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Introduction



Constraints

Bounds on thermal DM
starting to get quite strong

Successful test of this ideal

But we should be diligent in
checking for loopholes

What are our assumptions?
What if we relax them?
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Semi-Annihilation

WX ORD/ID @
ODD
X T - OLHC Y

+ |Implies this familiar diagram

+ Detection rates related to

relic density calculation

+ |Leads to these strong bounds

(53 )




Semi-Annihilation

WX ORD/ID v
ODD
X T 2 OLHC W

+ |Implies this familiar diagram

+ Detection rates related to

relic density calculation

+ |Leads to these strong bounds

A ORD/ID

<

+ Not Generic! (D’Eramo & Thaler, 2010)

+ Non-Z, syms »» Semi-Annihilation:

* Non-decay processes
+ Odd number of external dark states

+ |rrelevant for colliders & DD

(53 )




SA Phenomenology

7/

+ Relax bounds from terrestrial searches

+ SA affects indirect (cosmic ray) searches

(mi, +my, )% +ms — m?c
2(my;, + my,)

Dark sector casca}(des (from unstable dark states)

SM
K/ SM
X 3 X

< A number of studies so far

Bélangeretal, 1202.2962; D’Eramoetal, 1210.7817; Ko & Tang, 1402 .6449; Aoki & Toma,
1405.5870; Bergeretal, 1401.2246; Fonsecaetal, 1507.08295; Cai & Spray, 1509.08481

Different kinematics FE =

0

» But based on particular models; no general study so far

(&3 )




Exploring Model Space: EFTs

L 2 FXSOSM v

+ Standard tool for model-independent studies

- Two sectors: dark and visible

» Integrate out mediators to generate EFT
» Easy to exhaust possibilities
» Direct connection to initial & final states

+ Very applicable for Semi-annihilation:

» Mediators must be more massive than DM

» Freeze out & indirect detection non-relativistic so EFT valid ( 7/23 )




(Goals

1. Construct “all” SA effective operators

+ DM Is stable gauge singlet, complex scalar or fermion,
charged under exact global symmetry D + Z-

+ Consider 2 — 2 processes with 3 dark sector fields
+ List all operatorsuptod = 6 &some leadingatd = 7

2 . Derive constraints on UV scale A
+ |ndirect searches assuming saturates relic density

+ Other constraints as relevant; on UV completion if possible

(e/m3 )




Effective Operators



Dark Matter Only

+ \Write down all operators consistent with assumptions

+ Scalar + Fermion
Operator = Definition Operator Definition
G o i T OFF | (7% -+ 47 + =) (namy) (LTHDE])
OF | (@ +y7*) s (0¥ o) (iH1 D, H) OLE (yik + 2i%9) (€181 (LTH)E)
Oriy (™ + y9%) (8, ¢pi) (0¥ ¢;)pr HTH o

+ Both

Operator Definition
T ’L B ~ ==
Ot s ¢icp; ((LTH)ET)
Oy | aY¢i(0uey) (LTH)a*n)
OF> ST Xexg 0 HH
Osy s9Xi7°x; o HUH
OE?U a*’ XzQO-'MVXj ¢ B,uy

O | a¥x{yx; ¢ (iH'D,H)
0% | 59 X¢y#1°x; ¢ (iH D, H)

Oy = | alxin (fbfz(ﬂ 'H))
05| 89 Xv*7°x; (¢0u (HTH)) Cﬂ@/ZBJ




Dark Matter Only

+ \Write down all operators consistent with assumptions

= Scalar + Fermion
Operator Definition Operator Definition |
G (@)

0%% (yijk = xikj) (&; o

) (LTH)&)

O (27 + y'*) (0,¢:) (0" ¢ ) pr H'H

+ Both = Small number of operators;
Qo] | Diftios Only TWO for unique DM
Ot s ¢i¢; (LTH)ET)
Oy | a9¢i(8u¢;) (L'H)a*n)
Ogr? s x5x; ¢ H'H
O s xv°x; o HH
OF a¥ X5o" x; ¢ By

OF | a?x{v*x; ¢ (iH'DuH)
0% | 9 x5 x; ¢ (iHTDLH)

O/ | a7 Xiv"x; (69, (H'H))
05| 89 Xv*7°x; (¢0u (HTH)) Cﬂ@/ZBJ




Dark Matter Only

+ \Write down all operators consistent with assumptions

+ Scalar
Operator Definition
i (O s9% i H'H
OFy | (@™ + ) g (0 ¢x) (iH' Dy H)
e O (z* + %) (0,¢5) (0¥ ¢ ;) HTH
+ Both
Operator Definition
O s i (LTH)ET)
Oy | a7¢i(0uey) ((LTH)a*n)

s X5x; ¢ H'H
s XK ¢HjH
a’ X501 x; ¢ Buy

a’ x¢v#x; ¢ (iH' D, H)

s'1 xeytaBx; ¢ (iH D, H)

o <—
a¥ X§7"x; (¢ 9, (H'H))

5. §=7
s X" x; (69, (HTH))

< Fermion

Operator Definition
O | (s9F + % + 2%9) (nym;) (LTH)E})
QL (y'7k + 29 (€D (L1H)E)

Small number of operators;
Only TWO for unique DM

Only neutral SM: h, Z, y, v

(10/23 )




Dark Matter Only

+ \Write down all operators consistent with assumptions

+ Scalar

Operator Definition
Os s i H'H
i O0Z; | (2 + y*) 10 (04 1) (i1 D, H)
Oty (9 + y*%) (8,9:) (0" ;) p HTH
+ Both
Operator Definition
O s i (LTH)ET)
Oz 0’ $i(9u¢;) (LTH)a*n)
o 5 Xix; 0 HUH
O s xv°x; o H'H
e i e @E?U a'd xSohx ¢B/ﬂ/
et ()ZY a¥ xSytx; ¢ (iH' D, H)
o (’)72(}4 st )_(,f'y”fy5xj ¢£HTZH)
O%V a'd Xéyrx (¢8&(>HTH))
Onft | s X577 x; (60 (HIH))

< Fermion

Operator Definition
Oy | (895 + 4% +2™) (mimj) (LTED&;)
O7if o )@ e

+ Small number of operators;

Only TWO for unique DM
Only neutral SM: h, Z, y, v

(10/23 )




Dark Matter Only

+ \Write down all operators consistent with assumptions

+» Scalar + Fermion
Operator = Definition Operator Definition
@g;U k S;jk¢i¢j¢k HTH o OLD (s + 4% + g9 (mmy) (L g)g}c)
O (xz j‘l‘yij )¢z¢y(a/’b¢k)(ZH uH) OLE ik 4 ki) (E1ENY ((LTEED
O, | (o 1 y) (3,680)(0%;) 0 H'H e
+ Both + Small number of operators;
T S, Only TWO for unique DM
Ll s ¢;; ((LTH)ET) y q
OF a’l $i(9uey) ((LTH)o*n)
i = # Oniyneltral SNIEn 7 5y
OgF s XY x; ¢ HUH
Oy a” X§o"' X ¢ By

O7Y | a¥xiytx; ¢ (iH1 D H)
OZA | sii geyrPy; ¢ (iH D, H)

O/ | a7 Xiv"x; (69, (H'H))
05| 89 Xv*7°x; (¢0u (HTH)) Cﬂ@/ZBJ




Dark Matter Only

+ \Write down all operators consistent with assumptions

» Scalar + Fermion
Operator = Definition Operator Definition
& e s e
O (e ool o ERED ) LS e e e ik o ik (PN i aaval
O;Z (23 k) (&L@)(@ﬁ%)% H'H = s N )
« Both » Small number of operators;
Operator Definition -
e o Only TWO for unique DM
—— (DL a”qbz(a ¢J) ((LTﬁ)aﬂn)
—r = « Only neutral SM: h, Z, y, »
O s xv°x; o H'H
¢ a¥ X" x; ¢ B, :
or T amaimmm | ¢ (Almost) all lead to 2 — 3 SA
075 | 87 Xv"7"x; ¢ (iH {D.H)
OHY | a¥ x¢v¥x; (90, (H'H)) :
Gt Ll G|+ Very simple model space (g35)




Dark Matter Only

+ \Write down all operators consistent with assumptions

+ Scalar + Fermion
Operator = Definition Operator Definition
Qi k s:%icquskH*H - O | (s7% + 4% + &™) (i) (LTH)EL)
OZ (%7 + y9%) ¢ih; (0" ) (1H' D, H) OLR ijk 4 ziki) (E1EN) ((LTH)E]
O?IZ L U (s P (e o) (CUEC )
+ Both + Small number of operators;
O Do Only TWO for unique DM
OLIT s i (LT H)ET) y >
ok a’l §i(Ouds) ((LTH)a"n)
oTs = + Only neutral SM: h, Z, y, v
Ogt/” s X" xg o H'H
Oy a’ X5 x; ¢ Buy .

» (Almost) all lead to 2 — 3 SA

OFy | a¥xiv*x; ¢ (iH'D,H)
OZ | s X5v*y°x; ¢ (iH'D,H)
Oy | a¥ xv*x; (90, (HTH))
Off | 8% xiv*v'x; (90, (H'H))

+ Vlery simple model space [ﬂ@/zzj




Higgs Portals

+ We have found one operatoratd = 5, fouratd = 6

+ Gompare this to the always-allowed Higgs portals:

Co Bl
X 5)
Opr = Apu 'O H'H , Oyl = = xH H
: : i L
= |f SA is to dominate, these must be suppressed :
\
+ SA (Portal) generated at tree-level (one loop) b --3--
» UV scale = 5—10 TeV //
) X
+ Gonstrains UV particle content: Hi 5 H
» No gauge- and D-singlet scalars = /’4\\ /
‘ K
: : ; /\ 7\
» No EW doublets in conjugate D-rep, same spin as DM < - N\
/ P >



Dark Parthers

+ Dark Partners: relatively light unstable states

g N
A

ows SA to charged/co

¢ Ut

ows lower-dimensiona

oured objects <
A
operators
9 : L

+ Dark Partners must decay ¢ I~
without breaking DM symmetry

» Important for colliders

mMpp =

200—500 GeV (charged)

Implied bounds on DM, mpy > 4 mpp

1—2 TeV (coloured) o

ATLAS CONF 2016 078 My [GeV]

[ 12/23 )




Decay Operators

» Dark partner cannot decay in minimal theory: St

» U — oo + SM kKinematically forbidden
v >

» Need new coupling ¥ — ¢! + SM

+ Additional model dependence

» Minimal allowed by symmetries? Or similar to SA operator?

» Fermion DM particularly problematic: 2-body decays forbidden

» Lower bound on decay rate from BBN

A Ddec_4
7 <0.05s, &g 10—11(47r)”—2( )
mpp

(13/23 )




Decay Operators

» Dark partner cannot decay in minimal theory: St

» U — oo + SM kKinematically forbidden
v >

» Need new coupling ¥ — ¢! + SM

+ Additional model dependence

» Minimal allowed by symmetries? Or similar to SA operator?

» Fermion DM particularly problematic: 2-body decays forbidden

» Lower bound on decay rate from BBN

A Ddec_4
7 <0.05s, &g 10—11(47r)”—2( )
mpp

(13/23 )




New Phenomenology

»* Prompt decays contribute to cosmic ray signals

. X SM
* Function of dark partner mass

SM
» Depends on decay mode - U .

» Lead to upper bounds on Wilson coefficient:  x e
» DM annihilation through t-channel Dark partner &
b ¢l dec/ AP Vil
» DM-Dark partner coannihilation - -
. ® @
+ Enhanced contributions to direct detection v
O—
» Possible DM-Dark partner mixing i L

+ @General bound cge. = 0.1—0.01




Operator List

Operator Definition w /1 X8
Ogj Sij gbng] (HTw) (1, 2, %)
|H|% B A C
G L 10 + Scalar DM plus
G s ¢ypj w* Hig®H (23

or s gip; w® Hio®H (3715 %

OHT | 50 ety () () e Scalar dark partner (top)

Og}l Sij gbqu] wIJKH}H}[N{;( (1, 4, %) o

Ol e S s @45

OFF | 59 (8,:)(0"¢5)(H'w) a
O | a¥ ¢i(Budy) (H'Duw) | (1,2, 1)
Oif” | 579 ¢i; (D*H)! (D) | (1,2, 5) _

or T e Multiple d = 5 operators

ng}p s ¢i¢; F1oT (RF, 2, YF)

Ol s ¢ugy; F(H'C) (B, 2,~Y:—3) ' : '

e Situation for fermion and
O s ¢ip; (FTH) o Ut v =

OFf™h | i g (FTH)O! | (Bp, 1, Yr+ 1)

F Hups Ogf L a —a Fe . -
Op 28 Tl o B U S + All SM final states possible
Oy 72 | 9 ¢ud; (FlooH)o | (Rp, 3, Yr+1)

Ogg aij(bi(auqu) JEO-'LL@Jr (Rfa s _Yf) < r Ir m 1

O | a8, FiCy | (Br, 2, Yr) s U I O BT S

Possibilities vastly increased

* Fermion dark partner (bottom)

One renormalisable operator

scalar-fermion DM similar

(15/23 )




Constraints



Overview

= Derive limits from y-ray, positron & neutrino telescopes

+ Additional assumptions:

» DM Is single component
= Only one operator is relevant

» Fix dark partner-DM mass ratio to 1.5

+ Set limits on EW broken phase operators

» Direct connection to amplitudes

- More easily applicable to general models

(1723 )




Unique Scalar Limits

* Bound on dimension-4 ops

1 1
2 e oh & 2 2 b2oh

* Regions above lines excluded:

014 — * Solid: Fermi (current)

— i — +* Dashed: CTA (projected)

= 1;1 Vb e + Dots: relic density just from SA

§ L0 va + Bottom: y-ray spectra:

5 0.8}

é 0.6 Solid: DM alone

e Zi » Qther: varied dark partner masses
Bl

(18/23 )




Unique Fermion Limits

(4

+ Bounds on dimension-6 ops

1 1 &
GA2 X3V & 42 (XX) (Vw)

+ Regions below lines exluded
o + Red: perturbativity (EFT)
10! ~) ~ ;
0 mGeV] + Solid: as marked (current)

Dashed: CTA (projected)

800

o] 7~ 006 | = Dots: relic density from SA alone
p =1
6oof p=1.7 ,
— ol | | + Bottom: v spectrum
§TL5400 . ; 557 :
25 a0l | + Solid: SA neutrinos
20 Dashed: Dark partner decay neutrinos
100}
» Choose DP mass to suppress latter

100

(19/23 )




Hadronic Dark Partner Limits

= T -
<] PR 7
U - = ’ TY
— p 4
3 gQ < HWLL
= O!
&P 102 | ”I 68
n”
~ ”
< v
7
pert.
10! ‘ ‘
102 103
m¢ [GGV]

+ Top: bounds on d = 5 ops
1 5 =
A JU
+ Bottom: bolunds on d =6 ops

s L) [
* Regions below lines exluded

Red: perturbativity (EFT)

» Solid: Fermi (current)

Dashed: CTA (projected)

+ Dots: relic density from SA alone

<« LHC limits not shown

(20/23 )




Leptonic Dark Partner Limits

+ Top: bounds on d = 5 ops
: oA f
+ Bottom: bolunds ond =6 ops
oaz 000 [
: * Regions below lines exluded

- Red: perturbativity (EFT)
= Solid: AMS (current)
» Dashed: CMB (current)

* Dots: relic density from SA alone

+ As of 6 hours ago!

m, [GeV]

_— _— (2123 )




Conclusions



Conclusions

+ Semi-Annihilation is a generic feature of dark matter

+ (Constructed all SA operators up to dimension 6

+ Model space for DM-only theories is small

+ Dark partners lead to more varied phenomenology at
cost of dependence on dark partner decay modes

+ Derived limits & prospects from cosmic ray searches;

close to relic cross section in some fermionic channels

+ Many questions remain, e.g. UV completions



