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Motivation

In arXiv 1510.03434 (“The Coannihilation Codex’) we put forward a
framework to build all possible models featuring a colourless dark matter
(DM) field, a coanniliation partner (X) and a mediator (M), such that the
process SM| SM2 — DM X occurs (under certain assumptions).

[For details see Anna Kaminska’s talk, Tuesday 12:50].

Our classification includes a thorough analysis of LHC signatures
for our new fields (targeting M-M, M, X-X, X-DM, DM-DM production).

The measured relic density prefers a region of parameter space that can be
covered by the LHC (for concrete couplings and mass scales).

In this talk | will illustrate this connection with two concrete examples
where M and X are colored particles, which are representative of a whole
class of models, sharing a common collider phenomenology.

Disclaimer: Nothing about direct and indirect detection, focus on LHC.
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Framework

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

* 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 |.

* Massive vectors are gauge bosons from broken gauge groups.

* Lorentz and gauge invariance.

* Agnostic on flavor symmetries, dark charges, additional particle content.
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Example |
Leptoquark s-channel

mediated Dark Matter



Codex Model ST ||

Choose your model, assign spins and gquantum numbers

= — - Field | (SU(3),SU(2),U(1)) | Spin assignment

stiz | 1% 3) P | (ur H) DM (1, 1, 0) Majorana fermion
X (3,2, 7/3) Dirac fermion
M (3,2,7/3) Scalar

Write down the lLagrangian:

mpwMm

L = iDM°P)DM +iXPX +|D,MJ* + DM DM + mxX X

1 1 v?
— |V(H) + §m§4M2 + ZAMM‘l + epqM? <H2 - 7) ]

+ (ypX M DM +h.c.) + (ygeQrM lg + h.c.) + (yruLrRM ug + h.c.) .

Simplify parameter space: mpwm, mx, mm, YD, YQe, Yrus AM, €m
« AM, €nf irrelevant for LHC pheno (no H-M mixing)

« Avoids flavour bounds, proton decay, etc... Yr. = 0, yégll # 0 (electrons) OR yézl # 0(muons) .

5 relevant free params:
mpwm, mx = mpm(1l + A), By = Br (M — lq)|

mpm,x =0 L
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* Thresholds (resonances) are clearly visible.

e Strong dependence on A, yp.

e Hints towards mpm~ 300-900 GeV, A ~ 7.5-15 %.



Collider Strategy

Indirect : Neutral meson mixing, flavour violating decays,

constraints (g-2)e ,atomic parity violation, electroweak data...
M M — (Ig) (Iq) ATLAS (arXiv 1508.04735), CMS-PAS-EXO-12-041
Existing /
— M [ — (Iq) I CMS-PAS-EXO-12-043

searches \

e strength

Monojet: DM DM + j,X X +j — j+ Er >Ioswith .

Mono-jet plus soft-leptons : X X + j — j+ Fr +(19)sof:

Proposed /
pheno > Mixed: MM — (Ig)res (XDM) = (Iq)res+ B +(1q)sott

analysis g | } resonance!

q

! } soft: (Almost) unobservable
q

g M DM

DM

} missing energy



LHC phenomenology

pp — MM — (Iq)res + (1q)sore+ B in MG5_aMC@NLO / Pythia 6.4 / Delphes 3.2

Background Cross section (pb)
QCD, 2-3 jets 2.1 x 107
Leptonic W+ + 1, 2 jets 2222
Z(—wvv)+1,2j 736
tt (all modes) 465
Z(— 0H07) +1,2§ 370
Z(— 1)+ 15 163
Semileptonic tt 124
WYW- W*Z,2Z 37
t+1,25 16.9
Semileptonic WTW ™~ 9.8
W (= (Fv) + Z(— jj) + 0,15 2.2
WE(= Fv) + Z(— vv) + j 2.2
10’ : :
. B Zj ()
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LQ pairs insensitive to YD, YLq,

strong production, limited by mass.

LQ single prod very sensitive toyp, yLq,

no meaningful constraints in this plot.

Mono-jet searches exclude mpm < 200 GeV.
Can be extended up to 950 GeV, depending
on how efficiently soft (i.e “non-triggerable’)

leptons can be reconstructed.

Mixed search can be stronger than LQ pairs.
Combining all searches can cover a large

region of “()-favored” parameter space.



Example |l:
S-channel coannihilation

with a diquark mediator



Codex Model ST6

Field content: Coannihilation Diagram:
Field | (SU(3),SU(2),U(1)) | Spin assignment X u
DM (1, 1, 0) Majorana fermion
X (3, 1,-2/3) Dirac fermion YD ) - i\/-[- -{ Yud
M (3,1, -2/3) Scalar
. DM d
Lagrangian:
Loy = ~DMJDM — ZPMBNI DM |

2
,CX — ZXlDX — mxxX ,

2
Lyt = (D, M) (DFM) — m2, MM — Ay (HT H) MM — Ay (MT M) ]
Lois = —eapeMaul (YEPL + YEPR) de — YouMiCus — YoM (L ( “B(Qp) )+ h.c.,
Liark = —ypXDMM + h.c. .

5 free parameters: ou; mx = mpu(l + A),mag, By = Br (M — ad)| Y

mpm,x =0’
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Models implemented in MicrOMEGAs 4.1.2.

® Sommerfeld enhancement is negligible (< few %)

Relic density selects mpm > 280 GeV, A < 0.125 (or funnel).

13

200 300 400 500 600 700 800 900 1000 1100 1200



1.0

0.9/
08f , =
0.7kE /5
06l |
m 05}
0.4]
0.3
0.2
0.1

200 300 400 500 600 700 800 900 1000 1100 1200

Jets + MET: ATLAS (arXiv 1405.7875)

my [GeV]

Dijet pairs:
ATLAS (arXiv:1302.0531)
CMS (arXiv:1412.7706)

Dijet single:

ATLAS (arXiv:1407.13076)
CMS (arXiv:1604.08097)

CMS (arXiv 1402.4770, 1602.06581)

Search A=01|A=0125| A =0.15
8 TeV 384 GeV | 396 GeV | 392 GeV
13 TeV 398 GeV | 399 GeV | 396 GeV
13 TeV, 100 fb~! projection | 464 GeV | 468 GeV | 477 GeV

Limits on

= mx~400 GeV

Dedicated searches can improve the reach:
Nath, Spisak (arXiv:1603.04854)
Delgado, Martin, Raj (arXiv:1605.06479)




Mixed search (l)

pp = MM = (jj)res + (J)sott+ Er in MG5_aMC@NLO / Pythia 8.4 / Delphes 3.2

-- DM
<l == MET + soft jets
d
(Z = vv) +1,2 jets ——  Irreducible
Backgrounds: < (W* = Fv) + 1,2 jets  —— _epton lost or | — |
QCD multijets —>  Jet mismeasurement
. b-veto and lepton veto
Basic | o
Cuts: 2 hard jets satisfying pr(j) > 100 GeV,|n(j)| < 2.5, |An(j1,j2)] < 1.3

Fr > 100 GeV



Mixed search (ll)
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108 B W + jets

, B QCD
10° | —— Signal
104
103
102
10°
100 100

200 400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600 1800
Missing E7 [GeV] m;, j, [GeV]
° . ( ({B—j)2 : T—I
| -Fit m;; with exp [— 207 ] if £25 > —a
S(CI?) = N X < n " |Oé|2 n r—x B r—T
Crystal Ball (1) oo (9) (& —lal-=2) =< —a
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Mixed search can surpass jets + MET reach (strong dependence on Bo)

Complementarity with paired dijet and jets + MET existing searches.

We can test a large portion of the “()-favored” parameter space.
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Conclusions

* We have performed a general classification of coannihilating dark matter based on
field content (gauge quantum numbers and spins) and have surveyed the associated
collider phenomenology [aka “Coannihilation Codex”]

* The relic density “afterthought” can be turned into an a priori favoured parameter
space for a whole class of models, testable at the LHC in the near future.

® Our flagship is the “mixed” signature:a resonance plus a large amount of MET.
(previously neglected by the experimental collaborations). Not only it is a concrete
probe of the coanniliation diagram, but it also competes with direct searches for the
mediator and/or the coannihilation partner.

* We have presented two non-standard DM searches, which can be tested by the
LHC in the near future: s-channel leptoquarks and s-channel di-quark mediators. In
both examples we have coloured particles in the dark sector, which translates into
masses of a few hundreds of GeV to about a TeV, in the ballpark of LHC searches.

* Plenty left for future studies!!! (more new models and final states to explore!)
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Relic Density’s Anatomy
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Direct Detection

|. Z-exchange forces DM to T3=0,Y=0?

® Certainly not! Many ways out:

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

e |[f DM is a fermion 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 particles that undergo upscattering!
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Indirect Detection

|. If additional M-DM-DM vertex is present:

DM is SU(2)L singlet: model dependence (i.e: Higgs couplings)

DM charged under SU(2). : well studied in the WIMP / MDM literature.

2. Without new interactions (besides CA diagram):

® s-channel:

® t-channel:

annihilation into 4 SM particles

SM|
/
DM
Ms \SMz
X
SM
DM <
M SM,
DM SM,
Mk
DM SM

22

Loop suppressed annihilation into SM pairs

DM SM»
M

X SM,|

DM SM»
M

Tree level decay only into SM, pairs




