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Introduction

@ Vector-like quarks (VLQs) are predicted in many BSM theories like
the little Higgs models, extra dimensions, composite Higgs models,
non-minimal SUSY extensions.
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Introduction

@ Vector-like quarks (VLQs) are predicted in many BSM theories like
the little Higgs models, extra dimensions, composite Higgs models,
non-minimal SUSY extensions.

@ Goal: To determine the importance of off-shell contributions
and interference effects for the pair production of VLQs at the
LHC, allowing for higher accuracy when interpreting experimental
results.
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Chiralit& and Gauge

@ For a particle in spinor representation ¢, the left and right handed
components are given by :

d=0r+ ¢ =Pro+PL.

Where the projection operators are defined as:

1 5 1_5
*7 and P, = y.

Pr=—3 2

@ A fermion is defined vector-like (VL) under a specific group G if its
left and right-handed projections belong to the same
representation of such a gauge group. For the SM :

G =SU@B)c®SU(2)L® U(1)y
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Charge Current Example

@ Examining the charge current Lagrangian
L= %(jf” Wi + " W,), SM fermions are in agreement with
empirically observed (V — A) structure of the weak interaction if they
only have left-handed charge currents:

- S (1=95
jﬂ+=jf+=tL’yﬂbL=t’)/'U( 2y )b

@ Whereas a VLQ has both left-handed and right-handed
projections transform identically under the SM SU(2) gauge

groups resulting in the charge currents having only a vector
component (V):

j,u+=jll+ jll+_-l-y(1 5 )B T’}/'u( )b T’}/'uB
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Symmefry

@ For the SM the left-handed component is a doublet and the
right-handed component is a singlet of SU(2),

@ With the addition of a single VLQ Q to the model, which is
coupled to the SM quarks g through a Yukawa coupling y, the
scalar Lagrangian can be defined as:

Ly =-yqHQ + h.c.
@ This can be represented in terms of SU(2), by
Gr®H®Q=102®n=1&.. n=2,whichis adoublet

geoH®Q=2029n=1®.. n=1or3,singlet or triplet
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Phenomenology of VLQs

Processes: NWA, ox

In the Narrow Width Approximation (NWA) the production and decay of
the heavy quarks can be separated and factorised.

@ This allows us to simplify the computation of complex processes.
@ Cross-section for this process involving pair-production of VLQs:

ox = 2-2BRQBR) |
@ Where 02,2 only considers the QCD topologies.
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Processes: Pair Production op

QCD pair production and decay of VLQs, but without imposing the
on-shell condition, provides a better description in large width regions.

4

@ The cross-section for this process, labeled op, is equivalent to ox
in the NWA region.

@ Production and decays are not factorised.
@ Includes spin correlation between g, g branches unlike o x.
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Processes: Full Signal og

Full signal cross-section o,

@ All topologies with at least one VLQ propagator are considered in
the full signal including pair production topologies.

9 T y————— b

9 TOO000000———— b~
@ So these diagrams also contribute to the cross-section o g, which
again in the NWA region has the same value as o.

@ This is the only truly physical processes, unlike the last
processes mentioned which are used as benchmarks of what
experimentalists use in MCs.
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Phenomenology of VLQs

Processes: Background and Total Signal, og and o1

SM irreducible background o,

@ This process includes all 2 — 4 topologies which do not include
any VLQ propagators.

Total process cross-section o7,

@ This process accounts for the full signal, SM background and
interference terms.

0T =05 + 0B + Tinterference
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Observables

Observables considered to determine the large width effects on the
cross-section:

e 22X Quantifies the pure off-shell contributions to the pair
productlon and decay of VLQs.

@ “2-2X Measuring both the off-shell and sub-leading contributions
from topologies with at least one VLQ propagator.

° % Correction factor to apply to obtain full cross-section with
pair production in the NWA and SM background considered
independently.

o Il7s*%8) Measuring the size of the interference effects between

os+0B

S|gnal and SM background.
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Channels

All channels in which the VL-Top and its anti-particle T, T can decay
is shown by the following matrix:

WdWd WdZu WdHu | WdWs WdZe WdHE | WaWb  WdZt  WdHt
ZuWwd = ZuZu ZuHo | ZuWs ZuZé WdHe | Zuwb  ZuZt  ZuHt
Huwd HuZu | HuHo | HUWs HuZé WdHe | HuWb  HuZt  HuH?t
WsWd WsZi WsHu | WsWs  WsZe WdHE | WsWb  WsZt  WsHE
ZcWd  ZcZu  ZeHo | ZcWs  ZeZé WdHE | ZeWb  ZcZt ZcHt
HcWd  HeZu  HcHu | HcWs HcZeé WdHE | HcWb  HeZt  HcHt
WbWd WbZi WbHL | WoWs WbZe WdHE | WoWb WbZt  WbHE
ZtWd  Ztzo  ZtHo | ZtWs  ZtZé WdHc | ZtWb — ZtZt  ZtHt
HtWd  HiZo  HtHU | HtWS  HiZeé WdHE | HtWb  HtZt = HitHt

In our research we have considered the top left and bottom right quadrants of this
matrix, which correspond to T quark only interacting with the first or third
generation.
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Phenomenological Relevance
h Results

Fir atior Cuts

Number of events

This analysis is only of interest for a VLQ mass range when the predicted
number of events is larger than 1. In reality 10 or more would be ideal.
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Third Generation Results

QCD pa»ir production and decay of VLQs,

op—0x
0 X

@ As expected for a small width the off-shell contributions are
negligible, becoming more significant with a larger width of T.

@ The cancellation for HtHt is due to the different structure of the
coupling (proportional to Mr) compared to WbWhb and ZtZt which
share the same behaviour.
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Partonic level differential cross-sections for the HtHt channel.
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@ T mass of 1000 GeV, for which o-p ~ o-x independent of the T width.

@ Area beneath the curve is the same, giving the same
cross-sections leading to the cancellation, yet tails have different
behaviours.
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Full signal,

Jgs—0x
0 X

@ The NWA is still a good approximation for QCD pair production
yet the effects of sub-leading topologies become important.

@ A crucial study is to investigate how kinematical cuts can be applied
to reduce the relevance of the topologies with single resonance.
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—(ox+0B)

. . .
Correction Factor, =~

@ The observable considered depends strongly on the importance of
the SM background in determining the total cross-section compared
to the NWA pair production.

@ For ZtZt and HtHt the SM background is negligible compared to
the signal contribution, such that the width and mass dependence
is more pronounced.

: Wowb 13Te (Or-0x-8)(oxean) - 22t
o 08T T
I | \
I | |
04 ‘H 04| | |
I ||
ift Y
03/ 0.3 |
s | s ‘
= =
= | =
02) 0.2 _
‘ |
o.1] 01 \ 019! ==
N ‘0 ]
0.0 0.0b— B 00—
500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500
My (GeV] My [GeV] My [GeV]

Dermot O'Brien Visible Decays of a Single Vector-like Top 16



UNIVERSITY OF

Southampton

Results
First Genera Cuts

Interference Effects Z1=7s+78)

Js+0B

@ The relevance of interference is always negligible when
considerably with the inclusion of single-resonance effects from
the full signal.

@ This is expected as the kinematic properties of the signal and the
background are usually different.
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e Results

@ First Generation with Cuts
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Collinear Divergences

When the T quark couples to first generation quarks, the 2 — 4 process
contains topologies which are absent in the case of third generation:

R AVAVAVAVAVAVE S R (VAVAVAVAVAVES

T u T
g
m@m< SNNANNN Z
-

e \VAVAVAVAVAVE SR

@ These topologies indeed contribute to the signal and cannot be

removed.

@ They contain collinear divergences due to the gluon splitting,
which must be cured by applying the kinematical cuts imposed on the
jets in the final state.
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F\rst Ceneravon with Cuts

Full Signal,

O'S ox

@ Applying cuts with ; < 1 instead of the default 5, some of the
divergence can be removed but not all.

@ We are still investigating the role the cuts play in removing the
divergences arising from the gluon splitting.
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Conclusion

@ Studied the importance of the off-shell contributions and interference
effects of VLQs decaying into SM particles in a model independent
way.

@ Looked at the effects of applying cuts when the VLQ couplings to the
first generation are present.

@ Concluded that a more in depth, detector level study on applying cuts
needs to be done for the lighter generation of quarks.
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Thank you for your attention.
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@ The Lagrangian used in our model is given by:

. - . . g - .
Liige = KWVZ‘;R%[TL/RW/IV/mUd’L/R]+Kva}RE[TL/RZy7/muU’L/R]

M - .
kn Vi)~ [TaL Hup gl + h.c.
@ Where M is the mass of the VLQ, V,‘_‘jR represents the mixing
matrices between the VLQ and the three SM generations labelled by

i, and the parameters xy (V = W, Z, H) encodes the couplings to the
three bosons.
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3 42

Do M
M(T" — Wb, Zt, Ht) =3, ; ylVi P

PYTpey XTw.zH(Mr, Mw,z H, Mp tt)
w

For a mass M of the VLQs and mixing matrices between VLQs and SM
quarks is |VZ‘}R| with the kinematic relations are given by:

m2 m?
Mwz = 1/1% 2 2
’ 2 M?, M%

2\2 2 4 212
[ _ mq] Mwz  ,Mwz MMz
2
M2,

+ +
2 4 4
M2, M, M,

and

1 2 m2 m2 m2
My = —43[1,—;’,—5][1 e
2 M2, ME, M2, M2,
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SM quarks Singlets Doublets Triplets

X\(T

N | oe | G {7

(d s)\b T)\BJ\Y slly
qL =2

su@i | o] 1 2 3

Yo =1/6

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

Zn forbidden’ —Md¢ —Mé¢ -Mg¢

"The Higgs mechanism is needed.
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Actual project

XQCAT in a nutshell

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

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

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

® Mass

For cach implemented search

 Dominant chirality of couplings to SM 1
(ATLAS, CMS)

For each heavy quark

CROSS-SECTIONS
WEIGHTED WITH EFFICIENCIES AND BRs

and therefore
NUMBER OF SIGNAL EVENTS

For each implemented search

OUTPUT
Exclusion confidence level
eCL=1-CL,
For each implemented search
or for searches in combination &

Dermot O'Brien Visible Decays of a Single Vector-like Top 24



Global project

MADGRAPH
for cach @ mass

PP — QQ + jets

Q —asu +{W.Z,H}
Q> Gsu +{W, 2, H}

BRIDGE
per mass, per channel PYTHIA
Parton Shower and

per mass, per channel

} —+ partonic final state

INPUT

np ny
ma, my,

nx nr

mx

Mode 1.
T T, ,r’u, vl' 3
aF400) a7 V(B o)

fode 2

BR(X)) BR(T)) BR(B) BR(Y:)

Mode 1
(under development)

SELECT
DECAYS TO sM

INTERFERENCE
AND LOOP MIXING

Dermot O'BRrien

DATABASE OF EFFICIENCIES
per bin, per mass, per channel
For each search (ATLAS, CMS)
My | My |...| My
ala a

Bin 1
€160 | €160

My | My
@ | a

€160 €160

Mode 2 other bins

CROSS-SECTIONS
WEIGHTED WITH EFFICIENCIES AND BRs
per bin, per channel
For each search (ATLAS, CMS)
ot = S ol (Max,Jea (M:

BR3
in1e ) 7% = S5t oM Jea(M, ) BRy, el e

ol = T2 ol (My)ewso( My BRY, Ly,

M) BRX L,
) BRx, wuBRx, e

Bin 2:

1% = S oty (My: Jerso(My) BRY, Ly,

other bins

UNIVERSITY OF

Southampton

Conclusion

Detector simulation
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Ratio £&=%x
g x

@ The off-diagonal component can be seen to produce the same
general behaviour as the diagonal plots, just with a shifted value of

the cancellation.
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Ratio Z=(7x+s)
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Ratio Z-\7s*7s)

Os+0B
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Ratio Zr={7x*7s)
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