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INTRODUCTION




Search of Dark Matter

Dark matter can be searched by many ways:

Indirect detection
DM SM

High energy photon, neutrino,

\‘H -matter

Direct
detection

Nuclear recoil

Collider detection

DM ————— SM

Missing transverse energy

Status of Dark Matter Detection: 1409.4590
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Direct, Indirect and Collider Detection.

O Important to understand DM nature and confirm or ruled
out its existence.

O Recent results of XENON1T (1705.06655), LUX
(1608.07648) and PandaX (1607.07400) put very stringent
bounds on DM scattering cross-section.

O Effective operator description breaks down at LHC
energies.

We will focus on Indirect detection of dark matter.
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INDIRECT DETECTION




Possibility of detection

Dark matter annihilates into SM particles or messengers and

contribute to the cosmic flux of particles.

O Large uncertainties in the flux.

O Energy distribution of messenger is featureless.

O Smoking gun signatures like yy and Zy escape from these
uncertainties.

We will focus on Internal Bremsstrahlung signature.
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INTERNAL BREMSSTRAHLUNG




Fermion Dark Matter

O Annihilation cross-section of DM into f f:

oo(xx = ff) =a+bo?

4 m>

_y

" 1474
327 M2 M2 (1+r2)

— L
where a = 7V e

2andb—f—

with r = My /M, (1203.1312).



Scalar Dark Matter

O Annihilation cross-section of DM into f f:

yt ot 1
607 M% (1T+7r2)4

0v(SS — ff) =

with r = Mo /M, (1307.6480).



Idea and Importance

O The annihilation cross-section:

2 2
7 o
O‘fo meI'U

Dark matter (scalar+fermion) annihilation into SM fermions

is chirality suppressed.
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bilinear C|P|] state
P +]+|o|S=1L=1
1y +|-]0/8=0L=0
Y%y |+ |-10|S=0,L=0
PyySYy |+ +]1|S=1L=1
ol +|+]0|S=0,L=0
Um(ptoip) | - | - |1 |S=0,L=1

Bilinears transformations: 1305.1611
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O This m?, suppression disappears if the final state contains
an additional photon.

O The emission of additional photon is known as internal
bremsstrahlung (IB).

O Internal bremsstrahlung = final state radiation + virtual IB



Vector dark matter

O Interaction Lagrangian,

£ =AWy PLfBy + A} fy*PLWB,

f(k1) Bipi) f(kr)

fks) B(p2)



The different possible amplitudes which give rise to S = 0 state.

Amp | e(pr) | €(p2) | s 52
1 0 0 +1/2 | -1/2
2 +1 -1 +1/2 | -1/2
3 -1 +1 +1/2 | -1/2
4 0 ) -1/2 | +1/2
5 +1 -1 -1/2 | +1/2
6 -1 +1 -1/2 | +1/2

O Matrix element:

1
My = Mp=0,5-0—s,=+1/259=-1/2 = —= [M2 + M3 — M1],

V3

1
My = Mp=0,5-0—5,=—1/25y=11/2 = \/—5 (M5 + Mo — My .

DUP = [P + s [ = 0
spin
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O The annihilation cross-section for B(p1)B(p2) — f(k1)f(k2)
is not suppressed.

O Reason: Dark matter canbeina L = 0,5 =2, | = 2 state.
Final state does not mix different Weyl spinors.

No chirality suppression. Two body final state is dominant.
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O For spin-0 and spin-1/2 DM, no operator of dimension < 8,
having non-trivial matrix element.

O For spin-1 DM,
6 = LB B f_ {uav}f_a{vjf M}f
2A2 {H v} y )/
’ 1 c v VU
6 = WB{HBv} (fy{“y5a }f—8{ f)/*})/&_’f)

O CP-even and respect SM flavor symmetry. CAN NOT BE
PROJECTED OUT.

No chirality suppression. Two body final state is dominant.
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O Dark matter initial state is polarized.

O ] =2 initial state is projected out.

O Reavization: Dark matter form a BB bound state. Decay to
ground state before its constituents annihilate.

Chirality suppressionin cs. Internal bremsstrahlung becomes

important.




The different possible amplitudes which give rise to S = 0 state.

Amp | e(p1) | e(p2) s1 $2 e*(l1)
1 0 0 -1/2 | -1/2 +1
2 +1 -1 -1/2 | -1/2 +1
3 -1 +1 -1/2 | -1/2 +1
4 0 0 +1/2 | +1/2 -1
5 +1 -1 +1/2 | +1/2 -1
6 -1 +1 +1/2 | +1/2 -1

O Matrix element:

1
Me = Mp—0,5-0—5,=-1/2,5=—1/2,=+1 = —= [M2 + Mz — 1]

V3

1
Mg = Mp-0,5-0—5,=11/2,50=41/2,e'=—1 = —= [Ms + Me — M4] ...

V3
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Internal Bremsstrahlung

O Matrix element of DM annihilation into f fy for ] =0
initial state:

Z P = 32maA(2+r?)? 4(1-vy)
3M2 (1-7r2-2x)2(3+ 12 —2x —2y)?
X (2+2x% +2x(y —2) -2y + v?)

with r = My/Mp, x = 2Ef Afs and y = 2E, Afs.

Note: Extra factor (2+72)2. Important from LHC prospective.
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IB for fermion dark matter

O Matrix element for fermion dark matter:

1 2 4““]/4 4(1_y)
4ZWL| M2 (1-r2-2x)2(3+ 12 - 2x - 2y)?

X (242x% +2x(y - 2) - 2y + v?)

with r = MQ)/MX.

Note: factor (2 + r2)? is not present.
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IB for scalar dark matter

O Matrix element of DM annihilation into f fy:

R2nay? 41-y)
M% (1-72-2x)2(3+r2 - 2x —2y)?
X (242x% +2x(y - 2) - 2y + %)

Note: factor (2 + r2)? is not present.

||
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z
s

e Operator cP
i [T B.1) - 7.5 D 1]
i¢? [ B B(B.fu) - 7. D) B D1,
Feupe [Tt B BB 1) + 71D Do D £
(8u00,4) [ Fir B 1, — 1077 1|
&9 BBo) + 7. 5B B )] -
i6eupo [T BBAD 1)~ 7, D) Do D] | -
i 6uupo [(F1 DY) BB 11) — G107 Do (D¥ 1] |~

AESEaEaraE,

g

Dim-8 operators contributing to the s-wave cross-section for
scalar DM: 1301.1486

Replacement of d,¢d, ¢ — BB, gives a Dim-6 operator.



Importance

O In heavy mediator limit:

o For spin-o and spin-1/2 dark matter, the squared matrix

element scales as 5.

o For spin-1 dark matter, the squared matrix element scales as
-4

Internal bremsstrahlung cross-section is less suppressed for

spin-1dark matter.




Importance

O Internal bremsstrahung is possible through charged
mediator my.

O Charged particles are tightly constrained from collider
experiments.

O If my increase then IB cross-section gets suppressed.

O In Vector DM, r can be made much larger, but less
suppressed cs.

Open a new window in existing parameter space.
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Photon Spectrum: Vector DM

O The photon spectrum is defined as,
AN _ 1 vdo
dx  vo dx

X

Vector dark matter photon spectrum

N

a1
o8]
(8



Photon Spectrum: Scalar DM

.
0 01 02 03 04 05 06 07 08 09 1
X

Both the photon spectra are identical. Same result with spin-

1/2 dark matter.
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SUMMARY



O Annihilation of self-conjugate spin-1 dark matter is
considered.

O BB — f f annihilation cross-section can be chirality
suppressed only if initial state is | = 0.

O ] = 2 initial state has an unsuppressed 2 — 2 annihilation
cross-section.

O Vector dark matter should be polarized.

N
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o8]
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O Shape of the photon spectrum for spin-1 dark matter is
same as for spin-o and spin-1/2 dark matter.

O Matrix element is mg,z suppressed.

O Even heavy mediator can give large annihilation
cross-section.

O This open a new window in parameter space.
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Thank You!



Back Up

O The matrix element for B(p1)B(p2) — f(k1)f(kz) process:

i = /\ZALQL(Pl)ea(PZ)
i e )

X u(kl)[y“P X 2 )/aPL
m\y
1
T g L L TS
q7% —mg

O The polarization vectors are:

eh_y = F(0,1,%i,0)/V2, el_y=10,0,0,1)



Back Up

O The Dirac spinors for considered fermions:

k1.0+mf 5 k1. a+mf T
I/l(k1) = \¢2(Ef+mf) ! \IZ(E +711f

kz 0+mf k2 U+Wlf )T

v(ka) = (\/Z(E ) S A[2E rmy)

w

N
[O8)
@



Back Up

O The three body annihilation cross-section:

2
vdo = 4]

dxdy
O The coordinate considered (two body):

kil = (mB’O’O’ mB)/ kél = (mB,O, O/ _mB)
O The coordinate considered (three body):

h=(E),0,0,E,), ki = (Ef, By sin 04,0, Ef cos 01

ko = (Ef-, Efsin 6,0, Ef-cos 62)

W
W
o8]
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