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Introduction

o Existence of neveXtra-Quarks (XQs)besides the Standard Model
(SM) ones?! some predicted by BSM models.

@ Dark Matter (DM) missing in the SM di erent candidates
predicted by BSM models.

® Consider a simpli ed model where DM is scalar u=t

or vector produced through the decay of an

extra charged quark (XQ)New particles odd

under aZ, 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 ters
of limits on XQs (arXiv:1607.0205)

) Goal: From a model-independent analysis, we want to evaluate the
e ects of large width in the determination of the cross-section and
in the reinterpretation of bounds from experimental seash
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Interaction terms betweesinglet DM and the new quarks (coupling to
rst generation):

u
L? = YTPru+ §BPrd+ 2 P q SSy + hie:
u
LY = g4T Pru+gdB Prd+ gy PL Vo, + hic
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Lagrangian for singlet DM

Interaction terms betweesinglet DM and the new quarks (coupling to
rst generation):

u
Ly = UTPru+ 9BPrd+ n P q sy + hic:
u

LY = g4T Pru+gdB Prd+ gy PL Vo, + hic
where ; u/ d

o T,B, = 5 extra quarks,

T/ B
DM
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rst generation):
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Ly = UTPru+ 9BPrd+ n PL sy + hic:
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Lagrangian for singlet DM

Interaction terms betweesinglet DM and the new quarks (coupling to
rst generation):

u
Ly = UTPru+ 9BPrd+ n PL sy + hic:
u
LY = g4T Pru+gdB Prd+ gy PL Vo, + hic
where ; u/ d
o T,B, = 5 extra quarks,

e S3,, andVj,, are scalar and vector DM. T / B

DM

) Here we will only focus on VLQ singlet T.
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Observables and conventions

Consider two di erent processes leading to the same naltsta
DM DM ¢ q:
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Observables and conventions

Consider two di erent processes leading to the same naltsta

DM DM ¢ q:
@ QCD pair production and decay g t
of on-shell XQs t
«(Mg) % BR(Q) BR(Q) DM
T
AAYNAA DM
tA
9 000000 —<—t
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Observables and conventions

Consider two di erent processes leading to the same naltsta
DM DM ¢ q:

@ QCD pair production and decay g t
of on-shell XQs t
x(Mg)  3°2 BR(Q) BR(Q) DM
e Full signal: s(Mo; o) where all T
the topologies which contain at AAYNAA DM
least one XQ are taken into tA
account, including some which are 0 BT t

missing in the NWA.
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Observables and conventions

Consider two di erent processes leading to the same naltsta
DM DM ¢ q:

@ QCD pair production and decay g t
of on-shell XQs t
x(Mg)  3°2 BR(Q) BR(Q) DM
e Full signal: s(Mo; o) where all T
the topologies which contain at AAYNAA DM
least one XQ are taken into tA
account, including some which are 0 BT t

missing in the NWA.

) (s x)= x measures how much the full signal di ers from the
NWA one.
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Focus on XQs coupling to 1st and 3rd generation, nal statemsidered:
TT !f Shy Sou uu; Shy Sou tt: VEy Vou uu; Vo Viy ttg.

Analysis only interesting for

— srevozom mass values for which the
—— 13 TeV @ 100/fb .
0% o BTV 6 a0 number of nal events is larger
© NNLOwith HATHOR than 1! ideal practical validity

PDF MSTW2008nnlo68

of our results is limited to mass
values of around
@ 1500 GeV for LHC@8TeV,
@ 2500 GeV for LHC@13TeV
with 100/fb integrated
luminosity,
@ 2700 GeV for LHC@13TeV
with 300/fb integrated
luminosity.

1000+

# events

101

0.1r

. . \
200 500 1000 2000 5000
Mo [GeV]
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Monte Carlo analysis tools

@ VLQ singletT, scan over the parameters
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Monte Carlo analysis tools

@ VLQ singletT, scan over the parameters
o Mpwm + mg < M+ < 2500 GeV,
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Monte Carlo analysis tools

@ VLQ singletT, scan over the parameters
o Mpwm + mg < M+ < 2500 GeV,
¢ Mpm =10, 500, 1000 and 1500 GeV,
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Monte Carlo analysis tools

@ VLQ singletT, scan over the parameters
o Mpwm + mg < M+ < 2500 GeV,
o Mpy = 10, 500, 1000 and 1500 GeV,
e 0< =M1 < 40%

Hugo Prager Production of extra quarks decaying to Dark Matter at the LHC beyond the Narrow Width Approximation 5/20



Model and conventions . UNIVERSITY OF

Southampton

Monte Carlo analysis tools
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@ Model implemented ifFeynRules,
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Monte Carlo analysis tools

@ VLQ singletT, scan over the parameters
o Mpuw + mg < Mt < 2500 GeV,
o Mpy = 10, 500, 1000 and 1500 GeV,
e 0< =M1 < 40%

@ Model implemented ifFeynRules,
@ Results at partonic level are obtained usiMpdGraph5
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Monte Carlo analysis tools

@ VLQ singletT, scan over the parameters
o Mpuw + mg < Mt < 2500 GeV,
o Mpy = 10, 500, 1000 and 1500 GeV,
e 0< =M1 < 40%

@ Model implemented ifFeynRules,
@ Results at partonic level are obtained usiMpdGraph5

@ Hadronisation and parton showering done wiythia 8,
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Monte Carlo analysis tools

@ VLQ singletT, scan over the parameters
o Mpuw + mg < Mt < 2500 GeV,
o Mpy = 10, 500, 1000 and 1500 GeV,
e 0< =M1 < 40%

€

Model implemented ifFeynRules,
Results at partonic level are obtained usiMpdGraph5

[

Hadronisation and parton showering done wiitythia 8,
Emulation of detector e ects usingCheckMATE 2 .

¢ ¢
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Model implemented ifFeynRules,
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Emulation of detector e ects usingCheckMATE 2 .

¢ ¢

[

Important analysis:

Hugo Prager Production of extra quarks decaying to Dark Matter at the LHC beyond the Narrow Width Approximation 5/20



Model and conventions UNIVERSITY OF

Southampton

Monte Carlo analysis tools

@ VLQ singletT, scan over the parameters
o Mpmw + mg < My < 2500 GeV,
o Mpy = 10, 500, 1000 and 1500 GeV,
e 0< =M1 < 40%

€

Model implemented ifFeynRules,
Results at partonic level are obtained usiMpdGraph5

[

Hadronisation and parton showering done wiitythia 8,
Emulation of detector e ects usingCheckMATE 2 .

¢ ¢

[

Important analysis:
o ATLAS 1604.07773 a search for new phenomena in nal states with
an energetic jet and large missingr,
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@ VLQ singletT, scan over the parameters
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Important analysis:
o ATLAS 1604.07773 a search for new phenomena in nal states with
an energetic jet and large missingr,
o ATLAS 1605.03814 a search for squarks and gluinos in nal states
containing hadronic jets, missingpr but no electrons or muons,
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Monte Carlo analysis tools

@ VLQ singletT, scan over the parameters
o Mpmw + mg < My < 2500 GeV,
o Mpy = 10, 500, 1000 and 1500 GeV,
e 0< =M1 < 40%

€

Model implemented ifFeynRules,
Results at partonic level are obtained usiMpdGraph5

[

Hadronisation and parton showering done wiitythia 8,
Emulation of detector e ects usingCheckMATE 2 .

¢ ¢

[

Important analysis:
o ATLAS 1604.07773 a search for new phenomena in nal states with
an energetic jet and large missingr,
o ATLAS 1605.03814 a search for squarks and gluinos in nal states
containing hadronic jets, missingpr but no electrons or muons,
o ATLAS-CONF-2016-05Q a search for the stop in nal states with
one isolated electron or muon, jets, and missingy .
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Final states with third generation SM quarks Large width e ects at parton level SOthhamptOn

Larg h e ects at detector level

Parton-level results for 3rd generation

Final statett + DM DM, i.e. tt + Er.
(s x)= x plotted for 13 TeV (results at 8 TeV are analogous).

(s X x Mpm = 500 GeV 13 TeV
<@ o o W Scalar DM
o x s in the NWA,
b oz \ \ \ @ x. swhen ¢
30 . .
04 increases, especially when
0.2
| Mt ' Mpm + my
i o (threshold e ect),
= 20|
1 e Mt ' 1000 GeV:
il cancellation of e ects which
T . makes x s even for
10
-0 large values of .
0
1000 1500 2000 2500
Mr [GeV]
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Parton-level results for 3rd generation

Mo = 1000 Gey

Mo = 1500 Gey.
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Mo = 1500 Gey.

Moy = 1000 Gey.
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Main conclusions:
@ O -shell contributions negligible in the NWA.
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Main conclusions:
@ O -shell contributions negligible in the NWA.

@ O -shell contributions more relevant wheny increases, especially
when close to the kinematic threshold.
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Large width e ects at parton level Othhampton

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

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

@ Cancellation which makes x similar to s even for large values of
the width.
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Main conclusions:
@ O -shell contributions negligible in the NWA.

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

@ Cancellation which makes x similar to s even for large values of

the width.
Normalized Missing Transverse Energy Normalized Transverse momentum of t
E 10
]
wie” b

AL B L L B AL

| TR TR T P B U S B B
700300 600 800 1000 1200 1400 1600 1800 5000 700300 600 800 1000 1200 1400 1600 1800 5000
£ [GeV] b, [GeV]

Di erential distributions along the cancellation line fora scalar (vector) DM,
Mpwm = 1000 GeV (10 GeV) andMt = 2000 GeV (400 GeV) on the left
(right), for di erent values of =M.
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CheckMATE results for 3rd generation

Bounds obtained with CheckMATE using all the 13 TeV searches

available
40 T
13TeV combined searches
|
30

M1 (%)
N
o

10|

500 1000 1500 2000 2500
My [GeV]
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CheckMATE results for 3rd generation

Bounds obtained with CheckMATE using all the 13 TeV searches

available
40, T
‘ Mpwm = 10 GeV/
\ @ Bounds for scalar and
30 vector very similar,
S
> 20
=
10
o\
500 1000 1500 2000 2500

M [GeV]
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CheckMATE results for 3rd generation

Bounds obtained with CheckMATE using all the 13 TeV searches

available
40

@ Bounds for scalar and
30 vector very similar,

@ Boundsindependent on
the width ,

M1 (%)
N
o

10|

500 1000 1500 2000 2500
M [GeV]
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Final states with third generation SM quarks

CheckMATE results for 3rd generation

Bounds obtained with CheckMATE using all the 13 TeV searches

available
40,

@ Bounds for scalar and
20 vector very similar,

@ Boundsindependent on
the width ,

@ Point in the bottom left
corner not excluded, with
ax 0! inuence of the
top background.

M1 (%)
N
o

10|

500 1000 1500 2000 2500
M [GeV]
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CheckMATE results for 3rd generation

500 1000 1500 2000 2500 1000 1500 2000 2500
M [GeV] M [GeV]
I
30 | 30
= |/ =
S g
<20 <20
H H
10 10
o o
1200 1400 1600 1800 2000 2200 2400 1800 2000 2200 2400
My [GeV] Mr [GeV]
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Final states with third generation SM quarks
Large width e ects at detector level

Combined plots

Moy = 1000 Gev

Moy = 10 Gev. Moy =500 Gev
A oz
0a
04%8
o
01
o 0 o
000 500 2000 = 20 10 Teoo 1800 2000 2200 2400
tor DM Moy = 1000 Gev
0 o2
0
03
i 04
o3 o
4
o 05
o
2 q o o 0
1000 1500 2000 250 1200 140 1600 1800 2000 2200 2400
M (Gev) Wy [Gev)

i [Gev)
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Analysis and conclusions for 3rd generation

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

@ Bounds for scalar and vector very similar no spin e ect .

o Mpy = 10 GeV, no width dependence even if the CS ratio
becomes much larger when the width increase seems to be due to
a combination of di erent cuts )
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Analysis and conclusions for 3rd generation

@ Bounds for scalar and vector very similar no spin e ect .
o Mpy = 10 GeV, no width dependence even if the CS ratio
becomes much larger when the width increase seems to be due to
a combination of di erent cuts )
o Mpy =500, 1000 GeV, NWA region not excluded but XQ with large
width excluded. Exclusion line follow the gradient of CS ratio and
avoid the regions where the ratio is negative.
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Analysis and conclusions for 3rd generation

@ Bounds for scalar and vector very similar no spin e ect .

o Mpy = 10 GeV, no width dependence even if the CS ratio
becomes much larger when the width increase seems to be due to
a combination of di erent cuts )

o Mpy =500, 1000 GeV, NWA region not excluded but XQ with large
width excluded. Exclusion line follow the gradient of CS ratio and
avoid the regions where the ratio is negative.

o Mpy = 1500 GeV, nothing is excluded.
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Analysis and conclusions for 3rd generation

@ Bounds for scalar and vector very similar no spin e ect .

o Mpy = 10 GeV, no width dependence even if the CS ratio
becomes much larger when the width increase seems to be due to
a combination of di erent cuts )

o Mpy =500, 1000 GeV, NWA region not excluded but XQ with large
width excluded. Exclusion line follow the gradient of CS ratio and
avoid the regions where the ratio is negative.

o Mpy = 1500 GeV, nothing is excluded.

) Hypothesis made for experimental searches are conservative
because the signal cross section generally increases wWigek1tQ
width becomes larger which makes the bounds stronger. Yt @S
increase is sometimes suppressed by the analysis! cuppssibility
to have stronger bounds on XQs with large width?
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Large width e ects at parton level h
Final states with rst generation SM quarks Lg,g h e ects at ‘l;mgmm level SOL“: ampton

Important additionnal topologies

VLQs coupling to 1st generation SM quarks, possible naltstés
DMu DM u, i.e. 2j + Ey.
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Large width e ects at parton level h
Final states with rst generation SM quarks L;;”g h e ects at t\g[@mm level SOth ampton

Important additionnal topologies

VLQs coupling to 1st generation SM quarks, possible naltstés
DMuDMu, i.e. 2j + Ey.
New topologies in the case of mixing with 1st generation
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Large width e ects at parton level
Final states with rst generation SM quarks Larg h e ects at detector level

Important additionnal topologies

VLQs coupling to 1st generation SM quarks, possible naltstés
DMuDMu, i.e. 2j + Ey.
New topologies in the case of mixing with 1st generation

These topologies contribute to the signal and cannot be reeuh

s aected, but not x. Moreover these topologies contain collinear
divergences due to the gluon splitting large increase of (s x)= x
I use of log plots
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Final states with rst generation SM quarks Large width e ects at detector level

Parton-level results for 1st generation

Log[l+( s x)= x] plotted for an LHC energy of 13 TeV

S0 i Mo = 1000 Gov

@ s in the NWA
@ s when 1 increased due to the additional diagrams
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Li vel

Final states with rst generation SM quarks

No cancellation of e ects which makess similar to x for large width,
only a noticeable decrease of the CS ratio in regions that\ae/ similar
to the ones observed for 3rd generatibn cancellation of opposite

e ects + additional diagrams

o = 10Gov L o = 500 Go

Mo = 1000 Gey.
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CheckMATE results for 1st generation

10 | T 10
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500 1000 1500 2000 2500 500 1000 1500 2000 2500
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£ 20
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1000 1200 1400 1600 1800 2000 2200 2400 1600 1800 2000 2200 2400
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Large width e ects at parton leve
Final states with rst generation SM quarks Large width e ects at detector level

Combined plots

Mo = 1000 Gev.

Important di erences with 3rd generationbounds have an important
width dependence, and they arequite di erent for scalar and vector
DM, apart from in the NWA region.
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Large width e ects at parton level
Final states with rst generation SM quarks Large Wldlh e ects at detector \evel

Analysis and conclusions

@ Both scalar and vector DM boundsack the di erent behaviours
in the scaling of the CS ratios ; these ratios scale in a di erent
way and the bound basically follows them.
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Analysis and conclusions

@ Both scalar and vector DM boundsack the di erent behaviours
in the scaling of the CS ratios ; these ratios scale in a di erent
way and the bound basically follows them.

@ Boundsalways depend on the width, meaning that the analysis
cuts do not suppress the increase of the CSdue to additionnal
diagrams that are less impacted by these cutgo(k in progresk
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@ Both scalar and vector DM boundsack the di erent behaviours
in the scaling of the CS ratios ; these ratios scale in a di erent
way and the bound basically follows them.

@ Boundsalways depend on the width, meaning that the analysis
cuts do not suppress the increase of the CSdue to additionnal
diagrams that are less impacted by these cutgo(k in progresk

@ Bounds do not depend on the spin in the NWA because

s(M7;NWA) = x(M1;NWA) = x(Mr7) leading to the same
excluded value.

) Hypothesis made by experimentalist conservative since the
bounds in the NWA are always weaker than the ones for largefwid
But bounds could be much stronger for large width, even reéagh
excluded values larger thavi = 2:5 TeV in some cases!
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@ Exclusion linesimilar to the SUSY ones in the NWA,
e For large width, even the@lmost degenerate region is excluded,
@ The width dependence is more important for 1st generation.
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that are not suppresses by the analysis cuts
Further studies:
@ understand the origin of the threshold e ect,

@ understand which cuts reduce the width-dependence for a @ing with
3rd generation.

@ ongoing similar study with XQ decaying to SM particles insé&l of DM
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Lagrangian for doublet DM

Interaction terms betweenloublet DM and the XQs coupling to rst
generation quarks:

LS = " ngPLs + % Prd+( %)° Pr UI_DM
LY = obB PL: + 95 Pr d +(g5)° Pru Vou
c T R U gl Peur( o Pad
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Conclusions

Lagrangian for doublet DM

Interaction terms betweenloublet DM and the XQs coupling to rst
generation quarks:

LS = " 48P, 3 + & Prd+( )0 PR " om
" :gZTPL;‘ + Y PrU( D)° Prd Bu
LY = gbB P : + 9%, Prd+(g5)° Pr UI Vom
c T R U gl Peur( o Pad
where
e T,B and =(T B)T extra quarks,
° =(Xs=3 T)T and =(B Y 4=3)" new doublets

e py =(S* SY,)" if scalaror asvpy = (V' VI,)T.
) Non-minimal extension because of S*=V*, Xs3 and Y 4=3
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Conclusions

Relic density

Value of therelic density driven by the

annihilation of two DM particles (cf diagrams). 51 aaswns

Value of py computednumericallyusing
MadDM and compared to the experimental
value

pm =0:1198 0:0026
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Conclusions

Relic density

Value of therelic density driven by the

annihilation of two DM particles (cf diagrams). 5y, aswns

Value of pv computednumericallyusing
MadDM and compared to the experimental
value

pm =0:1198 0:0026

\

—<—

[ Q

DM oN"AAAY

—>— 0

@ Overabundant regiomxcludedbut not underabundant one if

multicomponent DM.

@ Only main contribution considered (cf diagranh) need to include

photon Bremsstrahluntp

1A Ibarra et al., Sharp Gamma-ray Spectral Features from Schar DM Annihilations
F. Giacchino et al., Bremsstrahlung and Gamma Ray Lines in 3 &narios of DM Annihilation
T. Toma, Internal Bremsstrahlung Signature of Real Scalar DM and Consistency with Thermal

Relic Density
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