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Outline

A nonthermal dark matter with its
coupling to (some) quarks being Chiral

Collider prospects of the nonthermal DM
interactions

Top polarization as a discriminator

Left versus right handed DM scenarios



Astrophysical Dark Matter Implications ...
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A non-thermal DM & Baryogenesis

A ‘'minimal' extension to SM with ~TeV scalar color triplet(s)
and a fermionic DM candidate

e Baryon-number violating interaction mediated by
heavy scalars (X) :
Eh= 200, ol Prdpet 207 i Py 00,

R. Allahverdi, B. Dutta, PRD 88 (2013) 023525
B. Dutta, Y. Gao, T. Kamon, arXiv: 1401.1825

Xindex a=1,2. At least two Xs are required for successfully baryogenesis
Quark generation indices p 6 =1,2,3
SU(3) color indinces i,j,k =1,2,3
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Baryon asymmetry and DM density

e Xs are the decay products from some heavy particles during a low
temperature reheating process.

(Baryogenesis) when X and X decay, baryon asymmetry arises the

interference b/w tree- level and one- loop self-energy diagrams/,

v | - -~ ~ Baryon #
np rs L,ij% 2,17\ 1,k*x 2.k lati
= - m( A A\ \R* \2-R)  violating
s St M%, — M%, ;:l ~ l_ _ ! _2 _ i -~  decay

ﬂ[i—lBRl UXQBRE

1,19 1, L 277

D AP0 A ’Z— D.\ |12+ ZkT}*
ST T AII decays

Ys: dilution factor from a heavy S (~100TeV) that decays into Xs.
BR: decay branching of S into X1 or Xo.

T R. Allahverdi, B. Dutta, K. Sinha PRD 82 (2010) 035004
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The CP violating process

( ﬂ’

1ij* \ 2,05 \ Lk* | 2,k
~ E Im(A77 AT NSNS
0,5,k

* Heavy scalar couplings carry CPV phases
* At least two (different) Xs are need
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Baryon asymmetry and DM density

(Non-thermal) dark matter are also the decay product of Xs.

P

Lk 2k N Decays into
oy _ g [ BRI NP BRI, 3, A2 \2 /b
> D i AT+ 3 A2 ’Z— ‘)‘2 U2 + ZH}‘ ‘2"
Thus the relic density becomes related to that of Al decays
baryonic asymmetry,
: e
g /Mg, = ﬂi” Qn;_j
1 Mz, D ik 1111()\1:”*)\?3Aé’k*)\g"k) 0.9
87 :‘»[;2,{2 — J[)Q{l Zk‘ |)\%k‘2 T

For Ao~0O(1) and MX ~ TeV, DM decoupling temperature is ~ MeV.
** My isn't tightly constrained by the relic density.

We consider sub-TeV cases. 7
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At the LHC: a minimal parametrization

" baryon # violating piece": " DM piece':
— leading single X production — mono jet/tops
Lint = APP° 9% X, d° Prdsi + A* XafipmPru, + C.C.
/ \
a,pd o po P .. \> L \P
)\1 = A1 - 11X " )\1}3 ’\2 = Ag 2X )‘QR
ds db a1 -
ix = (L. 1) /0 oy = (1, 1)
N ¥
Mr=1001 o = (L1
" //
to
000 - P
For simplicity: ~ Light jets
Xdd term forbids symmetric 1. If more than one Xs are present,
quark generation structure their resonances don't overlap
(b/c antisymmetry in color index) 2. flavor blind couplings
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A light dark matter

e (GeV DM mass) npy 1s not protected by a parity, yet coupled to

light quarks. For proton stability, DM — proton mass difference
less than electron mass.

| Mpm - M, | <2M,

kinematically stabilizes the DM and the proton.
DM mass stability: For 4, ~ 0.1 and My~TeV, radiative
correction to Mpy 1s less than M.,

e 1 GeV DM mass evades direct detection.

For (in)direct detection & neutron osc., see:
R. Allahverdi, B. Dutta, PRD 88 (2013) 023525
R. Allahverdi, B. Dutta, Y.G,, RD 89 (2014) 127305
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Collider phenomenology: Single X production

* X couples to two d-quarks or one u-quark and DM.:
A s-channel resonant process (d d' = X*— u n)

A monojet + MET event without ISR.

MET

o, po k AP0 vk —
Lo — }\ PO 1] }1& i !p Pﬁdg S )\ Fa HD"\[PRHP + C.C.
CETUr 1o



How different from ISR + Effective Operator?

e Jet energy ~ /2 new scalar mass: a Jacobian peak 1n Py
distribution.

e No preference for lower jet Py : High Pp cut can be very
effective against SM background.

* Effective operator (~ d d u n/AZ2) approach is also non-ISR,
but less favorable, since 1t loses the peak feature in Pt

distribution.

CETUP 15
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A sample (mono) jet pt distribution with X1 mass at 1 TeV.
A high pT cut near the Jacobian peak picks out (most of) the signal
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A very good constraint

10f | | LHC 8TeV, 19.5 fb ™!
: : 70 F N
, Mx1= 1 TeV j 0.20 I g ™ 1GeV
1‘ — = 0.15 _ &::]-.1:.12. mxp=2mx
S i ] > 3
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0.1: V‘ P,J-.:
: § 0.05F
| 0.0 =]
0018 s s 500 1000 1500 2000
0.01 0.1 1 10 o
m y | GeV]
Ay
Data: CMS 20 fb-' at 8 TeV, 95 C.L. A further simplified case: A1 = Ao
CMS-PAS-EX0O-12-048, March 8, 2013 Constrained to O(0.1) for X4 below ~1.3 TeV

PDF integrated cross-section is determined by the lesser between A4 abd A,

o o< | A1 [P A2]?/(21A1] + [A2]?)
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With more search channels...
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Single X production (monojet+ partially 2j+MET) offers better
constraint than pair production
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How about the 3rd generation quarks?

e Baryogenesis & DM production can involve all flavors.

 LHC more sensitive to couplings to light jets

Cine = AP X o Ppdep-+ 25 P XarnpuPas, +C.C.

/ \
v, PO : ) a.p v I
d db o (1 -
ix = (L. 1) /0 i oy = (1, 1)
) Cx
NE=1 00 1 25?/}/1 L)
\O 0 0/ Light jets:
Couplings to d-quarks: constrained
constrained w/o distinguishing ]
the bottom quark '|'Op3 NOT constrained
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Mono-top + MET

Like monojet, single top can be produced
via s-channel resonance, at certain energy and polarization.

Top 0.01

d [ j
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107°¢
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like

Pair production:

e From X pair production
both X— t, npy

% 400
e Analogous to SUSY stop O

. . . — 350

pair production 1n the G
low neutralino mass limit £ 30
Eur.Phys.J. C73 (2013) 2677 250

CMS-SUS-13-011,

200
150
100
50
MDM - 1 GGV“ 0

SUSY stop pair: QCD dominated production
X pair: QCD + NP (via Ap),
*large A’> for significant X decay BR into ¢
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the MSSM. t t + MET
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Comparable final state & cut efficiency

17



Top polarization is reconstructible

Heavy X and light DM allows boosted tops

The top quark decays before hadronization
— spin correlation in daughter particle spectra

Left handed tops decay into more energetic b jets.

Polarized top decay understood to NLO for a recent study, see
M. Balali, 1409.1389
Heavy "top partner' are likely nonrelativistic, and its mass

indicate how the tops are boosted.

Left/right handed tops can be well separated.

18
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Left versus Right...

Ni= [ =—da, N_= /
T ! J0O
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Top may not always be highly boosted:
Left, right & unpolarized spectra, cross-over point
calculable at different energies 19



Which quark chirality does our DM couple to?

* Xscalarasa Ly 3 BB, 0 dpy
weak singlet: o NP R0

Or as adoublet: £ 5 ™QmX, + yS'XIVd, + yS XV us

% Lo : 'C
+ MyYY + Mynn + 3*’”)2{&. Xa|°. +C.C.

Both cases give rise to baryogenesis and DM density.
The mediator's non-trivial isospin indicates for more particles
and different phenomenology

R.Allahverdi, M. Dalchenko,B.Dutta, YG, T. Kamon
in progross

20
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* Yet both signals are possible.

CETUP '15

A different monotop process...

weak singlet case,
has a Xdd term
and s-channel resonance

u

doublet case:

no XQd term and
single t production
at higher order

21



Left versus right at detector level

0.08
—— Left-handed top quark
0.0
—— Right-handed top quark
0.0
—— Mixed state
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More correlation in the W decay,

The charged lepton from
the W decay tends to
align with the top's

spin — RH's along the
boost and more
energetic
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Not only for monotop...

e Chiral coupling in Xqgn terms produce highly polarized tops
in pair-produced Xs

e Can be used to 1dentify left/right handed top partners,
e.g. quark portal couplings, supersymmetric stops.

24
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Summary

A minimal extension of SU(3) triplet scalar X can mediate baryon
number violation and DM production at a low reheating
temperature.

Single production of X can be resonant and offer good constraint
on 1ts couplings

In both cases of X being weak singlet/doublet scenarios, single
production of X can lead to monotop events with highly polarized
tops

Measurement of top polarization offer insight on the chirality of the

mediator-quark-DM coupling and weak structure of the mediator.

CETUP 15
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backups
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3.5 keV line

E. Bulbul, et.al. arXiv:1402.2301
3.5 keV emissions from galaxy clusters A Boyarsky, etal. arXiv:1402.4119

e Two DM fermions with ~keV mass splitting

A~ O(10 2~ 107%), my ~ O(TeV)

Ny N,
\ ) /
v I "

» .
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- &
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. » # i
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& M=-
6473 m ‘i

'~ (# of X)? x

R. Allahverdi, B. Dutta, Y.G.

v 27
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Collider phenomenology: Dijet

e Similar to the monojet process but with two (different generation)
down-type quarks in the final state:

: d‘ L o e
A A )\?P EEJ;UJX '[C PRdéﬂl,_

Dijet cross section only depends on A4.

28
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Dijet constraints

10F T T

i

0.1} .

Parton level cuts:

|

- 0.01h oo )
E; >10 GeV ™70 0.1 1 10

* Iyl < 1 N

Data: CDF 1.13 fb' at 1.96 TeV, 95 C.L.

T. Aaltonen et al. [CDF Collaboration],
Phys. Rev. D 79, 112002 (2009)

Note: CDF uses the pT
distribution near resonance for
spin-1 and spin-1/2 states, with
O(1) variation in the
constrained new physics cross-
section. We used the weakest
list bounds. Optimization for a
CETUP dpin-0 state can help.

I
3
b |_._'
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0.1 =11l=
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CMS dijet low mass analysis

with 0.13 fb-! data @ 7 TeV
CMS-PAS-EXO-11-094, 2012

Use the bound from a qq final state

Parton level cuts:
*p1j > 30 GeV

*Ht>100 GeV, |AI’]”| <2
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Collider phenomenology: 2 jets + MET

e Initial state gluon splitting (ISGS)

M drops quickly above Myj.

CETUP '15
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Collider phenomenology: 2 jets + MET

e X pair-production

o o X q :;‘){* g % P, X*q .,’..X-*
}:’ % X :Z
g X g g $ X g

X X
d - X* u X
d" n DM
Ef =X il X

Two heavy scalars: Mgs can be large compared to ISGS.

CETUP '15
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ISGS vs Pair-production

ISG pair-production
T ",.';h""'l-'_?' T T T B —rrr o r oot .~ rrr..r 11§11 11T ]
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FIG. 6. Two sample jet pr (blue and red) and M.g (black) distributions for A; = Az ~ 1 (left) and Ag 3 Ay (right). The ISGS
process singly produces X1 and M.g drops quickly above Mx 1. In the pair-production case Mg is easier to be above Mx1. A
properly placed Mg cut above Mx1 can be effective to separate the ISGS from pair production.

32
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2 jets+tMET constraint (@ LHC

10— T
1

“1F Myy= 500 GeV
_ SR: A Loose

0.0l o o
0.01 0.1 1 10

Signal Region (SR):
A Loose (Medium)' cuts
for X1 mass at 500 GeV (1TeV)

2 jets + MET (95% C.L.) exclusive
bounds selected from ATLAS multi-jet

analysis with 20.3 fb-! at 8 TeV:
ATLAS-CONF-2013-047, 16 May, 2013
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Ao

10p
3
0.1
5 My41=1 TeV
[ SR: A Medium
00l .. 0 o L
0.01 0.1 1 10

Turn over at small A1:
Due to pair-production diagrams
becoming dominant when A « \,.
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Collider phenomenology: Paired dijets

e X pair production with both Xs decay into dd'.

Constrain A. (In contrast, dijet+MET via pair-production
constrains A,)

ISR diagrams negligible due to two heavy masses being
reconstructed.

34
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Paired dijet constraint (@ LHC
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Data:CMS 5fb1at 7 TeV, 95 C.L.

* PTj > 110 GeV

S. Chatrchyan, et. al. [CMS collaboration]

*njl <2.5 Phys.Rev.Lett. 110 (2013) 141802

* ARjj>O.7
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Notes

e All the presented results are at the parton level, and b quarks
considered as jets.

e X1 and X2 can be close in mass. When My~Myxy», signal

cross-section doubles and A constraints improves by up to
40% (non-interference case)

36
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From current bounds ...

e Strong motivation in dark matter & baryon asymmetry

e Non-ISR monojet events, with Jacobian peaks in pr

 Significant constraints on model parameters (lesser A ~ 0.1
for a TeV heavy scalar mediator mass)

CETUP 15
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