Vector-like quarks at the LHC
finite width, NLO and exotic decays
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Vector-like fermions

defining features

A fermion is vector-like under a gauge group
if its left-handed and right-handed chiralities transform in the same way

e.g. SM quarks are vector-like under SU(3). but are chiral under SU(2) x U(1)y

Why “vector-like”?

Lw = g/V2j*TWE  Charged current Lagrangian

SM Chiral fermions Vector-like fermions
=R k=0 =M Tk =
PR == P =0t iR =M
V-A structure V structure

Peculiar Properties

Ly = —Myyp Gauge invariant mass term without the Higgs
No need to add both quarks and leptons: axial anomalies are automatically absent
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Vector-like quarks

an intense experimental effort

ATLAS 1808.02343 CMS 1805.04758

= 1 it i nasseun s = 359 b (13 TeV)
I ATLAS ? s =
T 09 \5=13TeV,36.1 10" S 3 CMS 3
. - = e
o8 VLQ combination 1400 E A 1300 £
@ a £
8 i
1380 € 1200 &
% SU(2) doublet a {Es
) O SU(2) singlet 1360 o 1100 S
0.4 o c
1340 3
03 1000 £
02 1250 g
s
0.1 900 3
! N 1270 1270 4
0 0.102030405060.70809 1 L L E3

BR(T — Wb) ’ ’ ' T B(H)

Bounds above the TeV, but usually under specific assumptions:
@ SM extended with only one representation of VLQs
@ Mixing only with third generation of SM quarks
@ Pair production or Single production at LO
@ Narrow width approximation
@ Interacting only with SM states

More exploration is definitely needed!

Luca Panizzi Vector-like quarks at the LHC 2/26



Vector-like quarks

an intense experimental effort
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Bounds above the TeV, but usually under specific assumptions:

@ SM extended with only one representation of VLQs

@ Mixing only with third generation of SM quarks

@ Pair production or Single productionat LO  First two parts of the talk
@ Narrow width approximation

@ Interacting only with SM states

More exploration is definitely needed!
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Vector-like quarks

an intense experimental effort

ATLAS 1808.02343 CMS 1805.04758

= 1 e = 359 b (13 TeV)
EJN ATLAS 1420 @ s s
T O \5=13TeV,36.1 10" S 3 CMS K
= 08 VLQ combination H A 1300 =
I = E
) 2 E
1380 & 1200 &
% SU(2) doublet 3 g
) O SU(2) singlet 1360 o 1100 S
0.4 o z
03 1340 1000 E
02 1250 g
]
0.1 BN ; oo @
y i D 1270 1270 e
0 0.10203040506070809 1 L L E3

BR(T — Wb) ’ ’ ' T B(H)

Bounds above the TeV, but usually under specific assumptions:
@ SM extended with only one representation of VLQs
@ Mixing only with third generation of SM quarks
@ Pair production or Single production at LO  First two parts of the talk
@ Narrow width approximation
@ Interacting only with SM states Third part of the talk

More exploration is definitely needed!
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Single production of VLQs with finite width

interacting only with SM states

t,b
o
W,Z,H

based on

A. Carvalho, S. Moretti, D. O'Brien, LP and H. Prager
Single production of vectorlike quarks with large width at the Large Hadron Collider
Phys.Rev. D98 (2018) no.1, 015029

and

CMS Collaboration

Search for single production of a vector-like T quark decaying to a Z boson and a top quark in proton-proton collisions at /s = 13 TeV
Phys.Lett. B781 (2018) 574-600

Search for single production of vector-like quarks decaying to a b quark and a Higgs boson
JHEP 1806 (2018) 031

Luca Panizzi Vector-like quarks at the LHC 5/26



Including more topologies

quark-boson-boson
LW and NWA only LW
q V,H

q V,H q V.H Q
o q V.H V,H
g g L) q
Q V,H q 9 q

quark-boson-quark

LW and NWA only LW
q— V,H
q q q q Q q V,H
vV, H q A V,H q Q q
q q ViH v, H q
Q V.H ’ q —2 g VI g

If the width of the VLQ is large with respect to its mass:
@ Off-shell effects are not negligible anymore

@ Subdominant topologies in the Narrow Width Approximation may become important

@ Outside the NWA all topologies leading to the same final state must anyway be taken into
account for gauge invariance

@ Need to redefine the signal to take into account interference effects
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How large the width can be
To obtain a large width:

@ Increase couplings
— bounds from other observables (flavour, EWPT); perturbativity
— non-minimal extensions which allow to escape bounds while enlarging couplings

@ Increase number of decay channels —; new physics, non-minimal extension

Simplified models with large couplings:

T singlet (T B) doublet (X T) doublet
T singlet mixing with 3" gen. T in TB doublet ( sin(6;)=0 ) mixing with 3" gen. T in XT doublet mixing with 3™ gen.
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Bounds from C.-Y. Chen, S. Dawson, and E. Furlan, Vector-like Fermions and Higgs Effective Field Theory Revisited, Phys. Rev. D 96
(2017) no.1, 015006.

Simplified models with large couplings already excluded by other observables
New physics has to be invoked
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Parametrisation for large width regime

in the narrow-width approximation (NWA)

a(Cy, Ca, mq, 1_‘Q) =ap(Cy, mQ)BRQ—>decay channel = C%&NWA (mQ)BRQ—>decay channel
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Parametrisation for large width regime

in the narrow-width approximation (NWA)

a(Cy, Ca, mq, FQ) =ap(Cy, mQ)BRQ—>decay channel = C%&NWA (mQ)BRQ—>decay channel

in the finite width regime (FW) and assuming negligible interference contributions

a(Cy,Cr,mq,Tg) = C? C% 6(mg,Ty)

@ (, and ¢, couplings: partial widths and rescaling of cross-section
@ Mass and total width: kinematics of the process

Consistency relation: [%"(Cy) + I'%™(Cy) < Tg
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Interference

Signal Irreducible background
b 7 U AU 7 b w
t
wt b T £ wt b i
b > b
T Z t n zZ
wry, b Woy b

ignal with itself
signal with ftse signal with irreducible background

2 x
os =C; 6s(Ci...,Mp,To, x0) it i
_ R o5, = C2 G55, (Ci..., Mo, To, Xo)
X is the dominant chirality of the VLQ
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Interference

Signal Irreducible background
b 7 U AU 7 b w
wt b L wt b i
b > b
T + Z t n z
Wroy b Woy b

signal with itself
9 signal with irreducible background

2 x
os =C; 6s(Ci...,Mp,To, x0) it i
_ R o5, = C2 G55, (Ci..., Mo, To, Xo)
X is the dominant chirality of the VLQ

Model-dependency is (almost) unavoidable
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Signal
B : b—— MWWt
Wt b T
b —— 17
rlv + Z
Wry b

signal with itself

o5 = C3 &5(C1...,Mg,Tg, X0)

X is the dominant chirality of the VLQ

Interference

Irreducible background

Wt b Lo

b t
i N z

w b b

signal with irreducible background

o5, = C2 G (Cr..., Mo, To, Xo)

Model-dependency is (almost) unavoidable

If signal topologies always involve the same two couplings

U;‘Ei" = Cch&;‘Ei" (Mo, To, x0)

In general — fiducial cross-section

and same procedure as before

~int int

S+B= L(o’ses + UiS‘;ineiS“ém) + Birrtred = Loett + B with e = C% s €s + C O-SHirr ESHi"
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Strategy to generate the signal

1) Fix Mg and I'p /My (with small enough O couplings for consistency)
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Strategy to generate the signal

1) Fix Mg and I'p /My (with small enough O couplings for consistency)
2) Simulate PP— SM final state imposing the propagation of the VLQ, not its resonance

» Atachments

VLQ couplings have a dedicated coupling order “VLQ"
Single T—Wb final state with propagation of T: “generate p p > jb w+/bp x y VLQ==2"
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Strategy to generate the signal

1) Fix Mg and I'p /My (with small enough O couplings for consistency)
2) Simulate PP— SM final state imposing the propagation of the VLQ, not its resonance

» Atachments

VLQ couplings have a dedicated coupling order “VLQ"
Single T—Wb final state with propagation of T: “generate p p > jb w+/bp x y VLQ==2"

3) Scan over My and I'g /M, to obtain the signal kinematics and experimental efficiencies
and obtain the upper limits on the cross-section
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Presentation of the results (1)

231" (13Tev)

g cms ——oswcLobsered [N 60% oxpocted
= Wedianexpoctod [ 95% expocted
> B it cros scton
X 1 o
T XXy - LH
from NWA .
102 L L L L L L L

Xy, mass (GeV)

to I'/M-dependent upper limits | CMS single-B search (JHEP 1806 (2018) 031)
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Presentation of the results (2)

from NWA

23" (13TeV)
T

1

——9s%CLovsorved [ 60% expoctod

B Signal cross section

Xg5Xs - LH

02 Lt N
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to I'/M-dependent upper limits

230
[}
2
£
Reduced cross-section table (5) g2
rw (0) for pp — Tbq — tZbq [pb]  &rw (0) for pp — Ttq — tZtq [pb] =
Mass [Tev] "o, ” 20%q ;lm}: o ppzn%uI 3?)0/5 =
0.8 226 (0.675) 108 (0.650) 70 (0.631) 19(0.144) 9.3(0.139) 6.0 (0.135)
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14 112(0.084)  52(0.079) 33(0.074) 11(0.024) 5.0(0.022) 3.2(0.021)
16 85(0.047)  39(0.043) 29 (0.041) 82(0.014) 3.8(0.013) 2.4(0.012)
15
10
Luca Panizzi

Xg, mass (GeV)

CMS single-T search (Phys.Lett. B781 (2018) 574-600)

Upper limits colour code

CMS

08 0.9
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Presentation of the results (3)

23M (13 Tev)
5 10
2 foms oo ctomnsa e exprcod
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to I'/M-dependent upper limits ‘ Recast (Phys.Rev. D98 (2018) no.1, 015029)

- CMS-recast Whj T ~2.3fb7" (13 TeV)
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Providing limits in the M vs I" /M plane allows for reinterpretation in a wide range of scenarios
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Finite width and kinematics

example for a specific channel

4FS 5FS
4 q q
w
g b b b 7 b
b

w

M7 =1200 GeV, I'r /M7 = 1% and 30%, and imposing muonic decay of W
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daidn (normalised units)

o.10f

8

Finite width and kinematics

example for a specific channel

4FS

q
W T
b

b

5FS

b

w

M7 =1200 GeV, I'r /M7 = 1% and 30%, and imposing muonic decay of W

n‘of Ieading jet

pr of u~

0.050f

0.010f

0.005|

doldpr (normalised units)

0.002]

T 0GeV [ T 200GeV

pr-orderad cbjcts or-ordered objcts =

7 ) g B 0 L R R R R
lio) priso) [GeV]

dldHr (normalised units)

0.100

0.050)

0.010)

0.005

0001

5.x10°4F

7000 7500 2
Hr [GeV]

Kinematical distributions can be sizably different in the finite width regime
what happens at NLO?

Luca Panizzi

Vector-like quarks at the LHC

12/26



Single production of VLQs at NLO

interacting only with SM states

q —>»—vTTTO &)
8 pY 1 b
Y4
q w w
/
F e 112 q
based on

G. Cacciapaglia, A. Carvalho, A. Deandrea, T. Flacke, B. Fuks, D. Majumder, LP and and H.S. Shao
Next-to-leading-order predictions for single vector-like quark production at the LHC
arXiv:1811.05055, accepted by PLB
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NLO predictions in the NWA

5FS ,
q q q g ¢ 4 il
w b g W b b
b b 1
1 w b T W b 9 5vs
tree loop real tree loop

Total rates

=== NLO5FNS Tj

M) @ Reduced uncertainties for both 4FS and 5FS
@ For 4FS NLO oy o is larger than o o for
My <1 TeV, then opposite behaviour. K-factor
from ~0.9 to ~1.1
— Impact of logarithms log Q% /m?

o7 (pb)

@ For 5FS onLo is always smaller than oy o.
— 5FS features a more stable K-factor ~0.9

@ Compatibility between schemes improved at
NLO at low masses.

800 1000 1200 1400 1600 1800 2000
My (GeV)
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NLO predictions in the NWA

q , q
q
g9 w b
>
b T 1% u 3
tree loop real tree

Distributions
My = 1200 GeV and imposing muonic decay of W

n of leading jet prof u~ Hr

ILO 5FNS Tj
0,050
010 ILO 4FNS Tip

T, M=1200GeV.
pr-ordered objects.

NLO 5FNS T)
NLO 4FNS Tjo

TBW, M=1200GeV

— 7 0020 z
g o0 z z
c S
H 3 g
2 2 0010 H =
T
g g E oo
5 g £
2 £ T 0005
H 5 :
3 g H
3

0.001_
5,10
T-bW, M=1200GeV
pr-ordered objocts
000 o 500 1000 1500 2000
E -2 o 2 4 0 020 w0 40 50 600 Hy (GeV]
(o) pr(po) [GeV]

NLO corrections can significantly impact shapes
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NLO predictions in the NWA

5FS ,
q q q > q * v 4
w b g W b b
b :z:ﬂ; b ::E:E:d g T
T w b T w 3 vTT
tree loop real tree loop

Distributions
My = 1200 GeV and imposing muonic decay of W

n of leading jet

== NLOSFNS Tj
010 = NLO4FNS Tjp

ez @ The light jet is important for selection criteria

pr-ordered objects

@ The differential K-factor is not constant

@ Agreement between 4FS and 5FS is improved at
NLO

@ The jet tends to be more forward at NLO

daidn (normalised units)
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doidn (normalised units)

doldn (normalised units)

FW@LO vs NWA@NLO

n of leading jet prof u~
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What happens at NLO if the VLQ has large width?
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Exotic decays of VLQs

finite width effects

t,b
Q—)—/

S50 st

work in progress through

SH Ut
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Mass of the scalar as new parameter

T
7

A
8 o0 —<— ¢
ot
Wy 0 2
tot ~ tot
oiss(Cris, My, ms, T'y" (Cdecayss Mr, Mgecays) s ) = C;s Giss(Mr,ms, 7' ) ——— o7 (Mr)BR(T — 1)
@ TS coupling: partial width and rescaling of cross-section
@ Masses and total widths: kinematics
254 = OPair
224 ZRal oy
1500 Opair ) 3 4500 K B 1500 2-44(f0) .
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52 [} 06
_ -02 _ 05 =
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Mass of the scalar as new parameter

T
gmm—)—-*’_fg

TA
F---S
A
8 o0 —<— ¢
it
M—’ —0
_ tot _ C4 ~ Fmr T _ S 2
oizss(Cris, Mr, ms, Ty (Caecayss M1, Mdecays), ) = Cryg Gss(Mr, ms, I'y") ———— o7 (M7)BR(T — 1S)
@ TS coupling: partial width and rescaling of cross-section
@ Masses and total widths: kinematics
254 = OPair
—22A= Pl g
1500 Opair %) 1500 K ., 1500 02_‘,(11))0
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s 2 s 3
8 1000 g 8 1000 3 1000
s =2 s s
£
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500 4 0 500 500
Q
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M, (GeV)

UzTSS(CTzSy Mr, ms, F[Tm(cdecays‘y Mr, mdecays)v ) = C‘;,s &I7SS(MTy

1500

1000

500

Mass of the scalar as new parameter

& “T000)
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T
>

F---S

& oo —<€— |

ms, FT

@ TS coupling: partial width and rescaling of cross-section

@ Masses and total widths: kinematics
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M, (GeV)

Mass of the scalar as new parameter

O't?SS(CTtS,MT, mg, Ft;t(cdecays,MTy mdecays)v ) = C;tS 5'1?SS(MT, ms, Ft;t) MT—> O'TT(MT)BR(T — IS)Z
@ TS coupling: partial width and rescaling of cross-section
@ Masses and total widths: kinematics
1400| o " 1400| 1400| : |
1200 %(%) 1200 K 2-4(f0) ‘

1200
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daldpr (normalised units)

M, (GeV)

Kinematics in the finite width regime
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doldpr (normalised units)

M, (GeV)

Kinematics in the finite width regime
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Presentation of the results

Recast of two ATLAS searches

pp — TT — (St)(S7)

Example with T and two S decays

Y V2
Recasting of Recasting of
10001 | xrias 1707 0¢147 1000 arias ye07 11663
PP>SStTviaT PP>SStTviaT
BR(S-yY)=100% BR(S-Y2)=100%
and /My =0.1% and /My =0.1%
800 - 800 833
95% CL excluded o [fb] 95% CL excluded o [fb]
observed limit observed limit
il 84 o
= =
(o] (o]
9. 600 12 11 11 -9 600 88 o2 02
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If the T has a finite width, analogous plots for different I /M values
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Conclusions

Single production of VLQs with finite width interacting with the SM

Finite width effects can be sizable
Model-independent parametrisation in terms of mass and width-to-mass ratio

UFO model available for generation of signal and interference studies in the
finite width regime and for NLO studies in the NWA

Ongoing studies for analysis of NLO effects in the finite width regime

Finite width effects can again be sizable

Model-independent parametrisation in the VLQ mass and scalar mass plane for
different width-to-mass ratios of the VLQ

Ongoing study to assess the limitations of a NWA analysis or the possibility to
develop different strategies for the finite width regime

UFO model validated and soon publicly available
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Backup
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Solving the Higgs fine tuning with top partners

PI: Sara Strandberg (Stockholm University and ATLAS)
ATLAS members in Uppsala: Elin Bergeas Kuutmann, Venugopal Ellajosyula, Thomas Mathisen
Theory members in Uppsala: Rikard Enberg, Tanumoy Mandal, Luca Panizzi

@ Aim: widen the searches for physics beyond the SM that solves the Higgs fine-tuning problem
@ Three different and complementary tracks:

1) Direct searches for the scalar top squarks in SUSY

2)

3) Indirect searches for top partners which are not kinematically accessible at the LHC energies
@ Strengthen collaboration between experimental and theoretical particle physicists in Sweden

@ Construct non-minimal simplified:
- SUSY models for direct searches for stops

and if still viable, search for them with Run 2 and
early Run 3 data
for indirect searches of top partners and use them in analyses of Run 2
and early Run 3 data.
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Vector-like quarks

Vector-like quarks in many models of New Physics
@ Warped or universal extra-dimensions: KK excitations of bulk fields
@ Composite Higgs models: excited resonances of the bound 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: increase corrections to Higgs mass without affecting EWPT

CMS-B2G-16-024 (¢') ATLAS twiki: summary plots (¢')
_ 2.3/2.5/2.6 b (13 TeV) I e RG] ATLAS Praiminary
S oms | s ok NS N b
] o @ oz
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Intense i : .
experimental 0t ’ - b
effort soo% o 3 >
i W < e e
&9 H o F “"x - “‘”’«,
o 700 & N
B(tH) BR(T — Wb)

Characterising VLQ properties if a discovery is made would be essential
for embedding them into some scenarios (and exclude others!)
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Interference

Recast of CMS-B2G-16-006
Folding search efficiencies into the reduced cross-section:

Ty: 3 [pb] for pp » Wbj Ty: &s, [pb] for pp > Whj SR,
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Mass of the scalar as new parameter

g'um—;—(!:g
T A
F---S
A
§ VOO —<€—1

fot
7

R W —0
O'/TSS(CHS) My, ms, FlT(Jr(CdecayS) My, mdecays)v ) = C;s O'/TSS(MT) ms, Flrm) AT—‘* U?‘T(MT)BR(T — TS)Z

@ TS coupling: partial width and rescaling of cross-section
@ Masses and total widths: kinematics
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Mass of the scalar as new parameter

T
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@ TS coupling: partial width and rescaling of cross-section
@ Masses and total widths: kinematics
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Mass of the scalar as new parameter

L o0
M:
tot ~ tot T 2
O'tTSS(CTtS,MT,m& FT (Cdecay37MTymdecays)7 ) = C;,s O'tTSS(MT,mSy FT ) E—— O'TT(MT)BR(T - tS)
@ TS coupling: partial width and rescaling of cross-section
@ Masses and total widths: kinematics
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daldpr (normalised units)

Kinematics in the finite width regime
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doldpr (normalised units)

Kinematics in the finite width regime
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doldpr (normalised units)

Kinematics in the finite width regime
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