
1

Mykhailo Dalchenko

Light Nonthermal Dark Matter and 
the Collider Monotop Chirality 

(work in progress)



Mitchell Workshop – New Physics from CMS – JPC – Rutgers University – Wednesday, May 20th, 2015

SUSY RESULTS
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

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

Physics motivation
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 We need an explanation for 
baryogenesis!
 Astrophysical observables push 
WIMPs towards the EWK scale!
 However, such scenarios are 
heavily restricted by LHC results
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DARK MATTER

• Strong reasons to prefer a particle interpretation to galactic 
dark matter observations

• WIMP interpretation suggests new particles at the EWK scale
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A minimal parametrization
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New interaction terms and production mechanism 
are implemented in MadGraph 5

�↵,⇢�
1 = �1 ⇥ �↵

1X ⇥ �⇢�
1R

�↵,⇢
2 = �2 ⇥ �↵

2X ⇥ �⇢
2R

                       allows to probe the coupling to top quark�⇢
2R = (1, 1, 1)

light jets top

Our focus:

Lint = �↵,⇢�
1 ✏ijkX↵,id̄

c
⇢,jPRd�,k + �↵,⇢

2 X⇤
↵n̄DMPRu⇢ + C.C.

Suppose be lighter thenX1 X2

Make a flavor-blind coupling structure for simplicity

Nonthermal scenario
Add a minimal extension to the SM:

3

R. Allahverdi and B. Dutta, PRD 88 (2013) 023525

B. Dutta, Y. Gao, and T. Kamon, PRD 89 (2014) 096009

DM Searches

� A minimal extension to SM with ~TeV scalar color triplet(s) (X1 and X2)

and a 1-GeV fermionic DM candidate (nDM)

� Baryon-number violating interaction mediated by heavy scalars (X)

monojet dijet dijet + X

a fermionic DM candidate
scalar color triplet(s)

Motivation: baryogenesis
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For monojet events, we require the jet psedurapidity |⌘j | < 2.4 and the various threshold jet pT cuts (250 GeV to
550 GeV) listed in the Ref. [20] for 20 fb�1 data at 8 TeV. We try all these cuts and select the most stringent one on
�1 and �2. The 95% credence level (C.L.) bounds on {�1,�2} at the benchmark X1 masses are shown as blue curves
in Fig. 5. As discuss in the previous section, the monojet cross-section depends on the lesser of �1,�2 if one of them
is much smaller than the other. At both benchmark points, the smaller � is constrained to ⇠ O(0.1). This bound on
� holds until the X mass grows above 1.3 TeV and kinematically suppress the production rate.
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FIG. 5. A collection of bounds from current collider results. See the discussion in Section IV for the data set and kinematic
cut used for each channel.

For the dijet channel, we use the CDF [16] results of 1.13 fb�1 data at 1.96 TeV, which is more constraining for
mX < 1.2 TeV in comparison with current LHC data. At the parton level, the only non-trivial cut for our signal
events is |⌘j | < 2.4. The dijet rate is only dependent on �1. The 95% C.L. bound is shown in Fig. 5, with a caveat:
The experimental bounds are optimized for particular shape(s) of jet pT distribution near the resonance. The CDF
analysis assumed a heavy vector/fermion as the resonance state. Although there isn’t an optimization for our spin-0
X, the variation in cross-section due to the pT shape di↵erence is of the order O(1), and we do not expect a qualitative
impact on our result. To be conservative, we use the weakest bound from Ref. [16].

For two jets+ 6ET , we calculate the combined cross-section from diagrams in both Fig. 2 and Fig. 3, then compare with
the two jets + 6ET exclusive results from ATLAS’s multijet + 6ET [17] study. We used the same kinematical cut as listed
for the ‘A-Loose’ and ‘A-Medium’ signal regions in Ref. [17]. For our parton level signal events, HT = pT (j1)+pT (j2)
and Me↵ = HT + 6ET . j1, j2 are the leading and second jet ordered by pT . We found the ‘A-Medium’ region more
e↵ective to constrain the �s due to less SM background. Both ‘A-Medium’ (solid) and ‘A-Loose’ (dotted) bounds at
95% C.L. are shown as orange curves in Fig. 5.
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FIG. 6. Two sample jet pT (blue and red) and Me↵ (black) distributions for �1 = �2 ⇠ 1 (left) and �2 � �1 (right). The ISGS
process gives a soft secondary jet from gluon splitting, and Me↵ near MX1. The pair-production process leads to two energy
jets and a Me↵ peak near 2MX1. A properly placed Me↵ cut can be e↵ective against the ISGS contributions.

Before applying the Me↵ cuts, we found for large �1 and �2 the ISGS dominates over pair-production processes in

Various final states 
limits estimation



Signatures
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t ! W + b

d+ d0 ! X ! t+ nDM

Escapes detection, forms MET

b-jet

W ! `+ ⌫

lepton

MET

W ! 2(light)jets

High MET + b-jet + lepton 
High MET + b-jet + 2 other (preferably light) jets

Possible final states:

Process signatures

9

We are interested in events with single t and MET

Top-quark decay modes determine the sub-channels:

•                     , where       t ! Wb ! `⌫b ` = e, µ, ⌧
t ! Wb ! jets• 

4

Naive sensitivity estimation gives ~1event/fb for 50% efficiency 
and                       �1 ⇡ �2 ⇠ 0.1, mX ⇠ 1TeV



 Generate parton level events with Madgraph 1.5 
 Hadronize events with Pythia 8  
 Simulate the detector with Delphes: 

 Use standard CMS configuration card 
 Reconstruct jets with FastJet package using anti-Kt 
 B-tagging efficiency ~70(60)% in the barrel(endcaps) 
 Apply                           and                              selection 
for jets in hadronic final state 
 Apply                           and                            selection in 
leptonic final state 

Events generation and  
detector simulation
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pT (b) > 60 GeV pT (jet) > 20 GeV

pT (b) > 30 GeV pT (`) > 30 GeV
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leptonic final state

hadronic final state
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leptonic final state

We have quite promising model with well 
recognizable final state,!

but how can we distinguish it from other 
similar models?



An example of similar model

9

LD � y↵,i1 Q̄inX↵ + y↵,i2 X†
↵Ȳ di + y↵,i3 X↵Ȳ uc

i +C.C.

2

�1 �2

d

d0

ū

n

u

n

nu

g

y1

y1

FIG. 1: Feynman diagrams for single X production at the
LHC in the singlet (left) and doublet (right) scenarios.

and its Majorana nature render direct and indirect detec-
tions di�cult. Also, the doublet model does not generate
a neutron oscillation operator, unlike in the singlet case.

In the doublet scenario, an X can not couple to Q̄d due
to U(1)

Y

hypercharge assignments so a term like the �

1

term in Eq. 1 is impossible. Instead, the heavy doublet
Y of hypercharge -1 mediates between the X and right-
handed quarks. Y decays via X into quarks and the DM
n. With a heavy enough (above current supersymmertic
wino bounds) Y may easily evade current experimental
searches.

III. MONOTOPS AT THE LHC

The phenomenological di↵erence between the singlet
and doublet X scenarios can be better constrained by
the LHC, in two-fold:

(1) The X single-production is a resonant s-channel
process in the singlet scenario.

(2) When coupled to the 3rd generation quarks, the
top chirality fromX decay is opposite between the singlet
and doublet cases.

While X can be singly produced in both scenarios, as
shown in Fig. 1, the Xd̄

c

d term in the singlet scenario al-
lows a resonant dd0 ! X ! un process at the LHC, lead-
ing to a tight constraint on both the �

1

and �

2

couplings
via a monojet signal [6]. In the doublet scenario, the
heavy t-channel X mass would yield a such smaller pro-
duction cross-section. Generally if �, y couplings come
at comparable sizes, the singlet case would be easier to
probe at the LHC. However, barogenesis can occur over
multiple orders of magnitude for these couplings; the dou-
bletX scenario can also pose a competitive collider signal
when y is larger.

If both scenarios were present, e.g. with multiple but
near mass-degenerate X particles, another useful tool to
distinguish between a singlet or a double X is from the
chirality of decay products of X. Due to a possible large
phase space from M

n

⇠ 1 GeV and M

X

⇠ 1 TeV, the
daughter quark gets a large Lorentz boost and can reveal
its helicity from its subsequent decays. The singlet X

decays to a purely right-handed u-type quark while the
double X case would become purely left-handed. As the
�

2

and y

1

in principle involve all three quark generations,
the pp ! t + E/

T

process becomes a perfect channel to

probe the nature of the X-quark coupling.

IV. TOP CHIRALITY AS A DISCRIMINATOR

The top chirality can be clearly distinguished with a
model independent observable that is constructed from
the top sub-system in the final state:

⌘ ⌘ N

+

�N�
N

total

(3)

where

N

+

=

Z
1

x0

dN

dx

dx, N� =

Z
x0

0

dN

dx

dx, (4)

that N
+/� denotes the monotop event numbers with bot-

tom energy fraction x ⌘ E

b

/E

t

between their critical val-
ues, where the bottom energy spectrum from a left/right
handed top decay cross over at about half the max energy
fraction, as shown in Fig. 2.
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FIG. 2: b energy fraction spectrum from left (blue) and right
(red) handed top decays. The spectrum from an unpolarized
top decay is shown in black. Et = 500 GeV in this figure.

#TODO1: L-R 1

�

d�

dx

and x

0

in analytic.

#TODO2: 1

�

d�

dPT (b)

distribution from parton level MG,
in L and R cases.
#TODO3: discussions at given LHC luminosity or

fixed evt numbers.

V. CONCLUSION
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u+ g ! X + nDM ! t+ nDM + nDM

However, top quark chirality 
from X decay is opposite 
between the singlet and 

doublet cases.

Let’s use isospin doublet instead of isospin singlet

The reconstructable final state is the 
same as in case of isospin singlet model 
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FastSim with Delphes
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Hadronic top quark decay

 Flip the chirality and analyze the pT spectrum

 There’s a visible discrimination!
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FastSim with Delphes
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Leptonic top quark decay

 Flip the chirality and analyze the pT spectrum

 There’s a visible discrimination!



Summary
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 Top quark chirality reconstruction allows to distinguish 
between different NP models with single top quark in the 
final state 
 Works for both hadronic and leptonic decay modes of 
the top quark 
Allows search for the anomalous weak couplings in SM 
events with single top quark in the final state 

 Light non-thermal DM model is well motivated by barion 
asymmetry and current LHC bounds 
 Good sensitivity with LHC Run II data is expected


