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Motivation

We have not (yet) found any evidence of New Physics, but dark matter
relic density hints towards EW/TeVish scale.

We know that dark matter (DM) is out there due to gravitational
probes, but are utterly ignhorant about its particle identity.

If DM is a thermal relic, typically a nearby (co)annihilating partner (X) is
required to obtain the correct relic density (ignore asymmetric DM).
Reversing the coannihilation diagram gives “stealth” LHC signatures due
to compressed spectra.

Working at the dimension 4 operator level we might also need
mediators, since DM and X are charged under a discrete symmetry.

|dea: Completely classify all sets of quantum numbers for (DM, X, M)
arising from the coannihilation diagram and study the implications of
these simplified models on LHC searches, direct and indirect detection.
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Classification of Dark

Matter Coannihilation



Framework

a) Coannihilation diagrams
(1) (2) (3) (4)
X SM, X SMy X SMy X SM,
DM SM; DMj iSM1 DM SM; DM SM,
b) Assumptions:

e DM is a thermal relic, colorless, electrically neutral, DM = (1, N, 3) .

* DM and X co-annihilate in a 2 to 2 process via renormalizable, tree-level interactions.
* All particles have spin 0, 1/2 or |I.

* Massive vectors are gauge bosons from broken gauge groups.

* Lorentz and gauge invariance.

* Agnostic on flavor symmetries, dark charges, additional particle content, etc...
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Along the road ...

|. Gauge boson selection rules:

In QCD, the g-A-B vertex obliges A and B to have the same color charge.

If a SM gauge group arises from the breaking of a larger one (i.e: GUT, 3-3-1-1) the
gauge boson coupling vanishes for two broken and one unbroken boson.

(No coupling of two gluons to a “heavy-gluon™)

2. Breaking of SU(2)xU(1):

EWSB leads to SU(2) violating vertexes and also mixing among fields with different
EW quantum numbers. Unbroken SU(2)xU(1) greatly simplifies the classification.We
have devised an algorithm to obtain the broken phase results from the unbroken ones.

3. Parity to prevent DM decay:

Role reversal is dangerous, i.e: Ms=X M=X; gives DM — 4 SM particles.
Requiring lifetime larger than age of the Universe too contrived.
Solution: impose a Z; parity, under which DM, X,M; are odd and Ms, SM are even.



Overview

® Topology: s-channel and t-channel (M being Z, even/odd).

® SU(3)x: 1 (Uncolored),3 (Fundamental), 8 (Octet), 6,10, 15,27 (-xotic).

® | HC: qg (proton) vs vs H vs L

SM SU SF TU TF

P-p 5 10 10 13 —> AIlI SO [5], SE[7],TO [I10], TE[10]
P- - 3 - 6

p-H - 9 - |6

p-L - |l - 26 | —> Non-standard DM pheno!
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Tables (s-channel)

ID X ot B M, Spin (SM1 SM2) SM3 M-X-X D X a+B M, Spin (SM; SMy) SM3 M-X-X
SU1 s | (vrEL) (drdyr), (QLQ:R)v (¢r?L),(LLLR) BwN2? v SF1 0 (3,1, 19) B ] (uRéL) - va=-3%
(1,1,0) (HH) SF2 514 B (drfr), (QLLR), (drdr) va=-3
SU2 0 F (L H) SF3 4 ’ F (QLH), (urB), (urg) up
SuU3 (1,3, 0)N>2 B (QLQR), (LLLR), (HH), (W;W;) B, W; v SF4 3 (5.3, 4)N22 B (QrLR) Va=-2
SU4 (LN a) o F (L H) SF5 (5N o) s F (QLH) uR
SUs o 12 | B (drar), (AH) v SF6 o (51,2 B | (QrQR). (ardr). (ur.lr).(Qulr) |va=}
sue L - F (L H), (LrB) tr SF7 . o F (QLA), (drB), (drg) dr
—= 2 —
Su7 (1,3, —2)N=2 B (HH),(I:LLL) V(o= £1) SF8 (3,3, 2)N>2 B (QRQR)a(QLLL) Va=1
SU8 F (L H) L SF9 F (QLH) dr
SU9 —4 (1,1, —4) B (LrLR) V(a = £2) SF10 -8 (3,1,-%) B (apar), (drlr) Va=4
Su10 B (drQR), (@r.QL), (LrLR), (HB), (HW;) H SF11 7 7 B (Qrer), (urLR)
-1 (1,2, -1) 3 (3,2, 3)
sult |, N1 F (¢rH), (L B), (L W;) Ly SF12 F (urH)
SU12 * ) B (L1LR) SF13 1 1 B (drLRr), (Qrdr), (urLr)
-3 (1,2, -3) - (3, N£1,a) 3 (3,2, 3) —
SU13 F (e H) SF14 F | (ugrH),(drH),(QLB), (QLW;), (Qrg) QL
SU14 B (LLLR), (QLQr), (HH), (W; W;) v (a =0) SrLs 5| @2 |° (QrEr), (Qrér), (drlr)
SUB | 1 Nt2,0) i hey ul (LLH) oFie ul (drH)
b 7a — T j—
SU16 . (13,2 B (AH), (L L1) V(o= +1) SF17 1 (3,3, 4) . (@rLRr) va=-3%
SU17 o F (LpH) ST 3N +2,0) = (@)
SF19 2 2 B (QrQR), (QLLL) Va=g
-3 (3,3,—%) —
SF20 F (QLH)
ID X a+ B M, Spin (SM; SMs) SM3 M-X-X
s01 , [®1L072 ) B | (drdL), (urEL), (RLOR) va=0
SO2 (8, N, o) (8,3,0)N=2 B (QLQRr) Va=0
SO3 —2 (8,1, —2) B (drur,) Va==1
SO4 (SaNi ]-)a) -1 (8527_1) B (dRQR)v(QLaL)
SO5 | (8, N £+ 2,a) 0 (8,3,0) B (QLOR) Va=0
SE1 8 (6,1, %) B (upuR) va=-4%
SE2 | 6. N, a) 2 6,1, 3) B (QLQL), (urdR) V(a=-3)
SE3 s 2 (6,3, 2)N=2 B (QLQL) va=-1
SE4 —4 (6,1,—%) B (drdgr) Vo= 2
SE5 5 6,2, 2 B u
oo [ = SO[5], SE [7
SEG6 -3 (6,2, —3) B (QLdr) 9
SE7 | (6, N£2,a)| 2 (6,3, 2) B (QLQr) Va=-1




D X +8 M Spin (SM; SMs) SM3
- a n n e TF1 N G,N, G- v (urly)
( I TF2 3 (1,N,B8 —2) v (Crup)
TF3 (3,N,p— %) I | (ugpB), (urW;), (urg) | ur
TF4 B, N+1,8- %) 11 (QrH) up
TF5 (1L,N+1,6—1) | I (HQL) up
TF6 (1, N, B) 111 (Bugr), (WiuR) UR
TF7 4 (1,N,B—2) 3% (I1dR)
TF8 B,N+1,8-3)| 1V (QrLRr)
TF9 (I,N+1,8-1) v (LrQr)
1D X a+p M; Spin (SM; SMy) SMg p— GNBTD) v Al
TU1 (1, N, B) 1 | (BB), (BWy), (W;B), (W;w;) | B, wN=2 e G.N.B %) v (L)
TU2 (1,N+1,8-1) I (HH) B, wj¥=? TF12 G, N, B+ 2) 11 | (drB), (drWi), (drg) | dr
TU3 (1,N+1,8+1) 11 (L H) TF13 | (3, N, ) BN+1,5-1)| 1 (QrH) dp
TU4 (1,N+1,8—1) | HI (HLp) TF14 (1,N, B) 111 (Bdg), (W;dg) dn
TUS o | @B N£1,8-1)] 1V (QrLQRr) B, wj¥=? TF15 (LN+1,8+1) | I (AQr) dn
TUG (B,N, 8- %) v (upay) B, WiNZZ TF16 (3,N,B+ %) v (ardr)
TU7 (3,N,B+ 2) v (drdr) B, wN=2 TF17 -3 |G NELBE+ D | IV (QrQOR)
TUS (L,N£1,8+1) | 1V (LrLLR) B, wiN=z? TF18 G.NB-3) v (urtr)
TUY (LN, B +2) v (CriL) B, w2 TF19 (LN,B+2) v “rur)
(1, N, @) — . TF20 B.Nx1,8-3)| 1v (QLLL)
TU10 (1,N+1,8+1) I (A H)
UL ONE1D - RO AL o TF21 (1L, N+1,8+1) | IV ({LQL>
o i — TF22 (3,N,B—2) v (drar)
TU12 (1, N£1,8+1) 11 (L H) s v GN T v (Grar)
TU13 Ly (1, N, B) 11 (BLR), (Witg)N=2 (R p—— -8 G.N.A+2) v Grin)
TU14 (1,N+1,8+1) | HI (ALp) ‘n TFos LN A+2) v (Cndn)
TU15 A,N+1,8+1) | 1V (LpLp) Tro0 BN 1) - (an )
TU16 (3,N,8+ %) v (ardg) TF27 (1L,N£1,6—1) | 1 (Hug)
TU17 G, N,B+3) | IV (drir) TF28 . BNB-F) | WV (urLr)
TU18 —4 (1,N, B +2) v (¢rlR) TF29 3 (L,N£1,8-1) | 1V (Lrur)
TU19 (1, N, B) I (BH), (W; )N =2 = ID X a+ B M Spin | (SM; SM3) | SM3 TF30 B,NE1,8-3) | v (QLer)
TU20 (1, N+£1,8+1) I (AB), (AW;) i TO1 BNE1,8-3)| IV (QLQR) TF31 (LN,B—-2) v (FrQr)
TU21 (1,N,B+2) 11 (CrH) L TO2 0 (B.N,B-3% v (ur@r) TE32 BG.N.B—3) i (urH) Qr
TU22 (LN£1,8+1) | 1 (LLB), (L W) L TO3 | (8N, a) (3, N, B+ 2) v (dgdr) TF33 B N.B+3) 1 (drH) QL
TU23 (1L,N+1,8—1) [ I (Htg) Ly TO4 G.N.g+3) | IV | (dpug) T GNELA-5) L (QuB) (QuWa), (Quo) | Ou
TU24 (1, N, B) 11 (BLL),(W;Lp1) Ly TO5 - (B3,N,B+ %) v (ardr) L CEVEETREN (Hup) QL
-1 - — - = - TF36 1 (IL,N+1,8-1) 111 (Hdg) QL
TU25 (LN £1,a) (1, N, B+ 2) v ({RLR) il TOG6 (3,N,6+2) v (({RQR) A 3 N8 - (BOL). (Wi0m) oL
TU26 (1,N+1,8-1) | IV (LrLR) H TO7 BNLla)| -1 (B,N+1,8+3) | IV (QrdRr) TF38 @, @) (BN, B-% v (urLy)
TU27 (3,N,B+ 2) v (drQRr) H TO8 ’ , B,N+1,8-3)| 1V (Qraur) TF39 (IL,N£1,8+1) | 1V (Lrug)
TU28 (B, N+1,8+1)| 1V (QrdR) H TO9 (3,N,5+ %) v (aLQrL) TF40 3,N,8— 2) v (drLQR)
TU29 B,N+1,8-%)| 1V (Qrar) H TO10 | (8, N + 2, a) 0 BGN+1,8—1)| 1v (QLOR) TF41 B,N+1,8+3) | IV (QrdL)
TU30 (3, N8+ v (8rQr) H pr— 5 BN 1) v (wman) TF42 (3,N,B+ %) 1T (CiRﬁ)
TU31 4 (IL,N+1,8+1) | 1V (LpeR) TE2 GNELA- )| v @L2L) TF43 (1,7Ni1,,6-;1) 111 (Hdpg)
TU32 (1, N, B+ 2) v (¢rLy) TE3 (6, N, o) 2 (B, N, — 4 v (andn) TF44 (3, N, B+ %) v (drLy)
- 3 3 TF45 (L, N+1,8+1) | 1V (LpdR)
TU33 (LN£1,8-1) | I (HH) TE4 (3,N,B+ 2) v (drur) —r -3 GNiLs- D v @)
;Ez: o Ei 11:]7 i 1 Z i 3 IIIII Z;L;Zi TES -3 (ii*v N, B+ %) v (drdR) TF47 (1,N, B +2) v (trQL)
TU36 GNZTis_ )| v @10 TE6 5 7(37 N,B—3) v (urQrL) TF48 (3,N,B+ %) v (?LQR)
(1, N £2, ) ) ) 3 < TE7 6N L1, 0) B,N£1,8-3%) | IV (Qrugr) TF49 (B, N£1,8+2)| 1V (Qrar)
Tus? GLNELA+Y | IV (Lfoz) TES ®, ’ ) (B, N,B+ 2) v (drQL) TF52 BN+1,8- 4| [ (QLH)
TUss LN£1,A+1) X (HH) TE9 B olENELs-L) | vV | (@udn) TF54 ., [anz1s—) |l (HQL)
TU39 2 | I,N+1,8+1) | II (LLH) TEWw | N iz | 2 |GNILs L] v | @an TF55 PolanNnxns-h| v (QrLr)
TU40 (L, N+1,8+1) 111 (HLp) TF56 (1,N+1,8-1) | 1V (LrQL)
TF58 | (3, N +2,a) B,N+1,8-3)| 11 (QLH)
TF60 -2 | (,N£1,8+1) | I (AQL)
TF61 B,N+1,8-3)| IV (QrLy1)
TF62 (I,N£1,84+1) v (L. QL)
TF63 B, N£1,8+1)| 1V (QrQR)

TU [40]

TO [10],TE [10]
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IT

I11

1Y

h nn I Mediator Additional
S-CNad € spin vertices
D X a4 B Mg Spin (SM; SM>) SM5 M-X-X
SF11 - 7 B (Qr?r), (urLR)
3 (37 27 _)
SF12 F (ug H)
SF13 B drLR), (Qrdr), L
(3.N+1,0a) 1 (3.2, 1) _ (drLRr), (Qrdr),(urLpL)
SF14 F | (urH),(drH),(QrB),(QrW;),(Qrg) QL
SF15 5 5 B (Qrur), (Qrlr), (drLy,)
3 (3’ 2, _§) _
SF16 F (drH)
t-channel MX.SM3
4 spin assignments ‘L
ID X a—+ B3 M Spin (SM1 SMy) SM3
Xee.  SMy X LSy X .-SMy TU33 (1, N+1,8-1) I (HH) ’
M, M, E TU34 (LN £1,8+1) I (L H)
oy SM; “SM; DM~ TtesM, TU35 0 (1, N£1,8-1) III (HLyp)
X -SM, SM, TU36 (1N +2, a) B, N+1,8- 1) | 1V (QLC?R)
M, | \\\ TU37 (ILLN+1,8+1) | 1V (L. LRg)
Dl\l/\\Sh'Il SM;y TU38 (I, N+1,8+1) I (HH)
X M /'/sm TU39 —2 (I,N£1,8+1) I (I:LFI)
M, TU40 (1, N+1,8+4+1) I11 (HL7y,)
DA s, SM,
X\/ SMs |::/\ SMy X\/ SM,,
M, ! M,
pr— N SM; SM; DM N SM;




Mediator Additional
S-Channel spin vertices

! N

D X o+ B M, Spin (SM; SMs) SMs M-X-X
Sl . | D B ~ (Qulr), (WrLR)
SF12 3 F (upH)
SF13 L 1 B (drLRr), (Qrdr), (urLy)
9 (37 2) _) —
SF14 — 3 3 F (upH),(drH),(QLB),(QrLW;),(QLg) QL
SF15 s (3,2, 5 B (Qrur), (QL¢Rr), (drRLL)
SF16 3 273 F (drH
rH)

SFI I: chosen one! (for LHC pheno study later)

t-channel DM-X-SM3

4 spin assignments ‘L
ID X a+ B M, Spin (SM; SMy) SM3
X-. SM, X SM, X _.SM, TU33 (I, N+1,8-1) I (HH) ’
I i E E TU34 (I,N+1,8+1) | II (L H)
DM T eSMy DM TSMy DM TteSMy TU35 0 (1,N+1,8—1) | HI (HLp,)
X SSMy X .-SM TU36 | 1 N+2.a) BN+1,8—3)| IV (QLQR)

SM, TU39 —2 (I, N+ 1,8+1) I1 (L1, H)

11 Vi, | M, TU40 (1L,N+1,6+1) | I (HLL)

11 M, M\\\ TU37 (ILN+1,84+1) | IV (L LR)
DM~ NS DM NS TU38 (LN+1,8+1) | I (H i)
i

1AY M, ! M,



Mediator Additional
S-Channel spin vertices

! N

D X o+ 8 M, Spin (SM; SMy) SM3 M-X-X
Sl . | D B ~ (Qulr), (WrLR)
SF12 3 F (upH)
SF13 L 1 B (drLRr), (Qrdr), (urLy)
9 (3a 2) _) —
SF14 — 3 3 F (upH),(drH),(QLB),(QrLW;),(QLg) QL
SF15 5 (3,2, 5 B (Qrar), (QLlr), (drLy)
SF16 3 273 F (drH
rH)

SFI I: chosen one! (for LHC pheno study later)

t-channel DM-X-SM3

4 spin assignments l
ID X o+ 3 M¢ Spin (SM; SMy) SM3s
X-. SM, X SM, X _.SM, TU33 (1, N +1,8—1) I (HH) ’
I i E E TU34 (IL,N+1,8+1) | 1II (L H)
DM T eSMy DM TSMy DM TteSMy TU35 0 (1,N+1,8—-1) | I (HLp)
X SMy Xl .-SMy TU36 BN+1,8-%)| IV (QLQR)

(1, N £ 2, «)

SM, TU39 —2 (I, N+ 1,8+1) I1 (L1, H)

11 M, M\\\ TU37 (ILN+1,84+1) | IV (L LR)
DM~ NS DM NS TU38 (LN+1,8+1) | I (H i)
11 M ﬁ'/ TU40 (I,N+1,8+1) | HI (ALL)

1AY M, ! M,



EW Symmetry Breaking

|- O(100 MeV) splitting among components due to EVV bosons loops.
Thomas, Wells, hep-ph/9804359, Cirelli, Formengo, Strumia, hep-ph/0512090

2 - Higgs vevs insertions give:

a) mass mixing SU2: DM=(1,N,B), X=(1,N,-B), M=(1,1,0), SMi=L. ,SM,=H.

L. :
L X W, Z h
H Ms LL \ I’ v,V

b) New X', M’ options differing from X,M by Higgs quantum numbers

SU9: DM=(1,N,B), X=(I,N,-B-4), M=(1,1,-4), SM;=SM>=Ix .

X’ = (1,N£1,-B-3)

X — X
IR . | >_< IR
* .°. R
>_MS<IR >M_S<|R oM IR
DM DM —~—

¥ M's=(1,2,-3)



Cosmology and

Astroparticle Physics



Direct detection

|. Z-exchange: force DM with T3=Y=0?

® Certainly not! Many ways out:

® Add DM and choose parameters to kill Z-current (i.e: sin(-&) in MSSM).
® DM can be below the detection threshold (light DM).

e |[f DM is afermion choose it Majorana.

2. DD rate is highly model dependent

® Very hard to make robust statements. Check case-by case!

3. iDM included in our classification.

® Complete list of upscatterers!



2.

Indirect detection

If additional M-DM-DM vertex is present:

A. N=I:model dependence (i.e Higgs couplings).

B. N > |:well studied in WIMP literature.

Without new interactions (behind CA diagram)

® s-channel:

® t-channel:

Annihilation into 4 SM particles

Ms
DM
X
Ms
DM
DM —
M
DM ——

SM,

SM,
SM,

SM»

SM,

Loop suppressed annihilation into SM pairs.

-4

DM

DM

Ms

Ms

SMi

SMa2,|
SMi»

Tree level decay only into SM, pairs.

SM|



Collider

Phenomenology



Production (s-channel)

: : LD 918M1 SMo M, + goDM X Mg + 9381\/[3 DM X

+gxM X X+ gppyM DM DM + Lpin,
) Pair production via kinetic terms + coannihilation diagram (and related)

(DM, X) are Zz-odd, Ms is Z-even.

4 W.Z.¢ Wig SM, DM SM| X
W,Z. W.Z.7.8 2 M M
AAN AN T g’w,s + + + e o o
B oy IAAA—— X o X
" W,Z. g ' SM, 192 2 g19x
SM,
. . . M
2) Single mediator production }
91
SMz
SMB M SMl SMZ
3) Ms + SM particle in association SM, . n
gi9sm F J19w
%%
SMa SMz M



Production (t-channel)

K £ 5 giSM; DM M, + g2SMy X M, + g5SMs DM X + L
' (DM, X, Mt )are Zz-odd.

Pair production sz oy

* i =j production via kinetic terms + coannihilation diagram (recycled!)
e i#j production via SM;in the s-channel [gj]

. SM
SM; DM.M SM, X. M \ B M
> * * AN\ P

M, DM M, X -4 oy - gi19sm

SM,
DM, M X.M n
. — _ - p— VK DM
5.\11 \.\I_' \\l] ’ SMA

(loop over SM))
91 9 959w

For LHC phenomenology is important to determine if SM| 2 “belong” to the proton.
Naively: quarks, gluons and, to some extent,W,Z and photons do.

Higgs has a smallish XS (versus W,Z) and leptons come from O(10%) decays of W,Z.

|7



Decays (s-channel)

: : LD 918M1 SMo M, + goDM X Mg + 9381\/[3 DM X

(DM, X)  are Zz-odd, M is Z3-even
Compressed spectra (ongoing efforts)

+gxM X X+ gppyM DM DM + Lpin,
f SM, }“SOft” : M X alwa S deca S tOE + SM
X M SM; X “soft” )' y T soft -
° ET + .
Xo DM *
g2

g3 DM
or SM3
M
hard /

. . M + M X DM
Mediator: o resonant } missing
92
SM» DM energy
DM X
M M
+ 2 DM + SMl,Q,g(SOft)
gpM 9x

DM X



Decays (t-channel)

K £ 5 giSM; DM M, + g2SMy X M, + g5SMs DM X + L
' (DM, X, Mt )are Zz-odd.

bM Fr
f M y M: “soft” If M is also degenerate
M I
p & 2 - } “soft” =+ with X, DM: copycat X.
92 93 DM
M “hard” soft
) X
Mediator: —< nX _<
SM2 “hard”

sM; “hard”

* Every M gives one (and only one) hard SM particle in the final state.
* All decays here involve missing transverse energy, unlike the s-channel case.
19



Signatures (s-channel)

* |:Resonant M or MM production (covered by exotic searches at the LHC)
e 2: Monojet + MET + soft SM particles (under exploration...)

* 3: Mixed signature from M pair production: MM — (SM; SM5),es+ E1 + soft

Example: leptoquark!

|
} resonance!

q

| } soft: (Almost) unobservable
q

DM

} missing energy

DM

* Production goes via gauge interactions, could be strong: large XS!
* Not covered by any existing LHC search.
* Resonant feature: good handle to kill the background and identify the signal.

* Predicts correlated excesses in di-resonance (LQ pairs) and monojet (plus soft).
20



Signatures (t-channel)

e MSSM-like signatures covered by SUSY searches.
* Strongly produced X partner with soft leptons.

* Dilepton final states with strong production: dark leptoquark

The “dark” leptoquark

ID X a4+ B My SA (SM1 SM2) Vertices
TF1 (3.N.0) 10 (3,N,B— %) Y% (uplr)
X, M CO|OI‘eC|. TF2 - ° (1,N,B —2) v (LruR)
M gives hard q or |. .
ignore
soft jets
DM MM — XXl — 717 DM DM = 2 OSL+ Er + 2

“Slepton” pairs with strong production!!!

K

M M — X lhard DM jhard = lhard + Jhara+ 17 + 1, Jso 51

% 1 00% unconventional signature!!!
2|



Signatures

prod. conditions s-channel t-channel
2M; — 2 (SM +
pair production 2Ms — 2(SM1SMa2)_. ’ ( Hhard /E/T
. . 2M: — 2 (SMa2),..q + 2 (SM1SM2)_ . +.ET
o via gauge int. 2Ms — (SM1SMa2) . + (SM1SMa)_ —I—,E'/T
= 2M; — (SM1SMa2), . 4 + (SM1SMa2)_ ., +ET
S| (SMiSMy) € p M. — (SM;1SMa),
SM; € p Mg SM2 — (SM1SMa2), . + (SM2),..q M; DM — (SM1),,.q +.ET
SM; € p Mg SM; — (SM1SM2). . + (SM1)p.0q X My — (SM2)y,.q + 2 (SM1SM2) . +ET
» p.-p- via g. int. 2M, or 2X — 2 (SMlsMQ)soft —|—/E/T 2X — 2 (SMlsMQ)soft —|—/E/T
= | (SMiSM3) €p M;s — (SM1SMa2), . +.ET X DM — (SM1SMa),__, +.ET
% SM; € p Ms SM2 — (SMa2),..4 + (SM1SM3)__. +E7 | My DM — (SM2), . 4 + (SM1SMa2)_ . +ET
&)
SM; € p M;s SM1 — (SM1)p.q + (SM1SM2) . +E7 | X My — (SM1)y,.q + (SM1SM2), ., +E7T

s-channel features unique resonant signature and hard radiation.
Not considered at the LHC in the context of DM searches.

t-channel signatures are MSSM-like. Interesting to consider all
SM\ 2 possibilities for hard particles coming from M. decays.
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Dark Matter mediated

by Leptoquarks



Example: SF | |

|- Choose your model:
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Example: SF | |

|- Choose your model:

SF11 E 0 7 (unl
(3,Ni1,a)(% (3,2,1)) D) (Qrfr), (urLR)
SF12 P (uRH)
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Example: SF | |

|- Choose your model:

SF11 E 0 7 (unl
(3,Ni1,a)(% (3,2,1)) D) (Qrfr), (urLR)
SF12 P (uRH)

2- Assign spins, quantum numbers:

Field

(SU(3),5U(2),U(1))

Spin assignment

DM
X
M

(1, 1, 0)
(3,2, 7/3)
(3,2,7/3)

Majorana fermion
Dirac fermion

Scalar

DM, X could have been scalars

24

or vectors.



Example: SF | |

|- Choose your model:

1D X a+ B Mg Spin (SM; SM32) SM3
SF11 . ; (QL?1), (urLR)
(3, N £1, ) 3 (3,2, 3)
SF12 F (upH)

2- Assign spins, quantum numbers:

Field | (SU(3), SU(2), U(1)) | Spin assignment DM, X could have been scalars or vectors.
DM (1, 1, 0) Majorana fermion

X (3,2,7/3) Dirac fermion

M (3,2,7/3) Scalar

3- Write down the Lagrangian

DM BN DM 4+ mx X X

L = iDM°PDM + iXPX +|D,M|? +

2 4 2
+ (ypX M DM +h.c.) + (yoeQpM ¢r + h.c.) + (yru LeM ur + h.c.) .

1 1 2
— |V(H) + =m3M?* + = AuM* + ey M? <H2 - U—) ]
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Example: SF | |

|- Choose your model:

1D X a+ B Mg Spin (SM; SM32) SM3
SF11 . ; (QL?1), (urLR)
(3, N £1, ) 3 (3,2, 3)
SF12 F (upH)

2- Assign spins, quantum numbers:

Field | (SU(3), SU(2), U(1)) | Spin assignment DM, X could have been scalars or vectors.
DM (1, 1, 0) Majorana fermion

X (3,2,7/3) Dirac fermion

M (3,2,7/3) Scalar

3- Write down the Lagrangian

DM BN DM 4+ mx X X

L = iDM°PDM + iXPX +|D,M|? +

2 4 2
+ (ypX M DM +h.c.) + (yoeQpM ¢r + h.c.) + (yru LeM ur + h.c.) .

1 1 2
— |V(H) + =m3M?* + = AuM* + ey M? <H2 — U—) ]

4- Free params: ™MpDM, MX, MM, YD, YQt; YLu, AM; €M
24



The flavor story

® YOI, YL are matrices in flavor space. Neglect CP-violation.

£o {yQ (T 728y + T 676 + y, [ (67 "y — B (6°17) o] + h}

® Strong constraints from meson mixing (i.e K — K,B - B,Bs; — B;,D — D)
gives strong constraints, take off-diagonal elements to zero.

® | epton-flavor violating probes

-
b Br(By — mte™) < 2.8 x 107° walli= y)5 v, < 1.1, mg =1 TeV
~ yllclg y% Br(K° — pute™) < 4.7 x 10_12* yllclg yl2(022 <107°, me = 1 TeV

d Br(B; — 77~ ) : no datal
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The flavor story

® YOI, YL are matrices in flavor space. Neglect CP-violation.

£o {yQ (T 728y + T 676 + y, [ (67 "y — B (6°17) o] + h}

® Strong constraints from meson mixing (i.e K — K,B - B,Bs; — B;,D — D)
gives strong constraints, take off-diagonal elements to zero.

® | epton-flavor violating probes

b T

Br(By — mte™) < 2.8 x 107° walli= y)5 v, < 1.1, mg =1 TeV

~ yllclg y?c% Br(K° — pute™) < 4.7 x 10_12* yllclg yl% < 10_5, me = 1 TeV

d Br(Bs = 77u") :no data!  wsii= | Flayor probe of a CA
simplified model!
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The flavor story

® YOI, YL are matrices in flavor space. Neglect CP-violation.

£o {yQ (T 728y + T 676 + y, [ (67 "y — B (6°17) o] + h}

® Strong constraints from meson mixing (i.e K — K,B - B,Bs; — B;,D — D)
gives strong constraints, take off-diagonal elements to zero.

® | epton-flavor violating probes

b T

Br(By — mte™) < 2.8 x 107° walli= y)5 v, < 1.1, mg =1 TeV

~ yllclg y?c% Br(K° — pute™) < 4.7 x 10_12* yllclg yl% < 10_5, me = 1 TeV

d Br(Bs = 77u") :no data! == | Flayor probe of a CA

e
v simplified model!
Belle 11?7 LHCb?
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Simplifications and analysis

e Avoid neutrinos and obvious issues with flavor:

yru = 0,y5; # 0 (electrons) OR yg; # 0(muons) .

* )\, en are irrelevant for the pheno. No H-M mixing.
e Equal BRs into SM and dark-sector.

* DM, X close in mass, A = (mx —mpun)/mx is not arbitrary.

MiXEd: MM— (ZQ)res (X DM) — (ZQ)res_I_ ET

Pheno , S o
. > Monojet: X X+ j — j+ Fr + 1]
analysis
M M — (lq) (Ig) ATLAS (arXiv 1508.04735), CMS-PAS-EXO-12-041
Current /
M1l — (lg) 1 CMS-PAS-EXO-12-043

bounds
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Relic

YD=Yql, Yu=0

my,o=1500 GeV, A=0.1, yp=0.5
mypo=1500 GeV, A=0.1, yp=0.3
mypo=1000 GeV, A=0.1, yp=0.5
mypo=1000 GeV, A=0.2, yp=0.5
myo=400 GeV, A=0.1, yp=0.5
Planck

100
10} -
B —
(g\]
=
G
0.1f
0.01}
0.001

200 400 600 800
mDM(GeV)

density

Qh?

10°}

1000

10¢

0.001

-—
Z-
-
>
]

-

my=1000 GeV, yp=yq1; yLu=0

mpm=1000 GeV, yp=0.1
mDM=1()OO GeV, yD=0.5
mpm=1000 GeV, yp=1
mDM=400 GeV, yD=0.1
mDM=400 GeV, yD=0.5
mDM=400 GeV, yD=1
Planck

-
mmm="
-----
------

- -
-----------
_____

an®
*
-®
®
LY
< [

- ‘d‘m - 4 “mm =E W EE_=E mA __ SE =S S5 EE EE SN 2N 2N BN _EE SN _EE =& _&&E_ &5 &85 &8 |

0.1

.

* Thresholds can be seen (resonances).

* Strong dependence on A, yp .
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LHC phenomenology

pp — MM — (1q)res + (1q)sort+ E1 in MG5_aMC@NLO / Pythia 6.4 / Delphes 3.2

Background
QCD
Leptonic W+ + 1, 2 jets
Semileptonic tt
(Z = wvv)+7j
(Z >71T77) 4+

Semileptonic WTW
W(Z —wvv)+j
W(Z — jj)

102

Cross section (pb)

2.1 x 107
2235
791
738
163
9.8
2.2
2.2

Missing E, (GeV)

Basic cuts

Basic cuts:

pr(J1) > 50 GeV, pr(e1) > 30 GeV

Ne < 27Nha/rd jets < 3.

vetoes: b jets, Z

107
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600

Missing E, (GeV)

B Zj ()
mEm ww
[
el W

Signal benchmark

DM=405 GeV

X=445 GeV
M=950 GeV

o(MM) = 8 fb

mm Wz
1 Zj (w)
B QCD

(o xL)/(100 GeV)

500 1000 1500 2000 2500 3000
my; (GeV)

—p mg > 100 GeV —» Fr> 650 GeV

28
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Apply 40 GeV mass window



Pheno status

Existing LQ single Future LQ pairs “mixed”
searches LQ pairs probes |
(8, | 3 Te\/) monojet (| 3 TeV) monojet + soft leptons
(XX+j)
1200r( LQExclusion 20) | [ A =0.1, Br(LQ-lq) = 0.5]
ookl — Pair.Produc’.[ion (Visible) LQ pairs insensitive to YD, YLq,
ool z:lfér'\gzzzjne::] (Mixed) strong production, limited by mass.
i XX+j (Monojet + Leptons)
o LQ single prod. very sensitive to Yp, YLq,
. no meaningful constraints for yp =0.1.
700
6001 Mixed: Exclusion up to |.2 TeV with

mMpm [GeV]

500

400

300

200

100

T

T

400 600 800 1000 _ 1200 _ 1400 _ 1600 _ 1800 2000

Mg [GeV] 29

BR(M — lq) = 0.5 and £ =100 fb~".

XX+j, excludes mx <0.3 (1.1) TeV
for traditional monojet (+soft leptons).

Mixed signature is key to establish
co-annihilation at the LHC.



Conclusions

* We have performed a general classification of coannihilating dark matter, assuming
only that dark-matter is a thermal relic described by dimension 4 operators.

* We build a compact minimal basis of simplified models under our assumptions.
® Our basis provide the building blocks for any renormalizable thermal DM theory,
which can be reached by combining several entries and adding mixing and Higgs

insertions.

* We have studied the potential sighatures of all of our models, which leads to a very
rich phenomenology at colliders.

® Our basis is also useful for GeV/MeVish DM (most likely Uncolored models).

* We have presented a non-standard DM search in the context of leptoquark
mediators, which are not being searched for at the LHC.

* Plenty left for future studies: direct/indirect detection, cosmology, flavor bounds,

additional “non-standard” models, etc...
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