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Gamma-ray
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y-ray emission from DM: continuous spectrum

Dark matter (DM, y) pair annihilation or decay into
ete”, utu, vt qq, wtw—, z°2° ROR°
U
Gamma-ray emission from final state radiation or decay
Cut-off energy: m, for DM annihilation, ml/2 for DM decay
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Gamma-ray emission from final state radiation or decay
Cut-off energy: m, for DM annihilation, ml/2 for DM decay

Searching for DM signature in
DM-dominant regions:

Galactic center
Galactic halo
dwarf spheroidal galaxies
clusters of galaxies
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y-ray emission from DM: line spectrum

In general, DM particles () should not have electric charge
and not directly couple to photons

U
DM particles may couple to photons via high order loop diagrams
(highly suppressed, the branching fraction may be only ~ 1074 —1071)
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000

y-ray emission from DM: line spectrum

In general, DM particles () should not have electric charge
and not directly couple to photons

U
DM particles may couple to photons via high order loop diagrams
(highly suppressed, the branching fraction may be only ~ 1074 —1071)

For nonrelativistic DM particles, the

photons produced in y ¥y — yy would be
mono-energetic
Y
X A y-ray line at energy ~m,

(“smoking gun” for DM particles)
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A y-ray line from the Galactic center region?

Using the 3.7-year Fermi-LAT y-ray data, several analyses showed that
there might be evidence of a monochromatic y-ray line at energy
~ 130 GeV, originating from the Galactic center region (about 3 —40).

It may be due to DM annihilation with {0 ,,v) ~ 107% cm3s™1.
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Recently, the Fermi-LAT Collaboration has released its official spectral
line search in the energy range 5 — 300 GeV using 3.7 years of data.

They did not find any globally significant lines and set 95% CL upper
limits for DM annihilation cross sections.

Their most significant fit occurred at E, = 133 GeV and had a local
significance of 3.30, which translates to a global significance of 1.60.
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DM-photon interaction at e"e™ colliders

X Y et gl
X = >ﬁ<% X
gl
X Y e~ X
The coupling between DM particles and photons that induce the
annihilation process y y — yy can also lead to the process eTe™ — yy7v.

Therefore, the possible y-ray line signal observed by Fermi-LAT may be
tested at future TeV-scale e™e™ colliders.

DM particles escape from the detector

U

Signature: a monophoton associating with missing energy (y + F)
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Effective operator approach

If DM particles couple to photons via exchanging some mediators which
are sufficiently heavy, the DM-photon coupling can be approximately
described by effective contact operators.

1 -
For Dirac fermionic DM, consider Oy = FfiysxFWF‘”
4m; + _ 52
<O-al'll'lv>1)Z—>2)/E 7'CA6, O-(e e_ ﬁXXY)NE

Fermi y-ray line signal <= m, ~130 GeV, A ~1TeV

1
For complex scalar DM, consider Og = F;{*;{FWF‘W:

2m?

~ _X +o— * ~ i
<O-annv>xx*—>2y - TL'A4, O-(e e — XX Y) A4
Fermi y-ray line signal <= m, ~130 GeV, A ~3 TeV
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In the y + E searching channel, the main background is eTe™ — vvy:

et Y et v et v

ZU

e v e v e v

Minor backgrounds: efe” —ete y, efe” > 1777y, ---

Simulation: FeynRules — MadGraph 5 — PGS 4

_ _ AE 16.6%
ILD-like ECAL energy resolution: - ®1.1%

v E/GeV

Future ete™ colliders: /s = 250 GeV (“Higgs factory”),
/s =500 GeV (typical ILC), /s =1 TeV (upgraded ILC & initial CLIC),
Vs =3 TeV (ultimate CLIC)
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e*e” collider, Vs = 500 GeV, y+E
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Benchmark point: A =200 GeV, m, =100(50) GeV for fermionic (scalar) DM
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Huan YU (IHEP)

Sep 2013 9 /28



Collider sensitivity

[e]e]e] lo]e]

e*e” collider, Vs = 500 GeV, y+E

— 7T T T
102 | e'e” vy Fermionic DM E
e'e  »e'e’y —— ScalarDM
3 10 | E
>
&
3
o
= 100 E
<
®
® ot
107" E
102
0° 20° 40° 60° 80° 100° 120° 140° 160° 180°
eY
e*e” collider, \s =500 GeV, 7+ E
— ———— T
102 e'e” 5wy Fermionic DM E
£ e'e »e'e’y —— ScalarDM
= r 0
E s Z" pole
2 E
g10°
£ E
E r
S [
S otk
102 I I I I

0 100 200 300 400 500
Miiss = [ (Pe~+ Per =P, )22 (GeV)

e'e collider, Vs = 500 GeV, 7+ E
———T
10° | e'e” - vy Fermionic DM
e'e"»e'e’y —— ScalarDM

10-2 e b b e 1 e A

0 50 100 150 200 250
pf (Gev)

Cut 1 (pre-selection):

Require a photon with E, > 10 GeV
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Benchmark point: A =200 GeV, m, =100(50) GeV for fermionic (scalar) DM

Huan YU (IHEP)

Sep 2013 9 /28



do/ Myes (107 GeV)

6, (fb/degree)

Collider sensitivity

[e]e]e] lo]e]

e*e” collider, Vs =500 GeV, y+E

— T T T T T T T T T T T

10% | e'e” - vy Fermionic DM <
e'e  »e'e’y —— ScalarDM

10' E

10° | E

107 | 4

102

0° 20° 40° 60° 80° 100° 120° 140° 160° 180°

6y

e'e” collider, \s = 500 GeV, v+ E

102 e'e” 5wy Fermionic DM E
£ e'e »e'e’y —— ScalarDM
r 0

s Z" pole

10° &

10"

102 L I I I I

0 100 200 300 400 500
Miiss = [ (Pe~+ Per =P, )22 (GeV)

e'e collider, Vs = 500 GeV, 7+ E
T
Fermionic DM
—— Scalar DM

e'e” — vy
o ot
e'e »e'ey

10'2 | I B
0 50 100 150 200 250

P} (GeV)

Cut 1 (pre-selection):
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Benchmark point: A =200 GeV, m, =100(50) GeV for fermionic (scalar) DM

Zhao-Huan YU (IHEP)

Sep 2013 9 /28



Collider sensitivity
000000

Cross sections and signal significances after each cut

vyy  ete"y Fermionic DM Scalar DM

o(fb) o(fb) o(fb) S/VB o(fb) S/VB
Cutl 2415.2 173.0 6468 127 3214 6.3
Cut2 21025 168.6 646.8 13.6 308.2 6.5
Cut3 1161.1 16.8 538.0 15.7 2559 7.5
Cut4 2545 1.9 520.7 325 2539 158

Benchmark point: A =200 GeV, m, =100(50) GeV for fermionic (scalar) DM

Most of the signal events remain

+

eTe” — vvy background: reduced by almost an order of magnitude

+

eTe™ — eTe”y background: only one percent survives

(/5 =500 GeV, 1 fb™ 1)
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10! T T T

s = 250 GeV —— s =1TeV

A (GeV)

102 Ll P R | SR NI

5 10 50 100 500 1000
m, (GeV)
Fermionic DM
1022 ¢

< GgnnV > (em®s™)

10'34 k —_—
10—35’\\\\\ n P B
5 10 50 100

, (GeV)

Solid lines: 100 fb™!: dot-dashed lines: 1000 fb™*

ILC luminosity: 240 —570 fb™! /year

A (GeV)

102

102

102 |

102 |

102

K ]
o ]
S 10 E
2: 10?7 ‘F’rmly -ray line slgnaF;
& 102 s = 250 GeV J
Vo < Vs =500 GeV ]
10™ —_— s =1TeV E|
30 [ Vs =3TeV ]
10 ——~ Fermi 3.7+ year upper limit 3
1081 Lt P B | PR

5 10 50 100 500 1

, (GeV)
(s/vB =3)
[ILC TDR, Vol. 1, 1306.6327]
Sep 2013

Scalar DM

— s

Vs

s = 250 GeV

=500 GeV

* Fevml y ray line signaf|

\s=1TeV
Vs =3TeV

S
|
Ll R | ) S
5 10 50 100 500 1000
m, (GeV)
Scalar DM

T

Zh uan YU (IHEP)

000

11/ 28



Beam polarization
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Beam polarization

+

For a process at an eTe™ collider with polarized beams,

0P, Per) = ; [(1+ P )1 + Pt Jogp + (1 = P- )(1 = Pt oy,
+(1+P,-)(1—P+)ogp, + (1 —P-)(1+ Po+)og ]

o(efe” — vy) [fb] o (e*e” — xxv) [fb], fermionic DM o(e*e” — xx'v) Ifb], scalar DM
1. K

Positron polarization P
Positron polarization P+
Positron polarization P+

o o 1.0 1.0
40 05 00 05 10 40 05 00 05 10 40 05 00 05 10
Electron polarization P,- Electron polarization Py- Electron polarization Py-

A (P,-,P,+)=1(0.8,—0.3) can be achieved at the ILC
[ILC technical design report, Vol. 1, 1306.6327]
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(S/VB=3)
Using the polarized beams is roughly equivalent to increasing the
integrated luminosity by an order of magnitude.

For fermionic DM (scalar DM), a data set of 2000 fb™! (1000 fb™1)
would be just sufficient to test the Fermi y-ray line signal at an ete™
collider with /s =1 TeV (3 TeV).
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Unitarity bounds
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S-matrix unitarity

For quantum scattering theories,

S-matrix unitarity (S'S=1) < conservation of probability

A process violate the unitarity in a non-renormalizable effective theory

!

The theory is invalid for this process

U
A UV-complete theory may be needed for a full description

The effective operator treatment for DM searches at colliders
should be carefully checked by verifying the S-matrix unitarity.
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Unitarity conditions

The 2 — 2 amplitude M(cos ) can be expanded as partial waves:

M(cos8) =167 Zj(Zj + 1)a;Pj(cos0), a; = ﬁ f_ll d cos 6 P;(cos 6)M(cos 0)
Unitarity condition for 2 — 2 elastic scattering:

|Rea;1|§%, VjJ

Unitarity condition for 2 — 2 inelastic scattering:

|ai.nel| < 1 V]
J 9 ﬁf’

(Bs is the velocity of either of the final particles)
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0000

$7§=1,8=1+iT = —i(T-TH=T'T
U
_i(Ma—JS [3’—>a Zfdn Mﬁ_’Y a—>y(2ﬂ')45(4)(pa _py)

\
2Im M, (cos Oaﬁ) _fdnm ﬁﬂm aﬂre1(2“)45(4)(Pa pm)

+fdl'[ ﬁﬂy a—»y"(27f)45(4)(Pa p,,)+ other inelastic terms
2 57 | 49, M (cos 05, )Ma(c0s 0, ) + [ dTT, MG, Moy, (22)*69(p, = p,,)

\

Irna‘?1 > Ia‘?1|2 + |bi.nel|2,

b2 = =L [ d cos 6,5P;(cos Op) [ 1, M My (21)*6D(p, — py,)

\

Unitarity condition for any 2 — n inelastic scattering:

)b}nd\ < %’ V]
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Unitarity bounds: 2 -2 vs 2 — 3

Fermionic DM, s =3 TeV

—— T T T — ——
1% b ¢ Fermi y-ray line signali
’?; E Yy—> xX unitarity violation region E
& [ ]
P L i
102 | e*e” — xxy unitarity violation region =
Lol | L]

5 10 50 100 500 1000

m, (GeV)

Given the same 4/s, unitarity bounds for 2 — 2 scattering are much
more stringent than those for 2 — 3 scattering.

However, here the relevant bounds are those for 2 — 3 scattering.
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e*e” collider, Vs =3 TeV, y+E (fermionic DM)
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Unitarity bounds
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e*e” collider, Vs =3 TeV, y+E (scalar DM)

All the experimental reaches we obtained lie far beyond the unitarity

violation regions.
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e*e” collider, Vs =3 TeV, y+E (fermionic DM)

T : — e
L Unitarity bound -

F —-— 30 reach (1001b™)

[ —-— 8o reach (1000 fb")

L « Fermi y-ray line signai

Meaningful searching region
L Unitarity violation region |
] N T W
5 10 50 100 500 1000
m, (GeV)

A (GeV)

e'e” collider, Vs =3 TeV, y+E (scalar DM)

T . — : ——rr
Unitarity bound
E —-— 30 reach (1001b™)

—-— 30 reach (10001b™") 3
Lo —._.__.% Fermiy-ray line signal ]
j 7777777777777777777777777777 ::Z>

E
Meaningful searching region
Unitarity violation region
| n NI B n PRI B |
5 10 50 100 500 1000
m, (GeV)

All the experimental reaches we obtained lie far beyond the unitarity
violation regions.

From the viewpoint of S-matrix unitarity, our effective operator
treatment do not exceed its valid range.
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Conclusions and discussions

© There is a potential y-ray line signature in the Fermi-LAT data. It
can be interpreted as the result of the DM annihilation into photons.

@ With a 100 fb™! dataset, the potential y-ray line signature for the
fermionic DM can be tested at a 3 TeV eTe™ collider, though the
scalar DM searching would be challenging.

© Using the polarized beams is roughly equivalent to collecting 10
times of data.

@ In order to check the validity of the effective operator approach, we
derive a general unitarity condition for 2 — n processes. The
experimental reaches we obtained are valid since they lie far
beyond the unitarity violation regions.
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Thanks for your attentions!
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Backup slides

Zhao-Huan YU (IHEP) Sep 2013 21 /28



Recent LHC sensitivity
Reinterpreting an ATLAS y + E analysis with an integrated luminosity

of 4.6 fb1 at /s =7 TeV, Nelson et al. [1307.5064] derived constraints
on the DM-photon interaction, only up to A ~ 100 — 300 GeV.
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An approximate unitarity condition

. 1
Note that our unitarity condition |b}ne1| < > is derived without any

approximation.

Through an approximate method, a unitarity bound on the 2 - n
inelastic cross section oy (2 — n) can be derived to be

4
Oinel(2 = 1) < s

[Dicus & H. -J. He, hep-ph/0409131]

We have compared the results given by these two formulas and find that
their differences are rather small for the processes considered here.
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Unitarity condition in terms of amplitudes:
i = M) =3 Jdm e M, (2m)*6@(p, - p,)

For the elastic process 1+ 2 — 1+ 2, consider the transitions of state:

q1
0,
a(p1,p2) — B(q1,92) pj——> <—— Dy — ——————/—(jﬁ-

b

kq
\e
a(p1,p2) = vealky,ky) pp—— <—py - ———---L-—-

\,

B(q1,92) = ve(ky, ko) -@7- ----- - /,/
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Since M,_,5 = M

e = Mej(cos O,p), the unitarity condition becomes

2Im Mej(cos 0,p)
= J dHYeIM;_)YeIMaqyel(Zn)“é(‘”(pa —py, )+ inelastic terms

B
3272

J d Sy, M (cos Og, )M (cos O,,),

where f; = 1/1—4m7/s and dQ, = d¢y, d cosb,,.
In terms of partial waves:
Im aj‘l > f—;c Z(Zk +1)(2l + l)azl*aflf d cos 0,3d Yy,
k1
X P;j(cos 0,)Py(cos 0, )P;(cos O, )
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The addition theorem for Legendre polynomials:

Py(cos 6g,) = Py(cos O,5)Py(cos O, )

!
+2 Zm 1 EHZ; P;"(cos 6,5)P;"(cos 0, ) cosmepy,

Carrying out all the integrations, we have
Ima$' > B las'P?,
which is equivalent to
1

1\2 1Y
(Rea7)™+ (Ima}e 2/51) = (2B1)*

For the scattering of massless particles,
B1 =1, and it implies

1 Vi

=3 Y J
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For 2 — n inelastic scattering, consider the transitions of state:

q1
0,
a(p1,p2) = B(q1,92) pp—— <—p2 — ------/-(jﬁ-

a(pl,pZ)éYn(k?,;"' )kn+2) pp———> «<—pPy —

ky
qz k
R ‘\\
ﬁ(ql,qZ) _)Yn(k33"' :kn+2) o X7 T T e .
qu \.k

n+2
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The unitarity condition becomes

21m M (cos fp) = [ dIL, MG Moy, (20)'6@ (D, — p,)
+f dl'[ Mg, a_,YH(Zn)46(4)(pa —Dp,,)+ other inelastic terms
> L1 [ day, M (cos 65, )M (cos 0, ) + [ dIL, M M., (21)*6@(p,—p,,)-

Introducing a new quantity
|bm‘*1|2 = 1 fdcos O P;(cos Gaﬂ)fdl'[ My Mo, (21)*6W(p, —p, ),
we have Ima]e.1 > [J’lla;fllz + |b}ne1|2. Thus

2
Ibmell2 < L - B {(Reae.l)2 + (Ima‘?1 - L) } < L
46, ! 2B 46,

For massless incoming particles,

inel <1 o
|bj |—2’ vj.
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