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Introduction



Dark matter mediators and the LHC

Dark matter at colliders: pair production with initial state

radiation = large missing transverse momentum.

q 8 x(my)

&DM

q X(my)
m Very powerful method, if DM is kinematically accessible at colliders,

m ATLAS+CMS framework: simplified models of Dirac fermion dark

matter () interacting with Standard Model particles via specific
mediators.
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Dark matter mediators and the LHC

Natural extension: search for visible decays of mediator

particles.

q g ) g

8q 8DM
V/ A (Mmcd)

=

Yok

m Fully reconstructible final state increases sensitivity in accessible
parameter space (at cost of model dependence).

m This talk focuses on hadronic mediator decays.
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Vector mediator model

m Simplified models defined by
ATLAS-CMS DM Forum!/LHC DM WG in
1507.00966, 1603.04156.

m Vector/axial vector mediator: uniform

q

coupling to quarks, no lepton couplings.
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https://arxiv.org/abs/1507.00966
https://arxiv.org/pdf/1603.04156.pdf

'© \"W@| CMS Experiment at the LHC, CERN
Data recorded: 2016-May-11 21:40:47.974592 GMT
Run / Event / LS: 273158 / 238962455 / 150 Dijet event with m;; = 7.7 TeV

Signature of Z' — ¢q at LHC: events with two hadronic
jets with invariant mass corresponding to M.



CMS detector
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m Particle flow algorithm attempts to ID all particles based on multi-subdetector
signatures.

David Yu (Brown University)

m Jets clustered using anti-kr or Cambridge-Aachen algorithm.
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Dijet bump hunting



arXiv:1806.00843

Dijet searches

m Dijets searches have a long history at

hadron colliders (SppS, Tevatron, LHC). = 361073 Te)
% 1 E CMS ¢+ Data E
m Search for bumps in the m; spectrum g g _Fi 4
on top of smooth background. ? S S ooty 1
m Most recent CMS search uses 2016 data g e CraaGoTen
(36fb", /s = 13TeV). R 3
: 107 E- S prs TR 4
High mass (m;; > 1.25TeV) s :
m Limited trigger |2 3
bandwidth= m;; > 1.25TeV. g€ 1
©|S _qb
m Farticle flow (PF) jets: ID particles with els :gl’

tracks and calorimeter deposits. 2 34 5 6 78

Dijet mass [Te
m Fit function: . (Tevl

do po(l — x)P1
dm..  gp2tpzin(@)’ (@ =m;;/Vs) Dijet invariant mass spectrum in the high
i 1 mass SR
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https://arxiv.org/abs/1806.00843

Dijet searches: scouting

How do we look below m; > 1TeV?
Use scouting technique.

Low mass (m;; > 600 GeV)

m Scouting: lower m;; threshold by
saving only e.g. jets.

m Use calorimeter-only (calo) jets.

m Fit function:
do po(1 — @)P1

T p2tps (@) +pg 2(2)

dm

David Yu (Brown University)

dcr/dmJj [pb/TeV]

(Data-Fit)
Uncertainty

Dark Matter Mediators @ CMS| July 23,2018

arXiv:1806.00843
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https://arxiv.org/abs/1806.00843

Dijet searches: limits

m No ssignificant excess observed=>set cross section limits.

m For common interpretation of limits, convert cross section limits to couplings

[1306.2629].

» Assuming no DM decays (mpm > mpg/2), 0 X gg (backup).

m Accounting for DM decays in BRs = limits in mpm-m - plane.

27 o & 36 fb” (13 TeV)
T T T

27 b1 & 36 b (13 TeV,
3103 pany) T T T ¢ T ) - = 0 T T T
o Hah  emg 9% CLiimits ; 04b CcmMs
= Observed 4E 950 i
<10® quark-quark Em:;':d = 95% CL upper limits
2 . <1510, dev. S 035F
o 10 N [ = 214, dev. 3 Expected
: S o3 =1 std. deviation
1H) + 2 std. deviation
| s 0255 iz
107 02F
107 015"~
e Axigluon/col £
10 — — Scalar diquark 01 p4 I
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Rl P 008 o s
[ DMmedaor | | | | I | |
500 1000 1500 2000 2500 3000 3500

10° 5
1 2 3 4 5 6 7 8
Resonance mass [TeV]

(a) Limitson o

Z' mass [GeV]

(b) Limits on g4
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(c) Limits on mpm VS mz/

Coupling g,
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https://arxiv.org/pdf/1306.2629.pdf

10"

95%

CL exclusions

CMS Preliminary LHCP 2018

50

. .
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M, [GeV]

Pre-LHC: sensitivity to g, ~ 0.2 — 0.3, for

Iz /My <~100%

CMS Diet x, 13 TeV
[EX0-16-046]

T,/ My <~30%

CMS Broad Dijet, 13 TeV
[arXiv:1806.00843]

CMS Dijet, 13 TeV'
[arXiv:1806.00843]

CMS Dijet, 8 TeV.
[arXiv:1604.08907]

CMS Dijet b tagged, 8 Tev
[arXiv:1802.06149]

CMS Boosted Dijet, 13 TeV
[arXiv:1710.00159]

150GeV < my < 1TeV.

ATLAS Boosted Dijet, 13 TeV
[arXiv:1801.08769]

ATLAS Dijet, 13 TeV
[arXiv:1703.09127)

ATLAS Dijet TLA, 13 TeV
[arXiv:1804.03496]

ATLAS Dijet+ISR y, 13 Tev
[ATLAS-CONF-2016-070]

ATLAS Dijet+ISR j, 13 TeV
[ATLAS-CONF-2016-070]

CDF Runl
[arXiv:hep-ex/9702004]
CDF Run2
[arXiv:0812.4036]

UA2

[Nucl. Phys. B 400, 3 (1993)]

Z width (all T /M)
[arXiv:1404.3947]



95% CL exclusion:

CMS Preliminary LHCP 2018

I,/ M, <~100% ATLAS Boosted Dijet, 13 TeV
[arXiv:1801.08769]
CMS Dijet x, 13 TeV' _ .. ATLAS Dijet, 13 Tev
[EXO-16-046] [arXiv:1703.09127]
T, /M, <~30% _ . ATLAS Dijet TLA, 13 TeV
s [arXiv:1804.03496]
CMS Broad Diet, 13 TeV ATLAS Dijet+ISR y, 13 Tev
T [arXiv:1806.00843] [ATLAS-CONF-2016-070]
M. <~10% ATLAS Dijet+ISR j, 13 TeV
—_—— [ATLAS-CONF-2016-070]
CMS Dijet, 13 Tev CDF Runl
™ [arXiv:1806.00843] [arXiv:hep-ex/9702004]
CMS Dijet, 8 TeV' DF Run2
[arXiv:1604.08907] [arXiv:0812.4036]
CMS Dijet b tagged, 8 TeV uAz
(P [arXiv:1802.06149] [Nucl. Phys. B 400, 3 (1993)]
50 100 200 300 1000 2000 CMS Boosted Dijet, 13 TeV ___ Zwidth (all [ /M,)
[arXiv:1710.00159] [arXiv:1404.3947]
M,. [GeV]

Conventional dijet searches: sensitivity to
mp ~ 0.5TeV — 5TeV.
500 GeV < mp < 1TeVdue to scouting.

How can we go lower?



B} b-Tagged Dijets



95% CL exclusions

CMS Preliminary LHCP 2018

T
£, /M, <~100% ATLAS Boosted Dijet, 13 TeV
e e [arXiv:1801.08769]
1 — —
= - CMS Dijet , 13 Tev ATLAS Dijet, 13 Tev
- | [EXO-16-046] [arXiv:1703.09127]
= — /M, <~30% ATLAS Dijet TLA, 13 TeV/
| _ —_—— [arXiv:1804.03496]
— — CMS Broad Dijet, 13 TeV' ATLAS Dijet+ISR y, 13 TeV
[arXiv:1806.00843] [ATLAS-CONF-2016-070]
/M, <~10% ATLAS Dijet+ISR j, 13 TeV
[ATLAS-CONF-2016-070]
- CMS Dijet, 13 TeV' CDF Runl
107 — —] [arXiv:1806.00843] [arXiv:hep-ex/9702004]
— = CMS Dijet, 8 TeV/
B o 1 [arXiv:1604.08907] [arXiv:0812.4036]
- Z'-qq .
| — CMS Dijet b tagged, 8 TeV/ uA2
T [arivi1802.06149] [Nucl. Phys. B 400, 3 (1993)]
1 1
50 100 200 300 1000 2000 CMS Boosted Dijet, 13 Tev Z width (al T /M,)
[arXiv:1710.00159] [arXiv:1404.3947]
M,. [GeV]

b-tagged dijet search: sensitivity to
mp ~ 0.3TeV — 1.2 TeV.
Leading limits for 325 GeV < my < 450 GeV



b-tagged dijets

jet

jet

vertices.

track impact parameters.

19.7 fb™ (8 Tev)
ARARRRRRAS

19.7 b (8 TeV)
AARRERARAS:

m B hadrons have long lifetime, with decay
distances 2 O(mm).

Events / GeV

o
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t Data
—— Fit
Scalar, 350 GeV
Z', 500 GeV/
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David Yu (Brown University)
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(b) High mass
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i

arXiv:1802.06149

m MVA-based tagging of b-jets, based on large track
impact parameters, displaced secondary

m Trigger (2012): simplified algorithm using cuts on
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https://arxiv.org/abs/1802.06149

b-tagged dijets

19.7 fo (8 TeV) 19.7 b (8 Tev)
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(a) Limits on o x BR(bb)

m Nossignificant excesses observed, limits
seton o x BR(bb) and gq.

m Also convert to mpm-mmed plane.
» Covers new parameter space for LHC

results, 325 GeV — 450 GeV. 800F-
m Warning: limits depend strongly on ook~ p
choice of g4, goum! | I A

m, GeV]

(b) Limits on g4
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1 Boosted Dijets



CMS Preliminary LHCP 2018

95% CL exclusions

oM. <~100% ATLAS Boosted Dijet, 13 TeV/
—_— [arXiv:1801.08769]
l —
- CMS Dijet , 13 Tev ATLAS Dijet, 13 Tev
| [EXO-16-046] [arXiv:1703.09127]
— T, /M, <~30% AATLAS Dijet TLA, 13 TeV
_ z [arXiv:1804.03496]
= CMS Broad Dijet, 13 TeV . .. ATLASDiet+ISR y, 13 Tev
[arXiv:1806.00843] [ATLAS-CONF-2016-070]
T, /M, <~10% _ _ . ATLAS Dijet+ISR}j, 13 Tev
s [ATLAS-CONF-2016-070]
- CMS Dijet, 13 TeV' CDF Runt
10 —] [arXiv:1806.00843] [arXiv:hep-ex/9702004]
- CMS Dijet, 8 TeV' DF Run2
S 1 [arXiv:1604.08907] [arXiv:0812.4036]
- Z'-qq -
| - CMS Dijet b tagged, 8 TeV uA2
[arXiv:1802.06149] [Nucl. Phys. B 400, 3 (1993)]
1 1
50 100 200 300 1000 2000 CMS Boosted Diet, 13 Tev Zwidth (all T /M,
[arXiv:1710.00159] [arXiv:1404.3947]
M, [GeV]

Boosted dijets due to initial state radiation: probe
resonances with masses down to mpr = 50 GeV.



Boosted dijets

11SR jet

1 wide-jet

Jet substructure

Energy correlation functions: for n; jet con-
stituents with energy fractions z;,

B
€5 = E ziszRfj
1<i<j<ny
265 = E Zi2j Z,,min {ARZARfk,
1<i<j<k<ng

ARS ARy, AR} ARS,

2-pronged selection: N& = sl /(1€5)2.

David Yu (Brown University)

arXiv:1710.00159
m Significantinitial state radiation can
overcome trigger limitation.

m Boosted dijet system (pr > 450 GeV)
reconstructed as a single wide jet
(anti-kr, R = 0.8).

m Signal jets have 2-pronged
substructure.

m Scan jet mass distribution for bumps.

35.9 1 (13 Tev)
> ET T T T T 3
8 35000-CMS 4 Data W(ga)+ets (x3) —
b E — Total SM pred. - Z(qa)+ets (3) ]
- 30000} Multijet pred. - (g Hets (x3)
€ H B Z(qq), 9,=0.17, m,=135 GeV' E
@ 25000 “ =
] < Allp_categories
20000 =
15000 =
10000F~ -
5000F- -
C:‘ 3
<
§ 1
3
5
13
I
3 50 100 150 200 250 300
B mg;, (GeV)

m Background est. from events failing
substructure cut.
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https://arxiv.org/abs/1710.00159

Boosted dijets

m Limitssetono(pp — Z' — qq),
9g> and Mmpm VS Mumeq.

m Probe significant new parameter
space, down to mz = 50 GeV.

o 1 B
o
@ - CMS 1
2 [ 95%CL upper limits 1
i 0.4 — Observed 4
e Expected
o 03 + 1 std. deviation 1
o +2 std. deviation
0.2 ‘ q
0.1 E UA2 [13] ﬂ
F COF Run1 (18] __
r ] CDFRun2[19]
r i ATLAS 8 TeV, 20.3 b [22]
0.04 i —— CMS 8TeV, 18.8 10" [34] 7
L H — CMS 13 TeV, 12.9 b [35]
0.03 i -~ Z width (indirect) [72]
0.02 | L L L M|
50 100 200 300 1000
Z' mass (GeV)

(b) Limits on g4

David Yu (Brown University)
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arXiv:1710.00159

35.9 b (13 TeV)
T

CMS 95% CL upper limits

— Observed

----- Expected

[ £ 1 std. deviation
+ 2 std. deviation

- Theory, g =0.08

50 100 150 200 250
Z' mass (GeV)
(a) Limitson o
35.9 fb (13 TeV)
%14005 CMS ‘ Exclusion at 95% CL
Q L . —— Observed
~ 1200 Vector mediator
3 F | piracfermion DM Reabecy
£ C o =10 —— Boosted dijet |
1000~ | ™02 -
800 -
E A
600~ /7
400 =
200 -
E i iL«——r"T | E .
50 10° 2x10° 5x10% 10 2x10°
M yeq (GEV)

(c) Limits on mpM VS Mimed
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https://arxiv.org/abs/1710.00159

Boosted bb

m Scalar (®)/pseudoscalar (A) mediator model with
couplings o Higgs Yukawa couplings, gqay .

CMS-PAS-EX0-17-024

q q b
» Similar production as Higgs, via gluon-gluon fusion.
» Preferential coupling to 3" gen fermions = decays to bb
below top threshold.
» More in backup. DA
P D, A
m Search uses boosted dijet techniques, plus double
b-tagging. g 5
» Extension of search for boosted Higgs bosons (backup).
=16 35.9 fb (13 TeV) 2. 35.9 fb (13 TeV)
N = CMS — Observed o gf CMS
T-axis1 o Preliminary !Ei:z;‘s:i;:ﬂ: E preliminary
T-axisz ’é 10* — " 099,71 12; ;::s:::::ls,d‘
R=08 | R-15 E 2 Expected + 2 s.d:
\ 10° ; 12F ;
N.!!‘ d 10F s | s
102 8L ;
— o
double-b 10 T 4
»»»»»»» 2F
| | | | | E | | | | |
1')0 100 150 200 250 300 350 %O 100 150 200 250 300 350

Resonance mass [GeV]

(a) o x BR(bb)
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Resonance mass [GeV]

(b) gq
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B Summary



Current Z' — qq limits

CMS Preliminary LHCP 2018
- . 95% CL
[=2]
o/ M, <~100% ATLAS Boosted Dijet, 13 TeV
—_— [arXiv:1801.08769]
CMS Dit .13 Tev ATLAS Diet, 13 Tev
T [EX0-16-046] 7T [arxivi1703.00127]
T L ATLASDIITIA 13Tev
s— [arXiv:1804.03496]
CMS Broad Dijet, 13 TeV' - . .. ATLAS Dijet+ISR y, 13 Tev,
[arXiv:1806.00843] [ATLAS-CONF-2016-070]
vy <-10% . ATLASDjeliSR , 13 Tev
<-10% ATLAS-CONF2016.070]
o CMS Dijet, 13 TeV CDF Runl
10 [arXiv:1806.00843] [arXiv:hep-ex/9702004]
M Diet, 8 Tev .. corrum
[arXiv:1604.08907] [arXiv:0812.4036]
CMS Dijet b tagged, 8 TeV .. a2
[arXiv:1802.06149] [Nucl. Phys. B 400, 3 (1993)]
. .
50 100 200 300 1000 2000 CMS Boosted Dijet, 13Tev ___ Zwidth all T /M,)
[arXiv:1710.00159] [arXiv:1404.3947]
M, [GeV]

CMS(+ATLAS) limits span 50 GeV — 5000 GeV.
Many new techniques (scouting, b-tagging, boost+substructure,
angular analysis, ...) push the boundaries of sensitivity.
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Incorporating decays to dark matter

CMS Preliminary ICHEP 2018
2000 [T T

L L B s

11

1800 H— : Axial-vector mediator Myes = 2 X Moy
] Dira¢c' DM )
1600 H— : g ~1.0 Q. h?20.12
| g¥=025
1400 H— o
,,gl =0 Exclusion at 95% CL
1200 — —— Observed
1000 H— S et

Dijet w/ btag (19.7 fb"),
[arXiv:1802.06149])
Dijet (35.9 o)
[arXiv:1806.00843]
Boosted dijet (35.9 b
[arXiv:1710.00159]
DM + j/V(qq) (35.9 fb")
[arXiv:1712.02345]
DM+ v (35.9b)
[EXO-16-053]
DM +2(ll) (35.9 fb )
[arXiv:1711.00431]
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(=)
o

Incorporating Z' — yx decays, we establish limits in the mpy-m 2
plane.
Important: limits depend strongly on choice of g, and gpm!
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. SI/SD .
Translation to oy, g limits

CMS Preliminary ICHEP 2018 CMS Preliminary ICHEP 2018 SESErmerSBiy %o <10

1 Boosted det (353 15°)
[a7i000159)

7 oo obsenve sow el

PicAsSO
[amoetortorase)

L L L
10

107 107 102 100 et
Dark matter mass m ,, [GeV] Dark matter mass m ,, [GeV] et

(a) Spin independent (b) Spin dependent

For a given model (g,, gpm), translate limits to DM-nucleon cross
sections for comparison with DD results (LHCDMWG).

m Important: limits depend strongly on choice of g, and gpum!

m b-tagged dijet limits are not yet incorporated.

Conversion details in backup.
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https://arxiv.org/pdf/1603.04156.pdf

Conclusion

m LHC dark matter searches with simplified models: strong but model
dependent limits on DM models.
m New techniques (scouting, trigger b-tagging, boosted dijets) enable
searches at low mediator mass amidst huge QCD backgrounds.
> LHC dijet limits (nearly) span O(10 GeV)-O(10TeV).

m Future: SM

> Statistical gains are slow: g4 o< £/* (by ~2038, expect by Y
£ x O(100)). X
» Room to improve on sm

» Recent DMWG: moving beyond minimal WIMP models
e.g. t-channel production, complex dark sectors
(x* — x+SM, dark photons, long-lived particles).

David Yu (Brown University) Dark Matter Mediators @ CMS| July 23,2018
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https://indico.cern.ch/event/729789/

The future is dark, which is the best
thing the future can be, | think.
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Coupling conversion Back

m Cross section for narrow s-channel resonance 12 [1110.5302]:

1dL Tk

s dT:|7_m%/s mp

a(1+2—>R)m167r2N><BR(R—>1—|—2)><[ ,
where:
mpx gg =resonance mass/width,

N, . s
n N = Nslslif{s2 C?ég =spin and color multiplicity factor,

m /s =collision energy,

n [%%] sz%/s

= parton luminosity factor.

= For Z’ model,
o(R) x g2.
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https://arxiv.org/pdf/1110.5302.pdf

/ width constraint

m From 1404.3947, constraint on (my/, g,) space from hadronic Z width.

AF};d _ QQqCZCWSW(QVu + 3Vd)
rhad  3g(1—m%,/m%)(2V,2 +3V2 +5/16)

where V,, g = +1/4 — (3 £ 1)s%, /6.
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https://arxiv.org/abs/1404.3947

Scalar mediator model

m Scalar/pseudoscalar

mediator: assume

minimal flavor violation to avoid FCNCs.

9

m = couplings proportional to SM Higgs
Yukawas, g¢yy. Preferential coupling to
third generation fermions.

m For simplicity, take uniform scaling

constant, gr = gqo/4-

Branching fraction

0.0

Ly

— 100 200

300 400 500

Back

g

P _
7 ; (9rysfifs)

+ gpmPxx

1A _
=— Z (97ysfivs fi)
\/5 f

+ tgpmAXY5X

ma 1 [GeV]

David Yu (Brown University)
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CMS-PAS-EX0-17-024

Pseudoscalar limits Back
3 1
N 20 35.9 fb™ (13 TeV) < 20 35.9 fb™ (13 TeV,
o CMSs o CMS
18 Preliminary 18 Preliminary
16 —— Observed 16 —— Observed
14 B Expected £ 1s.d. 14 B9 Expected + 1s.d.

=== Expected * 2 s.d.

=== Expected + 2 s.d.

anik, | CA
“R=08 . R=k5

4
2
e b e b b e L coecc b b e e b vy
% 100 150 200 250 300 350 %o 100 150 200 250 300 350
Resonance mass [GeV] Resonance mass [GeV]
(a) Scalar gqo (b) Pseudoscalar gqa
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https://cds.cern.ch/record/2628756

arxiv:1803.08030

Dijet angular analysis

m Define x = exp(|y1 — y2]), where y;
is the rapidity of jet .

391 3TeY)
T

m Background x distr. is flatter than
for s-channel resonance.

5400) =8 70w

m No bump hunting=>-sensitive to
broad resonances.

35.9fb™ (13 TeV)
oF 14FE T T T T T T T T 1
r CMS
1.2F
[ 95% CL upper limits
— Observed

[ - Expected
= I Expected = 1 s.d.
E Expected = 2 s.d.

A (=18 TeV

0.8

0.6

0.4]

0.2 Vector/Axial-Vector Mediator 2
my,=1GeV,g_  =1.0 SO S
oM 88 S
| A P AP I I B B P o
2 25 3 3.5 4 4.5 5 5.5 6 O

Myeq [T€V]
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1709.05543

Boosted H — bb analysis ok

m Search for H — bb with pr > 450 GeV.
» Dataset: 35.9fb™1, /s = 13 TeV.

m Same analysis technique as boosted ®/A — bb.
m Simultaneously constrain Z — bb.

35.9 b (13 TeV)
16

=N :g;

25 ::; H Hnoprcorr. Z
= Observed signal strength 2.3°1% 32122 0.78+9%%
g A . . .
z] Expected UL signal strength < 3.3 <4.1 -
~ Observed UL signal strength < 5.8 <7.2 -

15 ! Expected significance 0.70 0.50 5.80

Observed significance 1.50 1.60 5.1c

David Yu (Brown University) Dark Matter Mediators @ CMS| July 23, 2018 35/28


https://arxiv.org/abs/1709.05543

1803.06292

Leptonic couplings

m If Z’ couples to leptons, LHC establishes strong constraints due to smaller
backgrounds and better resolution than Z' — qq.

ICHEP 2018 CMS Preliminary ICHEP 2018
T T T T 3 T T T T T T
| Vector mediator ’ = |/ Axial-vector mediator
Dirac I?lgl = Dirac I?I\él
9,1 = g =1
=01 E g™=0.1
Bl =01

'g‘v=0_01 L Mygos =2Xm,
o Qw2012

Exclusion t95% CL

Cosarvea

-
pion (35910”1353 )

v

Sghoobbnblo o

P =
500000500005~ Ss00ons ET TR T R IV I
Mediator mass M, [Ge' Mediator mass M, [GeV]

(a) Vector (b) Axial vector

Note different g, values between vector and axial vector limits.
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1603.04156

Conversions: direct detection, Sl

m Spin-independent DM-nucleon cross section (scalar, vector):

2 2 2
_ (9¢)95% Py

ast
‘rrm4
med

)

Hnx = mpmpm/(Mmn + mpm)-
m Vector case:
f(9q) = 394,
_ 2 (1Tev\? 2
og ~ 6.9 x 10”1 em? . <LgDM> (’L"X>
0.25 myr 1GeV

m Scalar case: with f7 = 0.019, f} = 0.045, f* = 0.043 (taking ¢ = f;’),

Mp,

fn’p(gq)

v

2
[T
q=u.d,s

Q=c,b,t

n, n
frgf =1- I&r

_ 2 (125Gev ) * 2
og = 6.9 x 107 B em? . (M> (”"X)
1 me 1GeV
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1603.04156

Conversions: direct detection, SD

m Spin-dependent DM-nucleon cross section for axial vector:
> Pseudoscalar not shown due to velocity-suppression in nonrelativistic limit.

2 2 2
37(9q) 95 By
osbD = T 4
WWZ,

P (gq) = AN gy + AL gy + AT g,

m AL = A7 =0.84, A1 = AT = —0.43, A, = —0.09.
m With universal g4, f(gq) = 0.32g4.

_ 2 /17ev \ 4 2
osp ~ 2.4 X 10 2em? . (M) (an>
0.25 mgr 1GeV
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Comparison with indirect detection

1603.04156

m For pseudoscalar model, compare to ID instead of DD (velocity suppression).
m Annihilation cross sections to quarks and gluons:

3m?2 To A IOMMDM
(ovrel) qq = 2 2 2 \2 7 s V1! ﬁ/m%M

2mv2 (m% — 4mpy) +mZ,FZ,

2 2 2
g 9q.A9DM 2 2, 2

(OVrel) gg = s 1 ‘Zm falmg/mpy)ls

27302 (mQA - 4m%M)2 + mZZ’FZZ’ Y a a

fa(r) = Tarctan2(l/m)
. CMS Preliminary ICHEP 2018
T T

<0 V,> [em®/s]

Observed exclusion 90% CL
Pseudoscalar med., Dirac DM;
9,=10,9,,=10

— Observed

===+ Expected
DM+t (35.9 )

[EXO-16-049]
ID observed exclusion 90% CL Lae Wian @59 )
[arXiv:1712.02345]

— Fermi-LAT
[PRL 115, 231301 (2015)]
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