-

out temperature where the washout decouples, with zf ∼ 7− 10 for K1 = 10− 100. The equilibrium

N1 density at high temperatures is approximately given by Qeq
N1

(0) ≈ 4/g⋆.

For M1 = 1013 GeV, |k1| = |k2| = 0.1, and M2 = 10M1, the CP asymmetry is of order 6 × 10−5.

Inserting the remaining approximations, we find QY1
(∞) ≈ 2 × 10−9 sin(2ϕ), where ϕ is the relative

CP phase in the couplings k1,2. In comparison, the observed baryon to entropy ratio today is 9×10−11.

Therefore it is easy to see that a large enough asymmetry can be generated to explain the observed

baryon asymmetry of the universe.

4 The Matter to Dark Matter Ratio

We are now in a position to calculate the matter to dark matter ratio. Remember that in our universe,

ΩDM/ΩBaryon ≈ 5. The ratio of energy densities is given by

ΩDM

ΩBaryon
=

nDmD

nBmp
≈

79

56

mD

mp
, (14)

The DM mass depends on the strong dynamics of dark QCD, and is therefore not calculable analyti-

cally. Due to the similarities between the confining SU(3) sectors, we can hope to obtain an estimate

for mD by comparing with QCD. The estimation of the dark matter mass is in Table 2.

Among different representations, we have the representation (7, 7, 2, 2, 1, 2) to have the dark matter

mass around 3.5 GeV and the ratio ΩBaryon ≈ 4.9, which is very close to the measured value from

CMB. For other representations, we show the dark matter energy density in Fig. 1.

5 LHC and dark matter phenomenologies

So far, the chiral symmetry, SU(nfd)L × SU(nfd)R, associated with dark quarks are unbroken. To

provide masses to the otherwise massless Nambu-Goldston bosons, we adopt the Higgs portal and

introduce the dark-flavor-blind interactions, X̄XH†H/M , which can be easily UV-completed by in-

troducing a gauge singlet field S with two couplings X̄XS and SH†H. The dark pion mass has the

approximate relation: m2
πd
f2
πd

∼ mXΛ3
dQCD with the dark quark mass mX ∼ v2EW/M . The Yukawa

coupling of dark quarks to the Higgs boson is ∼ m2
πd
f2
πd
/(vEW Λ3

dQCD), which is suppressed by a power

of f2
πd
/Λ2

dQCD ∼ 1/(4π)2 and will not affect the SM Higgs properties in a significant way.

6
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Figure 3: The ratios of the dark baryon energy density over the ordinary baryon energy density for
different models in Table 1. The dark lines are the ratios ΩDM/ΩB calculated using Eq. (11) for
different models, while the orange (grey) bands are obtained by letting the dark baryon mass vary
between 1/2 and 2 times the estimated value, to account for the uncertainty of the non-perturbative
estimation of ΛdQCD (a more precise calculation could be done at Lattice [33]). The green line is the
measured value of ΩDM/ΩB from the Planck collaboration.

models D, E, F and G have the necessary particle content to implement the asymmetry mechanism

in this section. Among different models, the model “E” has a dark matter mass around 3.5 GeV and

the ratio ΩDM/ΩB ≈ 4.9, which is very close to the measured value from the Planck collaboration.

A prominent issue in asymmetric dark matter model building is that the dark matter - anti dark

matter annihilation rate must be sufficiently efficient to prevent a large symmetric relic density. In our

model, this potential problem is naturally solved because the dark baryon and anti-baryon annihilation

into dark pions is very efficient, similar to the proton and anti-proton annihilation in the SM. The dark

pions do not carry dark baryon number, so they can decay into SM particles (unless they have their

discrete symmetries for stability, for instance in [34–36], which we don’t consider here). We discuss

their properties in the next section for the phenomenology of our model.

4 LHC and dark matter phenomenology

So far, the chiral symmetry, SU(nfd)L × SU(nfd)R, associated with the dark quarks is unbroken. To

provide masses to the otherwise massless Nambu-Goldstone bosons or dark pions, πd, we adopt the

Higgs portal and introduce the dark-flavor-blind interactions, X̄XH†H/Λ, which can be easily UV-

completed by introducing a gauge singlet field S with two couplings X̄XS and SH†H. The dark pion

8

• the bi-fundamental particles can also be used to share 
the baryon and the dark baryon asymmetries 

YB, Schwaller, 1306.4676
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Signatures at the LHC

QCD jet

QCD jet

dark jet

dark jet

u

ū

�

�†

D

⇡d

⇡d

D

⇡d

⇡d

• dark pions can decay back to SM particles and are 
generically long-lived
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Emerging Dark Jets

3m

1m

Figure 1: A schematic depiction of pair production of dark quarks forming two emerging jets.
Shown is an x � y cross section of a detector with the beam pipe going into the page. The
approximate radii of the tracker and calorimeter are also shown. The dark mesons are represented
by dashed lines because they do not interact with the detector. After traveling some distance,
each individual dark pion decays into Standard Model particles, creating a small jet represented
by solid colored lines. Because of the exponential decay, each set of SM particles originates a
di↵erent distance from the interaction point, so the jet slowly emerges into the detector.

3

Schwaller, Stolarski, Weiler, 1502.05409
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compositeness
new dynamics

extra-dimension
……

• no obvious scales unless related 
to naturalness or dark matter

• looking for surprises from LHC; 
chance is not high

• fully utilize the LHC capability 
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extra-dimension
……

• no obvious scales unless related 
to naturalness or dark matter

• looking for surprises from LHC; 
chance is not high

• fully utilize the LHC capability 

for another QCD-like dynamics, we anticipate both rho 
mesons and pions

SU(N)G SU(3)c SU(2)W U(1)Y
 L,R N 3 1 0

Kilic, Okui, Sundrum, 0906.0577
YB, Shelton, 1107.3563
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Figure 4: Left panel: the numbers of events of signal and backgrounds at the 7 TeV LHC after the
jet substructure analysis. Right panel: the same as the left panel but for the analysis without using
jet substructure.

size in use at the LHC. Choosing a smaller value of R will make this simple search worse, while a

value of R = 1.0 as studied in [34, 36] will improve the reach. We show the histograms of the signal

and background events in the right panel of Fig. 4. The discovery significance is around 2σ for this

parameter point, much poorer than the result obtained from the jet substructure analysis. Because

R = 0.7 < 2mπG/pT,cut, the jet clustering algorithm in the simple dijet search will typically not capture

all the signal decay products in a single jet and hence suffers a reduction in the discovery significance.

We have checked that for a different mass combination, mρG = 1.5 TeV and mπG = 150 GeV, the

dijet resonance search supplemented with jet mass can obtain a discovery sensitivity as good as the

jet substructure analysis.

For different mass combinations and especially when there are few signal and background events,

we use the Poisson distribution to quantify the discovery significance as

significance ≡
√

−2 ln [e−S−B(S +B)B/Γ(B + 1)] . (16)

For different ρaG masses and different values of the mass ratio mπG/mρG , we find the best discovery

significance for each mass point in the left panel 6 shown in Fig. 5 by scanning the cut on µ from 0.2

to 0.4 with a step of 0.05, the cut on pT from mρG/3 to mρG/3 + 300 GeV with a step of 50 GeV,

the cut on rxy from 0.2 to 0.4 with a step of 0.05, the cut on rxy from 0.2 to 0.9 with a step of 0.1.

We further require the mass window cuts |mJi −mπG | < 0.2mπG and |mJ1J2 −mρG | < 0.2mρG . To

obtain the left panel of Fig. 5, we have scanned 7 different ρG masses from 500 GeV to 2 TeV with

6Strictly, there is an additional trials factor associated with the substructure searches due to the unknown mπG
.
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size in use at the LHC. Choosing a smaller value of R will make this simple search worse, while a

value of R = 1.0 as studied in [34, 36] will improve the reach. We show the histograms of the signal

and background events in the right panel of Fig. 4. The discovery significance is around 2σ for this

parameter point, much poorer than the result obtained from the jet substructure analysis. Because

R = 0.7 < 2mπG/pT,cut, the jet clustering algorithm in the simple dijet search will typically not capture

all the signal decay products in a single jet and hence suffers a reduction in the discovery significance.

We have checked that for a different mass combination, mρG = 1.5 TeV and mπG = 150 GeV, the

dijet resonance search supplemented with jet mass can obtain a discovery sensitivity as good as the

jet substructure analysis.

For different mass combinations and especially when there are few signal and background events,

we use the Poisson distribution to quantify the discovery significance as

significance ≡
√

−2 ln [e−S−B(S +B)B/Γ(B + 1)] . (16)

For different ρaG masses and different values of the mass ratio mπG/mρG , we find the best discovery

significance for each mass point in the left panel 6 shown in Fig. 5 by scanning the cut on µ from 0.2

to 0.4 with a step of 0.05, the cut on pT from mρG/3 to mρG/3 + 300 GeV with a step of 50 GeV,

the cut on rxy from 0.2 to 0.4 with a step of 0.05, the cut on rxy from 0.2 to 0.9 with a step of 0.1.

We further require the mass window cuts |mJi −mπG | < 0.2mπG and |mJ1J2 −mρG | < 0.2mρG . To

obtain the left panel of Fig. 5, we have scanned 7 different ρG masses from 500 GeV to 2 TeV with

6Strictly, there is an additional trials factor associated with the substructure searches due to the unknown mπG
.
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size in use at the LHC. Choosing a smaller value of R will make this simple search worse, while a

value of R = 1.0 as studied in [34, 36] will improve the reach. We show the histograms of the signal

and background events in the right panel of Fig. 4. The discovery significance is around 2σ for this

parameter point, much poorer than the result obtained from the jet substructure analysis. Because

R = 0.7 < 2mπG/pT,cut, the jet clustering algorithm in the simple dijet search will typically not capture

all the signal decay products in a single jet and hence suffers a reduction in the discovery significance.

We have checked that for a different mass combination, mρG = 1.5 TeV and mπG = 150 GeV, the

dijet resonance search supplemented with jet mass can obtain a discovery sensitivity as good as the

jet substructure analysis.

For different mass combinations and especially when there are few signal and background events,

we use the Poisson distribution to quantify the discovery significance as

significance ≡
√

−2 ln [e−S−B(S +B)B/Γ(B + 1)] . (16)

For different ρaG masses and different values of the mass ratio mπG/mρG , we find the best discovery

significance for each mass point in the left panel 6 shown in Fig. 5 by scanning the cut on µ from 0.2

to 0.4 with a step of 0.05, the cut on pT from mρG/3 to mρG/3 + 300 GeV with a step of 50 GeV,

the cut on rxy from 0.2 to 0.4 with a step of 0.05, the cut on rxy from 0.2 to 0.9 with a step of 0.1.

We further require the mass window cuts |mJi −mπG | < 0.2mπG and |mJ1J2 −mρG | < 0.2mρG . To

obtain the left panel of Fig. 5, we have scanned 7 different ρG masses from 500 GeV to 2 TeV with
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size in use at the LHC. Choosing a smaller value of R will make this simple search worse, while a

value of R = 1.0 as studied in [34, 36] will improve the reach. We show the histograms of the signal

and background events in the right panel of Fig. 4. The discovery significance is around 2σ for this

parameter point, much poorer than the result obtained from the jet substructure analysis. Because

R = 0.7 < 2mπG/pT,cut, the jet clustering algorithm in the simple dijet search will typically not capture

all the signal decay products in a single jet and hence suffers a reduction in the discovery significance.

We have checked that for a different mass combination, mρG = 1.5 TeV and mπG = 150 GeV, the

dijet resonance search supplemented with jet mass can obtain a discovery sensitivity as good as the

jet substructure analysis.

For different mass combinations and especially when there are few signal and background events,

we use the Poisson distribution to quantify the discovery significance as

significance ≡
√

−2 ln [e−S−B(S +B)B/Γ(B + 1)] . (16)

For different ρaG masses and different values of the mass ratio mπG/mρG , we find the best discovery

significance for each mass point in the left panel 6 shown in Fig. 5 by scanning the cut on µ from 0.2

to 0.4 with a step of 0.05, the cut on pT from mρG/3 to mρG/3 + 300 GeV with a step of 50 GeV,

the cut on rxy from 0.2 to 0.4 with a step of 0.05, the cut on rxy from 0.2 to 0.9 with a step of 0.1.

We further require the mass window cuts |mJi −mπG | < 0.2mπG and |mJ1J2 −mρG | < 0.2mρG . To

obtain the left panel of Fig. 5, we have scanned 7 different ρG masses from 500 GeV to 2 TeV with
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While there are too many combinations, let us focus 
QCD charged new particles
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QCD Pair-produced Particles

u

ū

Focusing on two-body decays, at least two QCD charged 
particles in the final state

g
X

X†

j(b, t)

j(b, t)

j(b, t), `, ⌧, �, Z,W, h, /ET

j(b, t), `, ⌧, �, Z,W, h, /ET
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QCD Pair-produced Particles

u

ū

Focusing on two-body decays, at least two QCD charged 
particles in the final state

g
X

X†

j(b, t)

j(b, t)

j(b, t), `, ⌧, �, Z,W, h, /ET

j(b, t), `, ⌧, �, Z,W, h, /ET

The most challenging one is the four-jet final state. The 
smallest production cross section is a scalar color-triplet 
X. 
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Right-handed Stop Decay
from the following R-parity violating operator

�3ij t̃R diR djR (i 6= j)

• Baryonic R-parity violation

– λ’’3ij tR dRi dRj    (i ≠ j)

• 100% decays to 2 down-type quarks

– prompt if λ’’ > 10-7

– MFV:  96% contain bottom

• Direct pair production ⇒ fully jetty final-state

– no handles like leptons or MET

Baryon # Violating Decay

P1

P2

t̃∗

t̃

t̄

χ̃0
1

χ̃0
1

tq
_

q
_

q

q

RPV

RPV

~

Pursuing Direct Production

• Minimal model-dependence
– rate and kinematics are only a function of stop mass
– see if we can ignore jet flavor (structure of λ’’ coupling)
– not necessarily SUSY (generic diquark pair search)

• A benchmark for purely jetty pair-production searches
– minimal color, spin, # decay products, flavor

• Current limits are very weak
– LEP:   90 GeV
– Tevatron:  100 GeV
– LHC:  No limit!!

jet
jet

jet
jet

Serve as a benchmark for purely jetty pair-production 
searches (minimal color and spin)
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Delta R Distribution
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FIG. 7: The ∆R distributions of subjets within reconstructed fat-jets passing all analysis cuts, for

stops of mass 100 GeV (blue), 200 GeV (purple), 300 GeV (red), and 400 GeV (green). (Small

spikes at ∆R = 0.1 correspond to events where both stop-jets have been declustered down to our

calorimeter model granularity, and would have mavg ∼ 10 GeV.)

vary between 100 GeV and 400 GeV. See, e.g., [77].) To perform flavor tagging, we keep

track of bottom-hadrons and prompt charm-hadrons from the event record, and match them

to the closest subjet within ∆R < 0.2. Each subjet’s “true” flavor is then determined by

the heaviest associated hadron. We apply flat b-tagging efficiencies of 60%, 10%, and 2%

for bottom-flavored, charm-flavored, and unflavored subjets, respectively.

Appendix B: Supplementary Results

This appendix contains three supplementary sets of results: the ∆R distributions of

subjets for signal events, a comparison of our nominal R = 1.5 jet radius to R = 0.8, and

comparisons with the more standard BDRS declustering procedure.

Fig. 7 shows the ∆R distributions of subjets within stop-jets, for events passing our

complete set of analysis cuts. This plot makes it clear that for mt̃ = 100 GeV, a large

fraction of stop decays would comfortably sit inside of a normal-sized LHC jet of R = 0.4

or R = 0.5. It is also notable that, even though we choose a much larger fat-jet radius,

very few stop decays are reconstructed with unphysically-large ∆R. In other words, our

substructure procedures and analysis cuts adaptively find the “correct” ∆R scale for the

signal. For larger stop masses, the separation becomes large enough that an ordinary jet

radius could resolve the decays. But in our treatment this regime is continuously connected

20

ΔR Distributions

100 GeV

200 GeV

300 GeV

*Passing all analysis cuts (next slide)

400 GeV

• Jet-Ht trigger:  offline Ht > 900 GeV

• Capture stop decays in R = 1.5 C/A jets
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Jet-substructure Cut FlowCut 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

8 TeV
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Averaged Mass Peaks
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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)
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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.
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Sensitivities, untagged
2012 Sensitivities, Untagged
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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
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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
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shape

discover ~150 GeV exclude ~300 GeV

*Δχ2 discriminator, Statistical errors ONLY

discovery ~150 GeV exclusion ~300 GeV

YB, Katz, Tweedie, 1309.6631
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Sensitivities, b-tagged
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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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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

15

A-sideband
ABCD

1j template

shape

discover ~250 GeV exclude 350~400 GeV

* Δχ2 discriminator, Statistical errors ONLY,  Not re-optimizedYB, Katz, Tweedie, 1309.6631
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Results from LHC Run I
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Figure 8: Expected and observed limits on stop pair production. The dashed black line shows the expected ex-
clusion limits, and the green and yellow bands represent the experimental uncertainties on this limit. The solid
line shows the observed limit, with the shaded blue cross-section band indicates the ±1� variations due to theoret-
ical uncertainties on the signal production cross-section given by renormalization and factorization scale and PDF
uncertainties.
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the non-b-tagging case should be searched for at the LHC Run II
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ttbar+MET at LHC Run II
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Figure 13: NLO+NLL stop-antistop production cross section as a function of mass at
√
s = 13 TeV in the wider

(upper plot) and narrower (lower plot) mass range. The different styled black (red) lines correspond to the cross
section and scale uncertainties predicted using the CTEQ6.6 (MSTW2008) PDF set. The yellow (dashed black)
band corresponds to the total CTEQ6.6 (MSTW2008) uncertainty, as described in the text. The green lines show
the final cross section and its total uncertainty.
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Non-Relativistic Limits of Heavy Particles

1 Introduction

Fix the LHC COM energy to be 13 TeV.

References: Razor paper, MARMOSET( http://arxiv.org/abs/hep-ph/0703088 )

2 Non-relativistic Approximation for Heavy Particles

Let’s first gather some formulas to estimate the goodness of approximation. We use the cross sections

from PDG http://pdg.lbl.gov/2014/reviews/rpp2014-rev-cross-section-formulae.pdf.

For a color-triplet Dirac fermion (heavy quarks), the cross sections are

σ̂(qq̄ → t′t̄′) =
4πα2

sβ

27 ŝ

(

3− β2
)

≈
4πα2

sβ

9 ŝ
, (1)

σ̂(gg → t′t̄′) =
πα2

s

48 ŝ

[

(33− 18β2 + β4) ln

(

1 + β

1− β

)

− β(59 − 31β2)

]

≈
7πα2

sβ

48 ŝ
. (2)

Here, β =
√

1− 4m2
Q/ŝ.

For a color-triplet scalar top-partner, stop, the cross sections are

σ̂(qq̄ → t̃t̃∗) =
2πα2

sβ
3

27 ŝ
, (3)

σ̂(gg → t̃t̃∗) =
πα2

s

96 ŝ

[

β(41 − 31β2)− (17− 18β2 + β4) ln

(

1 + β

1− β

)]

≈
7πα2

sβ

96 ŝ
. (4)

[understand the factor of 2 difference for scalar and fermion from gluon initial state].

For the Majorana color-octet gluino (decouple squarks), the cross sections are

σ̂(qq̄ → g̃g̃) =
4πα2

sβ

9 ŝ

(

3− β2
)

≈
4πα2

sβ

3 ŝ
, (5)

σ̂(gg → g̃g̃) =
3πα2

s

16 ŝ

[

3(7− 2β2 − β4) ln

(

1 + β

1− β

)

− β(33 − 17β2)

]

≈
27πα2

sβ

16 ŝ
. (6)

[understand those relative factors]

In the left panel of Fig. 1, we show the produced heavy particle velocity in the COM frame at the

13 TeV LHC (all our calculations are based on MTSW Mathematica PDF’s). For the two fermionic

particles, t′ and g̃, they have roughly the same velocity distributions. The scalar particle, t̃, has a

larger velocity than fermions. For the mass range of 1.5 TeV to 2.0 TeV, the averaged velocity in the

COM frame is in the range of (0.45, 0.50). In the right panel of Fig. 1 and using the fermionic top

partner as an example, we show a comparison of particle velocities in the COM frame and in the lab

frame. We use Madgraph to simulate the events for the process of pp → t′t̄′ and calculate the event

distributions in βLab.
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1

one can understand those    -dependence from s-wave or p-
wave production cross sections

�
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Velocity Distributions
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Figure 1: Left panel: the normalized β distributions for different particles and masses in the center-
of-mass frame. For the 1.5 TeV particle mass, the averaged velocities are βt′

COM = βg̃
COM = 0.48 and

β t̃
COM = 0.51; for the 2.0 TeV particle mass, the averaged velocities are βt′

COM = βg̃
COM

= 0.44 and

β t̃
COM = 0.48; for 1 TeV stop, β t̃

COM = 0.54. Right panel: the same as the left one but in the lab
frame. For the fermionic top partner, its velocity in the lab frame is larger than the one in the COM
frame: βt′

lab = 0.56 for mt′ = 1.5 TeV and βt′

lab = 0.50 for mt′ = 2.0 TeV.
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Figure 2: Left panel: the distribution of the top quark energy in the lab frame. Right panel: the
distribution of the ratio of the top quark and its corresponding χ̃0 transverse momenta. For the ratio
between 0.5 and 2.0, the fraction of events is around 60%.

2

There is no sharp peak for the velocity distributions, but it 
may help us to understand kinematics

Now, the question is how to use this understanding to 
improve our searches for heavy particles
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Simple Kinematics
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2

Consider one-step decay: t̃ ! t+ �̃0

so, the missing neutralino particles have similar pt’s compared 
to the top/anti-top pt’s
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      Distribution

When one separates the total       , one can restrict the 
guessed neutralino momenta within a range of   

/ET
/ET

parton-level:

the ttbar+jets background has a tail in      without a peak 
structure; the S/B could be improved.
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Figure 3: Left panel: MT2
distributions. Right panel: MT2
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Figure 4: MR
T2

distributions for the signal and background events. The parameter r = 2 is chosen.
The events are simulated using Pythia/PGS. The basic cuts are: 1. two b-jets with pT > 50 GeV.
2. two non-b-jet with pT > 50 GeV. 3. at least one lepton with pT > 20 GeV. 4. Emiss

T > 200 GeV.
To reduce the ambiguity of which b associated with the lepton, we require the one with a smaller
invariable mass m(b, ℓ) as the b from the leptonic top.
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Conclusions

Naturalness

Dark matter
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new dynamics
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lots of opportunities at the LHC Run 2
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