View metadata, citation and similar papers at core.ac.uk

-
brought to you by i CO

provided by Elsevier - Publisher Conne:

Dark Universe 2 (2013) 17-21

journal homepage: www.elsevier.com/locate/dark

Contents lists available at SciVerse ScienceDirect

Dark Universe

Effective theories of gamma-ray lines from dark matter annihilation

@ CrossMark

Arvind Rajaraman, Tim M.P. Tait, Alexander M. Wijangco *

Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA

ARTICLE INFO ABSTRACT

Keywords:
Dark matter indirect detection
Fermi-LAT signal

We explore theories of dark matter in which dark matter annihilations produce mono-energetic gamma
rays (“lines”) in the context of effective field theory, which captures the physics for cases in which the
particles mediating the interaction are somewhat heavier than the dark matter particle itself. Building

on earlier work, we explore the generic signature resulting from SU(2) x U(1) gauge invariance that
two (or more) lines are generically expected, and determine the expected relative intensities, including
the possibility of interference between operators.
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1. Introduction

While the existence of dark matter is now secure, its nature re-
mains elusive. Many experiments are searching for evidence of non-
gravitational dark matter interactions through direct detection of its
scattering off heavy nuclei, or by direct production in colliders. Yet an-
other approach to search for dark matter indirectly is by looking for
signals produced by its annihilation to Standard Model (SM) particles.
In particular, the Universe is transparent to ~100 GeV energy gamma
rays on galactic distance scales, which allows one to use their distribu-
tion in the sky as well as in energy as handles to try to sift the signal
from the (often poorly understood) astrophysical backgrounds.

Among the most striking potential signals one can imagine from
dark matter annihilation is a mono-energetic “line” of gamma rays.
Such a process occurs when two (non relativistic) dark matter parti-
cles annihilate into a two-body final state, one of which is a photon.
The most canonical of such signals would be annihilation into two
photons, whose energies are expected to be very close to the mass
of the dark matter particle. While such a process is usually suppressed
compared to the continuum of gamma rays that result from dark mat-
ter annihilations into charged or hadronic particles, the signature is
distinctive and difficult for more conventional astrophysics to mimic.

In fact, recent analysis of data obtained by the Fermi-LAT collab-
oration [1,2] has found tentative indications of such a line at an en-
ergy of about 130GeV [3-5], originating from close to the galactic
center [3-5]. Such a signal is tantalizing, and the presence of what
may be a fainter secondary line in the data whose energy is consis-
tent with annihilation into a yZ final state [5,6] lends some
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credence to an interpretation in terms of dark matter annihilation.
On the other hand, searches for signs of a signal in targets away
from the galactic center have yielded results which are confusing
at best [7-11], there are significant limits on a continuum signal
associated with the regions of the sky where the line appears
brightest [12], and most seriously, there seems to be a hint of a fea-
ture in photons arriving from the direction of the Earth’s limb [5]
raising the possibility that the feature in the data is the result of
a subtle instrumental effect [13-15]. Perhaps less likely, the signal
could also correspond to more prosaic astrophysical processes
[16-18]. Despite these potential issues, the feature at 130GeV is
very interesting and worthy of investigation.

In this article, we examine dark matter annihilations as a source
of multiple lines, using the powerful language of effective field the-
ory developed in Ref. [6]. While we are inspired by the feature cur-
rently observed in the Fermi data, we will be more concerned with
the generic systematics of multiple line signals, which can be ap-
plied both to the currently observed feature and to future searches.

2. Effective field theory

We will take the dark matter (denoted by y) to be a singlet un-
der all SM interactions, which implies that it couples to the electro-
weak gauge bosons (including the photon) through higher
dimensional operators that result from integrating out electrowea-
kly charged massive fields. We work at the level of this effective
field theory containing the dark matter and the SM itself. We im-
pose a Z, symmetry under which the dark matter is odd and the
SM is even in order to insure that the dark matter is stable. We
are interested in operators containing at least one photon, so as
to result in an observable gamma ray line signal. The operators
are organized by the energy dimension of the field content,
since one generically expects operators corresponding to higher
dimensions to be less relevant in low energy processes, being more
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suppressed by the masses of the heavy particles that were inte-
grated out to produce them.

This last issue raises an important question — does one expect
that effective field theory can capture the physics of dark matter
annihilation into photons at all? Like any effective theory, our the-
ory is valid at very low momentum transfer, but fails to capture the
physics of high energy processes, for which the complete theory in
the ultra-violet is required. For (non-relativistic) dark matter anni-
hilation, the characteristic momentum transfer is of order the mass
of the dark matter itself, and so this assumption boils down to the
requirement that the particles mediating the interaction between
the dark matter and electroweak bosons are heavier than m,. Since
such mediator particles must be charged, their masses are bounded
in general to be =100GeV by LEP (or more by the LHC if they are
stable on collider time scales [19]). However, in many theories the
loop process connecting the dark matter to the weak bosons con-
tains a mixture of SM as well as heavy mediator particles. For
example, the line signal resulting from dark matter whose primary
interaction is with SM light quarks is considered in Ref. [20].

Nonetheless, even if there are light SM particles participating, the
structure remains tightly constrained by SU(2) x U(1) electroweak
gauge invariance. The presence of multiple lines thus remains gener-
ic and (provided the non-SM heavy mediators are sufficiently heavy
compared to m,), the relative rates of various line processes such as
yy and yZ are not likely to show large deviations from an effective
theory description, although the precise mapping of the EFT coeffi-
cients to the UV theory parameters becomes more murky.

Our effective field theory is constructed as the Standard Model,
plus a dark matter particle y which we allow to be either a com-
plex scalar or Dirac fermion. The real and Majorana cases are sim-
ply related to our results. The interactions of interest contain at
least one SU(2) WY or hyper charge B* gauge field, which will be-
come a photon after rotating to the mass eigenbasis,

B, = A, cos by — Z, sin Oy,
Wj = A, sinOw + Z, cos Oy,

(1)

where A, and Z,, are the photon and Z boson fields respectively, and
Ow is the electroweak mixing angle.

We consider the effective vertices shown in Tables 1 and 2 (for
scalar and fermionic dark matter, respectively), which are built out
of the dark matter fields, the field strengths W%" and B*¥ (and their
duals W and B), the SM Higgs doublet ®, and its covariant derivative

D,® = 0,8 — ig, T, W'® — i%ng,xcb, )

where T, are the generators of the doublet representation of SU(2),
and g; and g, are gauge couplings. We define y*¥ =[y*, y"]. For our
purposes, it will be sufficient to work in the unitary gauge, for
which we may take,

‘“%(woh(x))’ G)

where V ~ 246 GeV is the Higgs vacuum expectation value and h(x)
is the physical Higgs field.

This set of interactions is complete up to terms of dimension 8.
A similar list was studied, including bounds from indirect and di-
rect detection and LHC searches, in Refs. [21,22].

3. Line cross sections

Since dark matter is expected to be highly non-relativistic (with
velocity dispersion v~ 10~3)in the galactic halo, dark matter annihi-
lation into photons may be simplified as an expansion in *. We re-
tain only the leading (z-independent) terms. In this limit, the
operators C1-C4 and D1-D4 lead to vanishing cross sections, and
thus are unlikely to lead to any observable line signal. Operators

A1l and A2 (which correspond to magnetic/electric dipole moments
for the dark matter) are strongly constrained by direct detection
[23], and thus also unlikely to contribute to a large line signal.! We
leave consideration of all of these unpromising cases for future work.
We will denote pq, p, to be the incoming dark matter particle
momenta, ps will be a photon, and p4 is either another photon, Z
boson, or higgs boson. The differential cross section is written
do - Es
dQ 256m2E v
where E = m,, + O(¢?) is the energy of each dark matter particle, vis
the dark matter velocity, and E; = |ps| is the energy of the outgoing
line photon. |M|? is the matrix element M averaged over initial dark
matter spins (if any) and summed over final state particle spins.

M, 4)

3.1. Dimension 6 operators

Operators B1-B4 and C1-C18 all have the form XF*YF,,, or
XF"'F,,, where F* =B*Y or W', For the XF'"'F,, operators, the
matrix element will have the form M = —2Y(p; - p,€3 - €4) where
Y is whatever the Feynman rules of X yield, and depends on the spin
of the dark matter. If p, corresponds to another photon, we find
> IMP=16YY'(ps - py)*. (5)
€3.64
To obtain |M|?, one averages this result over the dark matter spin
states. In the case where p, corresponds to a massive gauge boson,
we find:

D IMPP=12YY!(ps - py)*. (6)
€3.,64

For an operator of the form XF*'F,, the matrix element will
have the form: M =Y(pie} — piet)(phe] — p€h)€mps. Squaring
this yields:

DM =32YY (D - py)’. (7)
€3.64

For the (complex) scalar dark matter dimension 6 operators,
YY! :A\i2 and the average over spin is trivial. The operators Bl

and B2 interfere with one another, but are separate from B3 and
B4. The resulting cross sections are:

[v|oB1 200" — VY)
- 2m} (cos*0y 2 cos?Oy sin’ Oy N sin‘oy @)
oon Ag; Aj AR Ay )

[v|os1 20" — VZ)
3
3 cos20y sin Oy <4m§ - m%) 1 2 1 o
- 6} Gemwmts) ©

and
[v|oB3a(X)X" — V7)

_ 4m?2 cosj@w 2 cossz szinzew N sin:()W 7 (10)
n AB3 AB3AB4 AB4

[v|os3a(X)X" — VZ)

3
 cos Oy sin” Oy <4m§ - mf) < 1 2 1 )
8mmy A ARAR A/

(11)
respectively.

! An inelastically scattering dark matter particle with dipole interactions can evade
direct detection constraints and might even explain the DAMA signal, see Refs.
[20,24-27].
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Table 1

List of effective interactions for complex scalar dark matter and the type of line signals (yy, YZ, and/or yh) that they produce.

Dimension 6 operators

B1+B2 \LZXX*BMUB‘“’ + \%XX*waW“‘“’ Y, vZ
1 'B2
B3 +B4 Lo BB W, Wake Y. ¥Z
‘B3 B4
Dimension 8 operators
prrb2 iy (0 = 0B @IDL® 3 (0" — 1 0u)® Wa™ T°Dx®
p3+D4 AlT‘;,(x@ux* — (" 0u))BH DD, + %,34 (00" = X 3ux) @ W T D, @
Table 2

List of effective interactions for Dirac fermion dark matter and the type of line signals (y7, yZ, and/or yh) that they produce.

Dimension 5 operators

AT+A2 T 0+ 1By + 3 1M Y Buw 7 V2
Dimension 7 operators
C1+C2 ALEZXBW’B”D 4 éZXW’LawWH/w
C3+C4 éZXB#vBHV +$zkwﬂuwa;w
comeo a8 X7 AB B 3 1 Wi W ™"z
C7+C8 éZJ’SXBWB‘” + éj@(&xwﬂuawguu v, YZ
Cc9+C10 ﬁzy‘quBm(Bow + ﬁzayuvxw’aﬂawgzv vZ
cii+ci2 NP B B+ 17y BT W, TP 7h
c13+cl4 T Bl @ + gy @t W, T 7h
Dimension 8 operators
D5+D6 X (B ®ID, @ + -y, @I WA, TD, yZ, yh
Ads " Adg " e
D7+D8 \%m ZV“ZBW‘I’TDa‘I’ + \%DE i“/ﬂX‘I’T WHTaD,® vZ, vh
D9+D10 ALgQ XV Vs (B @1 Dy ® +ﬁ2?uvs){<b*W£‘“T“Dﬂ> vZ
D11+D12 T 2075 AB R Db + -y, )5 @I W TD, @ 7z
3.2. Dimension 7 operators |v|Gco10( ) — VZ)
. . o . 3 2
A Dirac fermion can annihilate into yy and yZ through the _ (4m; —m3)” (4m}, + m3) cos* O sinOw
dimension 7 operators C5-C8 (recall that C1-C4 vanish at zero n 16min (16)
velocity). The matrix elements are identical to B1-B4 as far as ”
the final state, and the only difference is the average over initial (o2 1
WIMP spins. The resulting cross sections are, NSy A3A3, A,/
[vlocse (AL — VY) Whereas operators C11-C14 result in a single yh line,
4Amy (cos*0y 2 cos20y sin’Oy . sin’Ow (12)
- 6 3 A3 6 by,
n Ags AgsAZ Ags [vlGc1i2(x ) — vh)
2 233y/2 . 22
\0|ess(1T — 7Z) _ (4m; —mi)"V* (cos?0w  cosOwsinOw sinOw (17)
2 233 2 in2 64mym Agn AgnAglz 4A212 ’
3(4m? —m3)” cos?Ow sin“Ow [/ 1 2 1 x
=—2x 2 - (13)
= 2 A6 A3 A3 A6 )
327'["1Z ACS ACSACG ACG and
and
\vlocrs(7 — 7)) |vloc131a(2X — 7h)
4 4 2 in2 ind 3 . .
_8m, (COXGHW 2 cosA(:WAs;n Ow , SIRGHW> , (14) (4mZ —m2)°V? (cos20y, oS Oy sin Oy . sin0w (18)
7 = 4 6 T A3 A3 6 |
a c7ees 8 ]Gmln AC13 AC13AC14 4AC]4
lvlocrs(xx — VZ)
(4m§ — m§)3(c0529w sin29w) ( 1 1 1 ) (15) 3.3. Dimension 8 operators
= 3 — +—.
2 6 3 A3 6
47'le AC7 AC7AC8 ACS

The remaining dimension 7 operators lead to single lines. For C9
and C10, the antisymmetry of y*” forces the yy — yy cross section
to vanish identically, leaving only a yZ line:

Dimension 8 operators could in principle contribute to line
signals from scalar dark matter, but in practice these operators lead
to cross sections which vanish in the zero velocity limit. Thus, we
limit our discussion to the case where the dark matter is a Dirac
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fermion, for which there are potentially both yZ and vh final states.
For D5-D8, we have two sets of interfering operators,

[v|ops 6 (11 — VZ)
 (4m2 — m2)’ (4m?2 + m2)V*(g, cos Ow + & sin Oy’
a 4096mm4ms
cos20y  COS Oy sinfy  sin’0
( gt 4A8W>7 (19)
D5 D5**D6 D6
[v|ops6(xx — vh)
_ (4m2 —m2)’V2 (cos20y oS O sin Oy N sin®6y 20)
1024m2n A8, ApsABs 478 )

and
[v|op78(X ) — VZ)

 (4m2 —m2)’(24m2 + m2)V*(g; cos O + & Sin O)*

1024mm;m
o0y cos Oy sinfy _ sin’0y 21
A§, Afy Ajg AR )’

5 4m2 — m2)3v2
|v|op7s (XX — Yh) = %

2567tm;2(
cos20y  COS Oy sinfy  sin’0
( sw_ Xv 4 W+ 8W>' (22)
AD7 AD7AD8 4AD8

For operators D9-D12, the yh line vanishes in the limit of zero
velocity, leaving a single bright yZ line from each set of operators.
The cross sections are,

[|0910(XX — VZ)

~ (4m2 —m2)’V*(g; cos O + g Sin Oy)’

16384m‘./f7t
cos20y oS Oy sin Oy sin®6y 23)
A%Q A‘ISQA‘lDlO 4Ag]0 '

and
[vlop11.12(X X — VZ)

(4m2 — m2)>V4(g; cos Ow + g1 sin O)”

4096m;f7t
cos20y  CoSOysinfy  sin’Oy
- + . (24)
< A%l] A4D]1A4D]2 4Ag]2

4. Summary

We are now in a position to summarize the various possible
annihilation modes for each operator class. The processes resulting
from each operator which are not suppressed by the dark matter
velocity are listed in in the third column of Tables 1 and 2. As is evi-
dent from the table, any operator which can produce a yy line will
(modulo interference between two operators) also result in a yZ
one, whereas some of the higher dimension operators are able to
produce yZ or yh lines in isolation. Of course, a specific UV theory
of dark matter may result in more than one operator being turned
on. Typically one expects that relevant operators of the lowest
dimension will dominate the size of each line with corrections

from higher order terms being controlled by m,/A; to the appro-
priate power.

Our results are suggestive of new ways to interpret the results
of line searches. Given a choice of dark matter mass and now that
the Large Hadron Collider has measured the Higgs boson mass, the
energy of each line is determined,

Ey =my, (25)
4m2 — m2
_ 2T
e (26)
4m2 —m?
_ b4 h
By = 27)

where it should be clear that the energy in each case refers to the
energy of the final state photon, and the label applies to the process
which produced the gamma ray. Since multiple lines are a fairly
generic feature, it would be interesting to recast single line searches
into searches for multiple lines based on a given value of m,,. For
example, a search for lines related to a scalar dark matter particle
could search simultaneously for two lines with energies E,, and
E,z based on operators B1 and B2. At each putative dark matter
mass, a bound can be placed in the Ag;-Ap, plane.

Alternately, if one has a particular UV theory in mind such that
either one operator or the other (or some linear combination with
a fixed ratio) is generated, one can improve the sensitivity by
searching for two lines at correlated energies with a fixed intensity
ratio for the two. In Table 3, we list, for each operator, the strength
of the first (lowest energy) and second line implied by each set of
operators. For convenience, we have introduced the short hand
notation:

cos*0y 2 cos20y sin®0y  sin*oy

A1, Ay,n) = 28

f]( 1,42, ) ( A%n A,]«(Ag + A%n ) ( )
1 2 1

A1, Az, 1) = cos20y sin®Oy | — — — 29
fo(Ar, Az, 1) = cos?By sin W<A%" AQ‘A3+A§">’ (29)
f3(Ay,A2,n,m) =

cos20 cosOy sin Oy, sin6) .
( ;) w_ /‘;\’/’A" w i W> (82 oS B + g1 sin )™, (30)

1 1472 2

The operator groups D5+D6 and D7 +D8 each predict a fixed
ratio between the two lines, regardless of the specifics of the rela-
tive coefficients of the operators within each category. The ratios
are:

3

|[v|obss(xx — 7Z) _ (4m —m;
|vlopss(xy — vh)  \4m2 —mj

y (4m?/~ + m2)V2(g, cos Oy + g Sin Oy)*

212
4mm;

|vloprs(xy — 7h)
(24m2 + m2)V2 (g, oS Ow + g1 Sin Oy)°
4m2m; '

3
vloprs(xy — y2)  (4m —mj
4m2 —m;,

(32)

X

5. Outlook

Gamma ray line searches make up a crucial part of searches for
the indirect detection of dark matter. We have studied using the
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Table 3

The strength of the first and second (when applicable) gamma ray line signals for each operator described in the text.

Operator First line Second line

B1+B2 &szt;:";_g)}fz(l\m ,Ap2,2) ﬁfl (ot A2.2)

B3+B4 (423%1;$>3 f2(A3, Aps,2) 4_:2[] (o7, fs.2)

C5+C6 %ﬁ(/\csﬂce,—") yfl(Acs,Acs,?:)

C7+C8 (421;’:;)’&(/\“‘[\@’3) 8%ﬁfl (Ac7,Acs,3)

c9+C10 (4"15*"?6);(74:?"1%)}"2(1\@‘ Ac10,3) NA

C11+C12 %ﬁmmd\cmlo) N

C13+C14 %ﬁ(%w,/\cmﬁ:o) M

D5 +D6 %f3(AD5,ADG,4,O) %@ﬂfamns,m,u)
D7+D8 %ﬂ(/\m, Aps,4,0) %%':;%WE(ADLADSAQ)
D9+D10 %ﬁ(!\m,!\moq“az) M

D11+D12 i —m)’vt NA

4096m

f3(Ap11, Ap12,4,2)

tools of effective field theory the generic multi-line signatures of
dark matter annihilation. While our specific analytic results apply
only in the case where the particles mediating the interactions be-
tween the dark matter and photons are much heavier than the dark
matter itself, the central result that there are multiple lines, and
their relative intensities, are the consequence of SU(2) x U(1) gauge
invariance, and thus rather generic.

We have examined the set of lowest operators which can con-
tribute to 9y, yZ, and yh lines, for dark matter which is a complex
scalar or Dirac fermion. Our results suggest that an interesting
extension of the current suite of searches for photon lines at gam-
ma ray telescopes would include the simultaneous search for two
lines at fixed relative energies. Such a search should improve the
sensitivity to specific UV theories of dark matter in many cases,
which fix the ratio between the interfering operators of a given
dimensionality. Should a set of lines be discovered, the energies
and relative intensities of the set provide key information as to
the possible responsible operators, and thus the first clues as to
the nature of the dark matter responsible.
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