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models.
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@ Open questions after the Standard Model (SM):
o Existence of eXtra-Quarks (XQs)? — some predicted by BSM

models.
o Nature of Dark Matter (DM)? — different candidates predicted by
BSM models.
@ Consider a simplified model where DM is scalar u/t

or vector produced through the decay of an
extra charged quark (XQ). New particles odd
under a Zp, symmetry. Representative of UED DM

models amongst others.

@ Same signatures with MET than SUSY — possible to interpret
SUSY results in the Narrow-Width Approximation (NWA) in terms
of limits on XQs (arXiv:1607.0205)

= Goal: From a model-independent analysis, we want to evaluate the

effects of large width in the determination of the cross-section and
in the reinterpretation of bounds from experimental searches
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© Model and conventions
@ Lagrangian
@ Observables and conventions
@ Monte Carlo analysis tools

© Final states with third generation SM quarks
9 Large width effects at parton level
o Large width effects at detector level
@ Dependence on the chirality of the couplings

© Final states with first generation SM quarks
o Large width effects at parton level
o Large width effects at detector level
@ Dependence on the chirality of the couplings

@ Exclusion limits in the M+ — Mpp, plane

© Conclusions
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Interaction terms between singlet DM and the new quarks (coupling to
first generation):

Ly = {/\flfPR u+ A1 BPr d + Ao PL(;>:| Sy + h.c.
v u T d p u (n
Ly = |:g11T7uPR u+gnBvPrd+gn YuPL (d)] Vpw + h.c.
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Interaction terms between singlet DM and the new quarks (coupling to
first generation):

£y = [Aglpru+Ag’léPRd+A2l PL(;HSgwuh.c.
Yy = |ghTv.P 4 B, P d P )| VS, + b
1 811 ' YuPr U+ g115YuPr d + 821 YuFL d pyv T n.c.
here
w - u/d
o T, B, = () extra quarks,
T / B

DM
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v u T d p u (n
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Interaction terms between singlet DM and the new quarks (coupling to
first generation):

£y = {Agl TPru+M,BPrd+\n P, (;ﬂ Sy + h.c.
Yy = |ghTv.P 4 B, P d P )| VS, + b
1 81! VPR U+ 8110VuPrR d + 821 YulL d pyv T n.c.
here
w - u/d
o T, B, = () extra quarks,
@ S2,, and V3, are scalar and vector DM. T /B

DM

= Here we will only focus on a VLQ T part of a doublet.
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Observables and conventions

Consider two different processes leading to the same final state
DM DM q g:
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Observables and conventions

Consider two different processes leading to the same final state

DM DM q g:
@ QCD pair production and decay g t
of on-shell XQs t
ox(Mg) = 0555 BR(Q) BR(Q) DM
o Full signal: o5(Mg,T o) where all T
the topologies which contain at AANASN DM
least one XQ are taken into tA
account, including some which are & TECTTT 7

missing in the NWA.

= (0s — ox)/ox measures how much the full signal differs from the
NWA one.
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Final states and range of validity

Focus on XQs coupling to 1st and 3rd generation, final states considered:
TT — {S%y S2y uid, Sy Soytt, Vo Vo ud, V3, V3, tt}

Analysis only interesting for

—srvaen mass values for which the
10 = 15 7ev @ o0 number of final events is larger
0@ NNLO wih HATHOR than 1 — ideal practical validity

PDF MSTW2008nnlo68

of our results is limited to mass
values of around

9 1500 GeV for LHC@8TeV,

@ 2500 GeV for LHC@13TeV
with 100/fb integrated
luminosity,

@ 2700 GeV for LHC@13TeV
with 300/fb integrated

200 560 1600 2000 5000 IU mi nOSIty'
Mq [GeV]

1000+

Hevents

0.1r
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Monte Carlo analysis tools

@ VLQ singlet T, scan over the parameters
o Mpy + mg < M+ < 2500 GeV,
o Mpp = 10, 500 and 1000 GeV,
0 0< /My < 40%

©

Model implemented in FeynRules,
Results at partonic level are obtained using MadGraph5

©

i

Hadronisation and parton showering done with Pythia 8,
Emulation of detector effects using CheckMATE 2.
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Monte Carlo analysis tools

@ VLQ singlet T, scan over the parameters
o Mpy + mg < M+ < 2500 GeV,
o Mpp = 10, 500 and 1000 GeV,
0 0< /My < 40%

©

Model implemented in FeynRules,
Results at partonic level are obtained using MadGraph5

©

Hadronisation and parton showering done with Pythia 8,
Emulation of detector effects using CheckMATE 2.

¢ ¢

©

Most relevant analysis:
o ATLAS 1604.07773, a search for new phenomena in final states with
an energetic jet and large missing pr,
o ATLAS 1605.03814, a search for squarks and gluinos in final states
containing hadronic jets, missing pr but no electrons or muons,
o ATLAS-CONF-2016-050, a search for the stop in final states with
one isolated electron or muon, jets, and missing pr.
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Final state tt + DM DM, i.e. tt + Fr.
(0s — ox)/ox plotted for 13 TeV (results at 8 TeV are analogous).

(GS—UX)/UX Mpy = 500 GeV Scalar DM
40 oA
- 3 ® ox ~ o5 in the NWA,
o0 @ ox Soswhenlr
30 ' increases, especially when
o2 M+ ~ Mppy + m;
< 391 (threshold effect),
< 20
] i @ My ~ 1000 GeV:
1 cancellation of effects which
10 | 0 makes ox ~ og even for
= large values of 7.
0
1000 1500 2000 2500
Mz [GeV
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Parton-level results for 3rd generation

(05-0)/0x Mow = 10 GeV (05-0x)/0x Mow = 500 GeV (95-0x)/0x Mon = 1000 Gev
40 40f} 0 01 0 02 1
- 05
0 .2
704,08
30 03
s
= 2 5
= 0.1 -
10 -0.1
3
o 0 o o 00 |
500 1000 1500 2000 2500 000 1500 2000 2500 1200 1400 1600 1800 2000 2200 2400
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(0s-0x)lax Mow = 10 GeV (05-0x)/ax Mou=500GeV o (95-0x)/0x Mow = 1000 GeV_
40| B 40f (
i 05
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~ ~ =
% 20 § 20| % 20
a1 F s
10l 0.1 0.2 10| 10]
o8 o 0 o 0 o 0 -
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Main conclusions:
@ Off-shell contributions negligible in the NWA.
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Main conclusions:
@ Off-shell contributions negligible in the NWA.

@ Off-shell contributions more relevant when I increases, especially
when close to the kinematic threshold.

Hugo Prager Production of extra quarks decaying to Dark Matter at the LHC beyond the Narrow Width Approximation



Final states with third generation SM quarks Large width effects at parton level UNIVERSITY OF

Southampton

Main conclusions:
@ Off-shell contributions negligible in the NWA.

@ Off-shell contributions more relevant when I increases, especially
when close to the kinematic threshold.

@ Cancellation which makes ox similar to os even for large values of
the width.
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Main conclusions:
@ Off-shell contributions negligible in the NWA.

@ Off-shell contributions more relevant when I increases, especially
when close to the kinematic threshold.

@ Cancellation which makes ox similar to os even for large values of

the width.
Normalized Missing Transverse Energy Normalized Transverse momentum of t
F
107 ]

AL L L e L B

| T N P N S U B A B B
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000
ET [GeV) P, GoV]

Differential distributions along the cancellation line for a scalar (vector) DM,
Mpm = 1000 GeV (10 GeV) and Mt = 2000 GeV (400 GeV) on the left
(right), for different values of I'+/Mr.
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CheckMATE results for 3rd generation

Bounds obtained with CheckMATE using all the 13 TeV searches
available

4O T I IR ‘
‘ 13TeV combined searches
MY AV AV av v ' Mpy =10 GeV

30 ‘

MY AV AT AV av
AV AV AV A av
AY AY AV AV av av )

AY AY AV AV av &

WY &Y Av av av Ay List of Signal Regions |,

atlas_1604_07773_IM1
‘ atlas_1605_03814_2jt
MY v Av av avoav b
| atfas_conf_2016_050_bC2x_diag
& atlas_conf_2016_050_SR1
Ofssviay av av av av AT v
500 1000 1500 2000 2500
Mr [GeV]
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CheckMATE results for 3rd generation

Bounds obtained with CheckMATE using all the 13 TeV searches
available

4O T T ‘

‘ 13TeV combined searches
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\ @ Bounds for scalar and
30 ‘ vector very similar,
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) Contours and SR markers
MY AV AV av v Scalar DM
Vector DM
10 List of Signal Regions
MY AV AV av v av 3
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CheckMATE results for 3rd generation

Bounds obtained with CheckMATE using all the 13 TeV searches
available
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CheckMATE results for 3rd generation

Bounds obtained with CheckMATE using all the 13 TeV searches
available

4O T T ‘

‘ 13TeV combined searches
MY AV AV av v ' Mpy =10 GeV

\ @ Bounds for scalar and

s 7T ‘ vector very similar,
e \ @ Bounds independent on
S N \ the width,
S
£ | @ Point in the bottom left
= v .
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L PR L top background_
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Large width effects at detector level
Dependence on the chirality of the couplings

CheckMATE results for 3rd generation

137eV combined searches
Mow =10 GeV
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Dependence on the chirality of the couplings

Combined plots (scalar DM)
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Combined plots (vector DM)
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Analysis and conclusions for 3rd generation

@ Bounds for scalar and vector very similar — no spin
effect.
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Analysis and conclusions for 3rd generation

@ Bounds for scalar and vector very similar — no spin
effect.

o Mpy = 10 GeV, no width dependence even if the CS increases
jets

with the width — due to cuts on F7 and p%™,
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n the chirality of the couplings

Analysis and conclusions for 3rd generation

@ Bounds for scalar and vector very similar — no spin
effect.
o Mpy = 10 GeV, no width dependence even if the CS increases
with the width — due to cuts on E£7 and pjﬁts,
o Mpy = 500, 1000 GeV, NWA region not excluded but XQ with large
width excluded. Exclusion line follow the gradient of CS and

efficiencies.
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dt‘hF effects at detector level SOthh ampton

on the chirality of the couplings

Analysis and conclusions for 3rd generation

@ Bounds for scalar and vector very similar — no spin
effect.

o Mpy = 10 GeV, no width dependence even if the CS increases
jets

with the width — due to cuts on F7 and p%™,

o Mpy = 500, 1000 GeV, NWA region not excluded but XQ with large
width excluded. Exclusion line follow the gradient of CS and
efficiencies.

= Hypothesis made for experimental searches are
conservative because the signal CS generally increases
when the VLQ width becomes larger which makes the
bounds stronger. Yet this CS increase is sometimes
suppressed by the analysis cuts — possibility to have
stronger bounds on XQs with large width?
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No significant differences between chiralities for vector DM, onlys some
visible differences for scalar DM
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© Final states with first generation SM quarks
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Final states with first generation SM quarks S h
Dependence on the chirality of the Oth ampton

Important additionnal topologies

VLQs coupling to 1st generation SM quarks, possible final state is
DMu DM i, ie. 2j+ Fr.

Hugo Prager Production of extra quarks decaying to Dark Matter at the LHC beyond the Narrow Width Approximation



UNIVERSITY OF

Final states with first generation SM quarks a flects at. detecto i SOthhamptOn

Important additionnal topologies

VLQs coupling to 1st generation SM quarks, possible final state is
DMu DM &, ie. 2j+ Fr.
New topologies in the case of mixing with 1st generation

| ——€—PAAANAAA DV U——<— YA DM
TA u TA
AANAANAAA DV
TA a ua u
U —>—BAAAANAAS DM “_’_W‘m’<g
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Important additionnal topologies

VLQs coupling to 1st generation SM quarks, possible final state is
DMu DM &, ie. 2j+ Fr.
New topologies in the case of mixing with 1st generation

| ——€—PAAANAAA DV U——<— YA DM
TA u TA
AANAANAAA DV
TA a ua u
U —>—BAAAANAAS DM “_’_W‘m’<g

These topologies contribute to the signal and cannot be removed:

os affected, but not ox. Moreover these topologies contain collinear
divergences due to the gluon splitting — large increase of (05 — ox)/ox
— use of log plots
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Final states with first generation SM quarks | S h
B o Ll outhampton

Parton-level results for 1st generation

Log[l + (05 — 0x)/ox] plotted for an LHC energy of 13 TeV
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Final states with first generation SM quarks of SOUthampton

hirality of the couplin

No cancellation which makes o similar to ox for large width, only a
noticeable decrease of the CS ratio in similar regions that for 3rd
generation — cancellation of opposite effects + additional diagrams

Log[1+(05-0x)/0x] Moy = 1000 GeV
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L idth effects at detector level
Dependence on the chiralty of the couplings SOUthamPton

CheckMATE results for 1st generation

1376V combined searches
w|  Mow=1000 GeV
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Final states with first generation SM quarks Large width effects at detector level S h
Dependence on the chirality of the coupli outhampton

Combined plots (scalar DM)

Scalar DM Mow = 10 GeV Scalar DM Mow = 500 GeV. Scalar DM Mow = 1000 GeV.
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Final states with first generation SM quarks

Combined plots (vector DM)
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Final states with first generation SM quarks Large width effects at detector level S h
Dependence on the chirality of the couplings outhampton

Analysis and conclusions

@ Both scalar and vector DM bounds track the different
behaviours in the scaling of the CS; they scale in a
different way and the bound basically follows them.

Hugo Prager Production of extra quarks decaying to Dark Matter at the LHC beyond the Narrow Width Approximation



dth effects at parton level UNIVERSITY OF

Final states with first generation SM quarks | arge width effects at detector level S h
o ce on the chirality of the couplings OUt ampton

Analysis and conclusions

@ Both scalar and vector DM bounds track the different
behaviours in the scaling of the CS; they scale in a
different way and the bound basically follows them.

e Bounds always depend on the width, meaning that the
analysis cuts do not suppress the increase of the CS.
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Analysis and conclusions

@ Both scalar and vector DM bounds track the different
behaviours in the scaling of the CS; they scale in a
different way and the bound basically follows them.

@ Bounds always depend on the width, meaning that the
analysis cuts do not suppress the increase of the CS.

¢ Bounds do not depend on the spin in the NWA
because o5(Mz, NWA) = ox(M+, NWA) = ox(Mr)
leading to the same excluded value.
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Analysis and conclusions

@ Both scalar and vector DM bounds track the different
behaviours in the scaling of the CS; they scale in a
different way and the bound basically follows them.

e Bounds always depend on the width, meaning that the
analysis cuts do not suppress the increase of the CS.

¢ Bounds do not depend on the spin in the NWA
because o5(Mz, NWA) = ox(M+, NWA) = ox(Mr)
leading to the same excluded value.

= Hypothesis made by experimentalist conservative
since the bounds in the NWA are always weaker than the
ones for large width. But bounds could be much stronger
for large width, even reaching excluded values larger than
M+ = 2.5 TeV in some cases!
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Similar behaviour in all cases with a slightly stronger width dependence
for L coupling
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Exclusion limits shown in the T - DM (similar to ; - {9) mass plane for
N+ ~0, 20 and 40 % of M+

CheckMATE bounds @13 TeV. CheckMATE bounds @13 TeV CheckMATE bounds @13 TeV
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@ Shape of the exclusion lines similar to the SUSY ones in the NWA,
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Exclusion limits shown in the T - DM (similar to ; - {9) mass plane for

N+ ~0, 20 and 40 % of M+
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@ Shape of the exclusion lines similar to the SUSY ones in the NWA,

@ For large width, even the almost degenerate region is excluded,

Hugo Prager

Production of extra quarks decaying to Dark Matter at the LHC beyond the Narrow Width Approximation



Exclusion limits in the M — Mpp, plane

UNIVERSITY OF

Southampton
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Exclusion limits shown in the T - DM (similar to ; - {9) mass plane for

N+ ~0, 20 and 40 % of M+
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@ Shape of the exclusion lines similar to the SUSY ones in the NWA,
@ For large width, even the almost degenerate region is excluded,

@ The width dependence is much more important for 1st generation.
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Model with a XQ decaying to DM: What is the influence of the
width effects?

@ 3rd generation coupling
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Model with a XQ decaying to DM: What is the influence of the
width effects?
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@ no spin dependence and small width dependence on the exclusion
@ bound behaviour driven by the variation of the signal CS and
efficiencies

@ 1st generation coupling
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Model with a XQ decaying to DM: What is the influence of the
width effects?

@ 3rd generation coupling

@ no spin dependence and small width dependence on the exclusion
@ bound behaviour driven by the variation of the signal CS and
efficiencies

@ 1st generation coupling
@ massive increase of os due to additionnal topologies
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Conclusion

Model with a XQ decaying to DM: What is the influence of the
width effects?

@ 3rd generation coupling
@ no spin dependence and small width dependence on the exclusion
@ bound behaviour driven by the variation of the signal CS and
efficiencies

@ 1st generation coupling
@ massive increase of os due to additionnal topologies
@ important width and spin dependence of the bound due to
combination of CS and efficiencies effects
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Model with a XQ decaying to DM: What is the influence of the
width effects?

@ 3rd generation coupling
@ no spin dependence and small width dependence on the exclusion
@ bound behaviour driven by the variation of the signal CS and
efficiencies

@ 1st generation coupling
@ massive increase of os due to additionnal topologies
@ important width and spin dependence of the bound due to
combination of CS and efficiencies effects
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Conclusions

Conclusion

Model with a XQ decaying to DM: What is the influence of the
width effects?

@ 3rd generation coupling

@ no spin dependence and small width dependence on the exclusion
@ bound behaviour driven by the variation of the signal CS and
efficiencies

@ 1st generation coupling

@ massive increase of os due to additionnal topologies
@ important width and spin dependence of the bound due to
combination of CS and efficiencies effects

Thank you for your attention.
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Lagrangian for doublet DM

Interaction terms between doublet DM and the XQs coupling to first
generation quarks:

= u
L3 = [)\%BPL(d) + 2%, Pr d + (75)' Pr ”] 2pM
= u -
+ PRTP() +2% VioPrut (AR VPR d] T
Y = lethBy.pP(") + et Pr d + (gh) Pr u] V/;
2 = |8nbvuFL d + 82 YuPr d + (822) YuFR Ul Vi
— u yCy 1
+ [gu T’YuPL(d) + &% VPR u+ (g5) YuPr d] Vbm
where
e T, Band = (T B)T extra quarks,
° =(Xs;3 T)" and = (B Y_4/3)" new doublets

@ Ypy = (ST S2,)" if scalar oras Vpu = (VF V3,,)T.

= Non-minimal extension because of S*/V", X;/3 and Y_4/3
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Figure: Differential distributions along the bound for a T with mass M+ = 1100
GeV coupling to the top quark and scalar DM with mass Mpy = 10 GeV.
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Relic density

Value of the relic density driven by the
annihilation of two DM particles (cf diagrams). )\ apnpnaa—e—ag;
Value of Qpy computed numerically using
MadDM and compared to the experimental YQ
value

Qpy = 0.1198 £ 0.0026. DM NAANT——(;

@ Overabundant region excluded but not underabundant one if
multicomponent DM.

@ Only main contribution considered (cf diagram) — need to include
photon Bremsstrahlung?

IA. Ibarra et al., Sharp Gamma-ray Spectral Features from Scalar DM Annihilations
F. Giacchino et al., Bremsstrahlung and Gamma Ray Lines in 3 Scenarios of DM Annihilation
T. Toma, Internal Bremsstrahlung Signature of Real Scalar DM and Consistency with Thermal
Relic Density
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