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Introduction

@ Vector-like quark (VLQ): particular kind of quarks that are predicted
by many scenarios beyond the Standard Model (SM) in different
numbers and types:
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Introduction

@ Vector-like quark (VLQ): particular kind of quarks that are predicted
by many scenarios beyond the Standard Model (SM) in different
numbers and types:

Warped or universal extra-dimensions:

KK excitations of bulk fields

Composite Higgs models:

VLQ appear as excited resonances of the bounded states which form SM particles
Little Higgs models:

partners of SM fermions in larger group representations which ensure the cancellation of
divergent loops

Non-minimal SUSY extensions:

VLQs increase corrections to Higgs mass without affecting EWPT

@ Goal: From a model-independent analysis, we want to obtain
constraints on a general model featuring one or several VLQs.
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@ Introduction to vector-like quarks
@ Presentation of VLQ
@ Phenomenology of VLQ

@ Visible decay
@ The XQCAT program
@ Study of the interferences
@ Offshellness analysis

e Invisible decay (preliminary results)
@ Presentation of the project
@ Relic density
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Vector-like quark (VLQ)

Definition

A vector-like quark (VLQ) is a quark whose left- and right-handed
chiralities belong to the same representation of the symmetry group G of
the underlying theory. For the Standard Model (SM),

G =SUB)c®@SU(2)L®U(1)y.
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Vector-like quark (VLQ)

Definition

A vector-like quark (VLQ) is a quark whose left- and right-handed
chiralities belong to the same representation of the symmetry group G of
the underlying theory. For the Standard Model (SM),

G =SUB)c®@SU(2)L®U(1)y.

For VLQs, we have both left-handed and right-handed charged currents
=T I =UyMd + Urydr = Ty d = V

while for the SM chiral quarks we only have left-handed charged currents

JT = Tytd, = y*(1 =¥S)d =V - A
L

+ i
ST =J"+ S wnh{ S0
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Moreover, since a 4th generation of chiral quarks is excluded at 4.80 by
LHC Higgs data ([1209.1101]), searches for VLQs will acquire high
priorities experimentally.

pp— H =y fitter

4th Gen

19.35

pp— H —WW
0.45

pp—H—Z7Z
0.15]

pp— H — bb
7.08]

pp — H — bb
0.33]

pp— H =717
10.85

—2 -1 414243 +4 A
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@ Introduction to vector-like quarks

@ Phenomenology of VLQ
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Quantum numbers

SM quarks Singlets Doublets Triplets

X\(T

el | me | GEIE) ||z

(d s)\b 7)\BJ\Y slly
q =2

SU(2). o = 1 1 2 3

Yo =1/6

Y Y, =2/3 2/3 -1/3 | 7/6 1/6 -5/6 | 2/3 -1/3
Yo, = -1/3

Zm forbidden’ —Miy -Mgy -Myy

"The Higgs mechanism is needed.
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Visible and invisible decays

Two kinds of model:

@ VLQ decaying to visible particles: the possibilities of decay for a VLQ
T are Z u;, Hu; and W d.

qsm qsm qsm
Q VL % Q‘ L _)_6 Q‘ L _)_\/
W Z S~
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Visible and invisible decays

Two kinds of model:
@ VLQ decaying to visible particles: the possibilities of decay for a VLQ
T are Z u;, Hu; and W d.

qsm qsm qsm
Qu% % _>_/

@ VLQ decaying to invisible particles (Dark Matter): the only possibility
of decay for a VLQ T is y u;, where y is a DM particle (scalar or
vector) made stable by a Z, symmetry imposed to the Lagrangian.

qsm qsm
VL+/ QVL %
~Sowm Vowm
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@ Visible decay
@ The XQCAT program
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Presentation of the project

XQCAT in a nutshell

XQCAT = eXtra Quark Combined Analysis Tool
https://launchpad.net/xqcat

1) D. Barducci, A. Belyaev, M. Buchkremer, G. Cacciapaglia, A. Deandrea, S. De Curtis, J. Marrouche S. Moretti and LP, Mode!

a for Analysis of Scenarios with Multiple Heavy Extra Quarks, arXiv:1405.0737 [hep-ph] (submitted to JHEP)
2) D. Barducci, A. Belyaev, M. Buchkremer, J. Marrouche, S. Moretti and LP, XQCAT: eXtra Quark Combined Analysis Tool,
arXiv:1409.3116 [hep-ph] (to be submitted to CPC)

INPUT
A Pre-simulated
o s DATABASE OF EFFICIENCIES
o Branching ratios to SM states per bin, per mass, per channel

For cach implemented search

o Dominant chirality of couplings to SM (ATLAS, CMS)

For each heavy quark /

CROSS-SECTIONS
WEIGHTED WITH EFFICIENCIES AND BRs
and thercfore
NUMBER OF SIGNAL EVENTS
For each implemented search

OouTPUT

Exclusion confidence level

eCL=1-CL,

For cach implemented search
or for searches in combination &
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Visible decay

First results of XQCAT: 1

but with different mixing structure

BR(Zq) = BR(Hg) = 25%  BR(Wgq) = 50%

T singlet mixing with 3 generation T singlet mixing with 1% generation
1‘, ~af— exp. bound @ 20 20 l 777777777777777777777777777777777777777777 ]
0.8- 0.8 1
0.6f 06 ~
e—e B2G-12-015
Q' 0.4f g’ 0.4 SUSY comb. | ]

0.2

| B2G-12-015 eCL range | [ B2G-12-015 eCL range |

'SUSY combination eCL range_| [ [ 'SUSY combination eCL range_|

400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
My [GeV] Mr [GeV]

0.2r

@ Stronger bounds when mixing with 3rd generation.
@ Mixing with light generation: SUSY searches are more sensitive than direct searches.

Hugo Prager Model-independent study of vector-like quarks scenarios 7/14



ar

ul
Visible decay dy of the interferences

@ Visible decay

@ Study of the interferences

Hugo Prager Model-independent study of vector-like quarks scenarios 7/14



The XQCAT program UNIVERSITY OF

Visible decay dy of the interferences Southampton

Estimation of the interference

@ Model with two VLQs T; and T»
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Estimation of the interference

Model with two VLQs T; and T,

We have T; Ty —» Wb W~b butalso T,T, > Wb W~b.

Cross section: o o< (Ar, + Ar,)? o« Az + A3, + 2 Re(Ar, AL,
—_— ———— —_—

o1+0o2 interference term

How to estimate the value of the interference term?

We can show using the narrow-width approximation (NWA) that

2
o« g,.2+g;?_< gP?P?*) , i.e. that the cross section is proportional to
the squared couplings times the integral of the BW propagators.
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Estimation of the interference

Model with two VLQs T; and T,

We have T; Ty —» Wb W~b butalso T,T, > Wb W~b.

Cross section: o o< (Ar, + Ar,)? o« Az + A3, + 2 Re(Ar, AL,
—_— ———— —_—

o1+0o2 interference term

How to estimate the value of the interference term?

We can show using the narrow-width approximation (NWA) that

2
o« g,.2+g;?_< gP?P?*) , i.e. that the cross section is proportional to
the squared couplings times the integral of the BW propagators.

5 2
= Ansatz: o « 2¢1,91-g2+ g2 Re {(f dziﬂSD?Pg*) }
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Offshellne: S

Interference plot

pp—»W*bZT m;=300 GeV NWF=0.01

1.0 ‘
P
0.5¢ /,o“ 1
e
] /,/’
D 00 7 ]
rd /
~0.5} e '
~
~1.0 ‘ ‘ ‘
-1.0 -05 0.0 0.5 1.0
K12

> 2
o 201101-02-92 Re {(f “Ziﬂp?pg*) }
_ int - B
F12*0'1+0'2_ > o FEPRY: > - g 0*27,(12
ool (JSPP) + &g ([ SPere)

Hugo Prager Model-independent study of vector-like quarks scenarios 9/14



The XQCAT program UNIVERSITY OF

Visible decay dy of the interferences Southampton

Offshellne: S

Limits of our ansatz

pp—W*bZt  my =1000 GeV m,, =1001 GeV
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Interference effects cannot be well-treated for large /M — let’s explore in
a quantitative way the deviations from NWA.
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@ Considering a general model featuring a T singlet decaying into
visible particles (BR = 100 % on the chosen channel).
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@ Considering a general model featuring a T singlet decaying into
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@ Considering a general model featuring a T singlet decaying into
visible particles (BR = 100 % on the chosen channel).

E=8Tev ot~ Opeoa)l 0 SHE

@ Wb and Zt channels: the offshell contribution is more important when
'/Mis large.
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Visible decay

@ Considering a general model featuring a T singlet decaying into
visible particles (BR = 100 % on the chosen channel).

E=8Tev t E=8Te

@ Wb and Zt channels: the offshell contribution is more important when
'/Mis large.

@ Ht channel: different behaviour due to the fact that the coupling to the
Higgs is proportional to the mass My — study of the differential
distributions needed.
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Global project

@ Goal: build a XQCATDM program to get exclusion confidence level
for scenarios featuring VLQ decaying to DM.

Hugo Prager Model-independent study of vector-like quarks scenarios 12/14



UNIVERSITY OF

Presentation of the project Sout hampton

Invisible decay (preliminary results) Relic density

Global project

@ Goal: build a XQCATDM program to get exclusion confidence level
for scenarios featuring VLQ decaying to DM.

o same features than XQCAT for the LHC constraints,

Hugo Prager Model-independent study of vector-like quarks scenarios

12/14



UNIVERSITY OF

Presentation of the project Sout hampton

Invisible decay (preliminary results) Relic density

Global project

@ Goal: build a XQCATDM program to get exclusion confidence level
for scenarios featuring VLQ decaying to DM.

e same features than XQCAT for the LHC constraints,
e cosmological constraints coming from relic density calculation,

Hugo Prager Model-independent study of vector-like quarks scenarios

12/14



UNIVERSITY OF
Presentation of the project Sout hampton

Invisible decay (preliminary results) Relic density

Global project

@ Goal: build a XQCATDM program to get exclusion confidence level
for scenarios featuring VLQ decaying to DM.
e same features than XQCAT for the LHC constraints,
e cosmological constraints coming from relic density calculation,
@ similar analysis to perform: interference and offshellness effects
(ongoing work)
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Invisible decay (preliminary results) Relic density

Global project

@ Goal: build a XQCATDM program to get exclusion confidence level
for scenarios featuring VLQ decaying to DM.
e same features than XQCAT for the LHC constraints,
e cosmological constraints coming from relic density calculation,
@ similar analysis to perform: interference and offshellness effects
(ongoing work)
@ Interesting analogy with SUSY searches (same final state)

Decay into Dark Matter and top quarks

P 7 ~~<_
t

Heavy quark signal SUSY signal

If a signal is observed, it may be possible to distinguish a VLQ signal from a
SUSY signal from the different kinematics of the events!
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e Invisible decay (preliminary results)

@ Relic density
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By computing the relic density of DM in a model featuringa VLQ T
decaying to a scalar DM particle we can impose strong constraints on the
value of the masses and coupling.

1
Qpm ~ ———
<ov>

Opm K=5 [preliminary results]

Mpm 150 F

145}

200 400 600 800 1000 1200
Mt

These preliminary results still have to be checked using micrOMEGASs.
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Conclusion

@ We considered general models featuring VLQ in a
model-independent way.
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o We already have the XQCAT program which allows us to impose LHC
constraints on a model.
o In the case of model featuring several VLQ, the interference effects can
have a crucial importance.
o XQCAT results are only valid in the NWA so we have to take the
offshellness effects into account when the width become large.

@ For VLQ decaying to invisible particles (DM)
e We can build XQCATDM the same way than XQCAT to impose LHC
constraints on a model, and we will have to consider carefully the
offshellness and interference effects (especially for large widths).
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o In the case of model featuring several VLQ, the interference effects can
have a crucial importance.
o XQCAT results are only valid in the NWA so we have to take the
offshellness effects into account when the width become large.

@ For VLQ decaying to invisible particles (DM)

e We can build XQCATDM the same way than XQCAT to impose LHC
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Conclusion

@ We considered general models featuring VLQ in a
model-independent way.

@ For VLQ decaying to visible particles
o We already have the XQCAT program which allows us to impose LHC
constraints on a model.
o In the case of model featuring several VLQ, the interference effects can
have a crucial importance.
o XQCAT results are only valid in the NWA so we have to take the
offshellness effects into account when the width become large.

@ For VLQ decaying to invisible particles (DM)

e We can build XQCATDM the same way than XQCAT to impose LHC
constraints on a model, and we will have to consider carefully the
offshellness and interference effects (especially for large widths).

e For this kind of models the cosmological constraints can put strong
restrictions on the free parameters.

e It may be possible to distinguish the origin of a signal by studying the
kinematics of the event.
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Thank you for your attention.
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Backup slides
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Dimension of representation

@ Minimal extension of the SM with only one VLQ Q

Hugo Prager Model-independent study of vector-like quarks scenarios 16/14



UNIVERSITY OF

Presentation of the pro} Southampton

Invisible decay (preliminary results) Relic
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@ Minimal extension of the SM with only one VLQ Q
@ Yukawa coupling between a SM-quark g and Q: Ly = -yqHQ + h.c
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@ The Lagrangian is a scalar and so a singlet of G
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Invisible decay (preliminary results)

Dimension of representation

@ Minimal extension of the SM with only one VLQ Q
@ Yukawa coupling between a SM-quark g and Q: Ly = -yqHQ + h.c
@ The Lagrangian is a scalar and so a singlet of G

= qHQ is a singlet

Hugo Prager Model-independent study of vector-like quarks scenarios 16/14



Pre ion of the project

Invisible decay (preliminary results) Relic density

In term of representation of SU(2), we have

Q@ reHRQ=120n=10...

or

Q@ g eHeQ=2020n=1o...
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In term of representation of SU(2), we have

Q@ reHRQ=120n=10...
or

Q@ g eHeQ=2020n=1o...

@ 1stcase:n=2
@ 2ndcase:n=1orn=3

= Q can only be a singlet, a doublet or a triplet.
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Invisible decay (preliminary results)

In term of representation of SU(2), we have

Q@ reHRQ=120n=10...
or

Q@ g eHeQ=2020n=1o...

@ 1stcase:n=2
@ 2ndcase:n=1orn=3

= Q can only be a singlet, a doublet or a triplet.

Remark: We can also have higher representations for VLQs by
considering model with more than one VLQ.
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Validation of XQCAT: 1 T singlet

Validation plots: T mixing only with 3™ generation

95% T Quark Mass Limit 95% T Quark Mass Limit 95% T Quark Mass Limit

10 XQCAT 10 Difference 10 Experimental results
implementation of ! g 12—
S e \ XQCAT-Exp. values CMS B2G-12-015

0.8 0.8 0.8
V5 =8TeV, L=19.5M™
T mixing only with 3 gen

0.6 -0, 0.6

V5 =8TeV, L=19.5M™

V5 =8TeV, L=19.5M™
T mixing only with 3" gen

T mixing only with 3 gen

0.6

Br(Ht)
Br(Ht)
Br(Ht)

0.4} 0.4} -50 h 0.4}

0.2, 0.2 0.2
0.0t 0.01 0.01
0.0 0.2 0.4 0.6 0.8 10 0.0 b 0.4 0.0 0.2 04 0.6 0.8 10

Br(Wh) Br(Wh) Br(Wh)

We reproduce CMS 95 % CL bounds within 50-60 GeV
in the whole BR range

Hugo Prager Model-independent study of vector-like quarks scenarios 18/14



UNIVERSITY OF

- j Southampton
Invisible decay (preliminary results)

Presentation of the NWA

The Narrow-Width Approximation (NWA) allows us to simplify the
computation of complex processes — very useful and used in theoretical
physics.

Basic idea: factorise the whole process into the on-shell production and
the subsequent decay
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Proof of the NWA
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Proof of the NWA

M=Me e —ve —mir

M = IMpP

2
(@ Y + (i
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Invisible decay (preliminary results)

Proof of the NWA

M=Me e —ve —mir

1|2 2 1 2
M = IMe| (g2 — M2)2 + (M )2 Mol

With o = 1 [do|M[, do = ddp “Lddp and our approximation
q? — M?), we find

1 b
@R Ty 1O
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Proof of the NWA

M=Me e —ve —mir

1|2 2 1 2
M = IMe| (g2 — M2)2 + (M )2 Mol

With o = 1 [do|M[, do = ddp “Lddp and our approximation
q? — M?), we find

1 b
@R Ty 1O

r
O'ZO'P'?DZO'P‘BR
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Generalisation

+ crossed

2 to 4 processes with fermionic propagators.
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Comparison VLQ-SUSY [preliminary results]

Simulation of the process pp — tt + &£ mediated by pair-produced T or .
Both signals processed through CheckMATE on a set of ATLAS searches
with missing transverse energy in the final state.

One of the searches has a veto on leptons with pr larger than 10 GeV
Normalised Leading lepton P,

—viaT,
viaT,

8
i

my ;3 = 600GeV
Mgy, /xo = 10GeV

CheckMATE results: the SUSY point is excluded, but not the VLQ point!
The preliminary results looks promising.
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