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

They can mix with SM fermions through Yukawa couplings
Q' >—>>—qi e e ot
Dangerous FCNCs — strong bounds on mixing parameters
They can couple without mixing

SLIQ Vio Non-minimal scenarios
o —" _,_§_,_ qgi e.g. with lepto-quarks

There can be SM partners (¢, ¢') or fermions with exotic charges (Xs/3, E~ ...

Luca Panizzi Vector-like quarks at the LHC

1/42



SM and new fermions
They can mix with SM fermions through Yukawa couplings
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Dangerous FCNCs — strong bounds on mixing parameters

They can couple without mixing

SL VL . .
w Q0 Non-minimal scenarios
o —" _)_§_)_ qgi e.g. with lepto-quarks
There can be SM partners (¢, ¢') or fermions with exotic charges (Xs/3, E~...)

A special case

They can mediate dark matter production
_-Spbm Vom

QL' > o,
qi, l; qi, L

Only SM partners are allowed (up to 4-dim operators)
They must be odd under the Z, parity of DM — they cannot mix with SM states
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SM and new fermions
They can mix with SM fermions through Yukawa couplings
e e Ul L —>»—>»—I;
Dangerous FCNCs — strong bounds on mixing parameters

They can couple without mixing

SL VL . .
w Q0 Non-minimal scenarios
o —" _)_§_)_ qgi e.g. with lepto-quarks
There can be SM partners (¢, ¢') or fermions with exotic charges (Xs/3, E~...)

A special case
They can mediate dark matter production
_-Spbm Vom
0, L' >3 Q’,L’+¢i
qi, li qi, i
Only SM partners are allowed (up to 4-dim operators)

They must be odd under the Z, parity of DM — they cannot mix with SM states

If new fermions exist what can they be?
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New fermions: the chiral hypothesis

aka adding a fourth chiral family to the SM
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New fermions: the chiral hypothesis
aka adding a fourth chiral family to the SM

p— H =y fitter

4th Ger 19.35)

= H— WIW (Oexp — Ojit) / ADexp

0.45]

O. Eberhardt, et al.
pp—H—ZZ _ Impact of a Higgs boson at a mass of 126 GeV on the standard
015 model with three and four fermion generations

s Phys.Rev.Lett. 109 (2012) 241802, arXiv:1209.1101
pp— H —bb

7.08
400 GeV < myr g < 800 GeV
0.33 my > 100 GeV and m,,» > Mz /2

SM
pp—H =77 SM4 before ICHEP'12]
SM4 after ICHEP'12 [10.85

-2 -1 +1 42 +3 +4 A

pp— H — bb

A chiral 4th generation is excluded at 4.8¢

(or 5.3¢ including H — bb at Tevatron)
in the context of a simplified model where only the new family is added to the SM

Let’s go for vector-like fermions
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Vector-like fermions

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
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Vector-like fermions

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 =R Tk =R
P =0t iR == =0 ik =R
V-A structure V structure
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Vector-like fermions

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
B=f'fl k=0 =0t ik =T
P =0t iR == =0 ik =R
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

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

Model independent approach
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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)
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T 09 \5=13TeV,36.1 10" S 3 CMS 3
. - = e
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8 i
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0.4 o c
1340 3
03 1000 £
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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!
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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)
E ATLAS > s =
T 09 Vs =13TeV, 36.1 fb’ S 3 CMS E
. - = S
= VLQ combination 1400 E A 1300 £
o o« =
] ry
1380 € 1200 &
% SU(2) doublet 3 g
) O SU(2) singlet 1360 o 1100 S
0.4 o c
1340 ?
03 1000 £
0.2 1250 E
]
0.1 900 3
y N 1270 1270 4
0 0.10203040506070809 1 0‘8 ; F

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 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)
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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 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
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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

Luca Panizzi Vector-like quarks at the LHC 10/42



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.
0.40| : . 0.40 ) . 0.40f
039 o1 03 05
030 - B 030 DN
oasfy 024 025
g \ g )
L 5 5
02 020 020
o1g o1g o1g
010 010 019
oosl o 0.0 1 0.0

600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000

Mr [GeV] My [Gev] My [GeV]
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)
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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
700 800 900 1000 1100 1200 1300 1400 1500

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)
10 183 (0.314)  87(0299) 55(0.284) 17(0.075) 7.9(0.072) 5.0 (0.069) 20
12 145(0.158)  68(0.149) 43 (0.141) 14(0.042) 6.4(0.039) 4.1(0.037)
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

Vector-like quarks at the LHC 15/42



Presentation of the results (3)

23M (13 Tev)
5 10
2 foms oo ctomnsa e exprcod
= f Meanexpocos [ 95% expocios
> B o coes sction
X 1 o
T XgsXgs - LH

from NWA

107

1

102 L L L L L L L
700800 §00 1000 1100 1200, 1300 1400 1500
Xg, mass (GeV)

to I'/M-dependent upper limits ‘ Recast (Phys.Rev. D98 (2018) no.1, 015029)

- CMS-recast Whj T ~2.3fb7" (13 TeV)
Ty: s [pb] for pp - Wbj
100, — — 40|
i
< L ==
T S==—=
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SpiIT
Reduced _ F Upper
I = 5 L
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= i .
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~~ T
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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?
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Single production of VLQs at NLO

interacting only with SM states

q —»—

00000

£

811

8 pY

based on

—<—)
w w
q/

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
Phys. Lett. B 793 (2019) 206
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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

TMOME] @ Reduced uncertainties for both 4FS and 5FS
@ For 4FS NLO oy o is larger than 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 ¢.
— 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~

0050
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00| 0001
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0002 .
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0002
5010
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What happens at NLO if the VLQ has large width?
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Exotic decays of VLQs
0 ~t,b

Ta50 st

work in progress through

SH Ut
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Non-SM VLQ decays

Extension of the scalar sector of the SM is theoretically justified:
@ Supersymmetry — additional Higgs doublets
@ Composite Higgs — additional scalars (neutral and charged)
o ...

Different decay channels to explore

T—»5% T—sb B> B—St

Xs3 > STt Xs;3— 8T Y45 STh Y4 STt
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Non-SM VLQ decays

Extension of the scalar sector of the SM is theoretically justified:
@ Supersymmetry — additional Higgs doublets

@ Composite Higgs — additional scalars (neutral and charged)
o ...

Different decay channels to explore

T—»5% T—sb B> B—St
Xs3 > STt Xs;3— 8T Y45 STh Y4 STt

Example with non-minimal Higgs sector: VLQ+2HDM extension of the SM

@ 7 possible VLQ representations
— 2 singlets: T and B
— 3 doublets: (X T), (T B) and (BY)
— 2triplets: (X T B) and (T BY)

@ 2 Higgs doublets: 3 neutral states (1°, H° and A°) and 1 charged (™)
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Non-SM VLQ decays

Extension of the scalar sector of the SM is theoretically justified:
@ Supersymmetry — additional Higgs doublets

@ Composite Higgs — additional scalars (neutral and charged)
o ...
Different decay channels to explore

T—»5% T—sb B> B—St
Xs3 > STt Xs;3— 8T Y45 STh Y4 STt

Example with non-minimal Higgs sector: VLQ+2HDM extension of the SM

@ 7 possible VLQ representations
— 2 singlets: T and B
— 3 doublets: (X T), (T B) and (BY)
— 2triplets: (X T B) and (T BY)

@ 2 Higgs doublets: 3 neutral states (1°, H° and A°) and 1 charged (™)

Analysis from a model-independent perspective
couplings, masses and widths as free parameters

and subsequent reinterpretation in terms of specific models
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A simplified model

SM++7¢+S with ¢ — St

@ S can be either a scalar or a pseudoscalar
@ Neglect (for the moment) other decays of the ¢/
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A simplified model

SM++7¢+S with ¢ — St

@ S can be either a scalar or a pseudoscalar
@ Neglect (for the moment) other decays of the ¢/

The Lagrangian

. . s _ }
C = (n{ TS + kS T RS + h.c.) = = D0y (wdlf + iR
f

<l

_ s ~
+ 2 (2w WEW T 4 A2, 2" ) + T (rvey Vi, Vv + Rvgl, Vi, V)
Vv

Luca Panizzi Vector-like quarks at the LHC 24/42



A simplified model

SM++¢ +S§ with ¢ — St

@ S can be either a scalar or a pseudoscalar
@ Neglect (for the moment) other decays of the ¢/

The Lagrangian

interaction ¢/ -S-¢ interaction S-SM fermions

. s .
C = rni oS + KD TLRS + h.c.)l— =3 my (sdlf + iR )
f

1672y

S _ S a v = a Tapv
+|: (2,\Wm§VW:W ooy Azméz”z“) + S (nvgzv VLV Rygh Ve T )
)4

interaction S-SM gauge (tree level) interaction S-SM gauge (loop level)
(only for scalar S)
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A simplified model

SM++¢+S with ¢ — St

@ S can be either a scalar or a pseudoscalar
@ Neglect (for the moment) other decays of the ¢/

The Lagrangian

interaction ¢/ -S-¢ interaction S-SM fermions

- - S - _
C = rn{ TiLS + K TS + h.c.)l— =3 my (sdlf + iR )
f

N 2 b — 2 " S 2 a vapv | = 2 La Tapy
+| (ZAmeW#W + Agm3Z,Z )+ @; (nvgv VELVIY 4 Rygh Ve T )

interaction S-SM gauge (tree level) interaction S-SM gauge (loop level)
(only for scalar S)

Couplings can be switched on and off depending on the scenario under consideration
Numerical UFO model implemented and soon publicly available

Focus on S decaying with significant BR to either v~ or Z (loop level interactions)
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Bounds from LHC

Recast of LHC searches

Two S decays considered
{vy, 2}
Narrow width approximation for both /" and S (width of #’ set to 0.1% of its mass)

pp — 't — St St

The two channel are considered separately assuming 100% branching ratio on each
Masses of /' and S as free parameters

Simulations at LO with MADGRAPH5_AMC@NLO associating NLO+NNLL pair production
cross-sections computed with HATHOR

The searches

@ ATLAS 1707.04147: “Search for new phenomena in high-mass diphoton final states using
37 fb~! of proton—proton collisions collected at /s = 13 TeV with the ATLAS detector”

@ ATLAS 1807.11883: “Search for new phenomena in events with same-charge leptons and
b-jets in pp collisions at /s = 13 TeV with the ATLAS detector”

Both searches implemented and validated in MADANALYSIS 5
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1000y

800

ms [GeV]
@
3
3

400

200

The search

Recast of 1707.04147

@ diphoton with invariant mass from 170 GeV to 2600 GeV

@ cuts on photon Er: 40 GeV (30 GeV) for leading (subleading)

@ cuts on photon Er/m~~: 0.4 (0.3) for leading (subleading)

(yy (v 1) (WZ1)(Z1)
Recastingof Recasting of
ATUAS 1707 4147 1000} xS 1707 04147
PP>SStiviat PPoSStiviaT
BR(S-yy)=100% BR(S-Y2)=100%
and /My = 0.1% and /M7 =0.1%
H 800/ 38
95% CL excluded @ [pb] 95% CL excluded o [fb]
observed limit observed limit
oo 38 2
3
a1 a1 O 600 M 27 2
2
Bouowow [T M o2 2 2s
3 oz o o 400 8 2 s 28 27
S S
R | 2 12 1 OB a a7 a5 a5 4
‘\\'@h y\«':
¥ oas 3 1z 1z o1z 200 "B ea 71 68 7 7 72
400 500 600 700 800 900 1000 200 500 600 700 800 900 1000
my [GeV] Mr [GeV]

Luca Panizzi

Vector-like quarks at the LHC

« Daa 3
—— Backgroundonly fit

Events /20 Gev

Spin0 Selection
=13TeV,36.7 1o 4

%
’

Ll

Data - fited background

More sensitive to final states where

photons come from a resonance

Bound on m; above ~ 600 GeV
almost independent on mg for v~
decay
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Ms [GeV]

1000

800

600

400]

200

The search

@ 8 Signal regions

@ 4 with SS leptons and 4 with
three leptons

@ 1 to multiple jets and 1 to 3 b-jets
@ cuts on Hy and B4

(yy (v 1)

(vZ1)(WZ7)

Recast of 1807.11883

Region name_ N, Ne_Lepton charges _Kinematic criterin
VRI 2 ror 100 < Hr < 2400 GeV or BE™ <40 GeV
SRI2! ttor o= Hz > 1000 GeV and B > 180 Gev
VR220 dhor—— Iy > 400 GeV

SR Htor——  Hr> 1200 GeV and BF™ > 40 GeV
VRsh2 Sor—— 400 < Hy < 1400

SR 4 or 500 < Hy < 1200

SRase thor—— x> 1200 GeV

VRIS any 400 < Hy < 2000 GeV o BT < 40 Gev'
SRIb3 Hy > 1000 GeV and B 5 140 Gov
VR3¢ any 400 < Hy < 2400 GeV or EJ* < 40 GV’
st any Hz > 1200 GeV and EE > 100 Gev
VRS Hz > 400 Ge

SRanLL any

SRab3

Recasting o i
ATUAS 100711583 10007 (i a0 11883
PPoSStiviaT PP>SStiviat
BR(S-yy)=100% BR(S»y2)=100%
and I'y/My = 0.1% and /M, = 0.1%
38 800) W
95% CL excluded o 1] 95% CL excluded o [pb]
bserved mit pserved |
abserved im al . observed imit .
3
Al 22 24 O, 600| % 08 o0z
-
B 25 2 22 S B oo owm o2
¥ ee 22 22 s 400 3 os om0 oz
> Py
S8 s o 3 16 15 < # oss 03 025 0
¢ o
p 80 89 a3 s 28 18 2000 48 13 oss  ods o om  om
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Mr [GeV] my [GeV]

Luca Panizzi

Vector-like quarks at the LHC

More sensitive to final states with
enough number of leptons

Bounds complementary to the
diphoton search

Bound around m, ~ 600-700 GeV
depending on mg
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(vy )(yv 1)

Combined bounds
ATLAS 1707.04147 and 1807.11883

(vZ1)(vZ 1)

Recasting of Recasting of
10007 | aias 1707 04147 10007 | arins 1807 11883
PP5SStTviat PP5SStiviat
BR(S-yy)=100% BR(S-y2)=100%
and /M, = 0.1% W and /M, = 0.1% W
8001 " o594 ot exciuced @ [pb] 8001 o5, ot exciuced @ [pb]
observed limit observed limit
13 11 Haﬂ 021
> >
(] (]
O, 600 12 11 1.1 O, 600 Y2 oz o0z
g€ g€
‘a 1.1 11 11 HE? 0.47 033 02
400 3 12 14 11 11 400 034 033 023
S
« A3 2 12 1.1 11 1.1 « Ao 033 025 024
(\(\4 (\(\4
200 p 15 3 12 12 12 11 200 43 13 047 032 034
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000

my [GeV]

How to improve:
@ OS dilepton searches
@ diphoton at low invariant mass
@ SUSY searches (?)

Luca Panizzi

Vector-like quarks at the LHC

my [GeV]
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Analysis strategy

Force target decay on one branch, inclusive on the other
Example with § — ~~ decay

P

This allows to reconstruct less photons, otherwise bkg dominated mostly by (poorly controllable) fakes.
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Analysis strategy

Force target decay on one branch, inclusive on the other
Example with § — ~~ decay

P

This allows to reconstruct less photons, otherwise bkg dominated mostly by (poorly controllable) fakes.

~~ signal region

1) N, > 2 with p; 12 > 30 GeV and |12 < 2.37
2) N; > 1 with p} > 25GeV and |71 | < 2.47
3)Ny > 1

4) |m~ — ms| < 20 GeV

5) AR~ < 1.0 (1.4) for ms = 100 (> 200) GeV
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Analysis strategy

Force target decay on one branch, inclusive on the other
Example with § — ~~ decay

P

This allows to reconstruct less photons, otherwise bkg dominated mostly by (poorly controllable) fakes.

~Z signal region
signal region
77 si9 9 Z is reconstructed through leptonic decay

1) N, > 2 with 1_7;1’2 > 30 GeV and |n1:2| < 2.37 1) At least 1 reconstructed Z: |my — mz| < 10 GeV
2) N; > 1 with /! > 25 GeV and |/l | < 2.47 2) N, > Lwith ;' > 30 GeV and |n71| < 2.37

3) Ny > 1 3N, > 1

4) [my — ms| < 20 GeV 4) if ms < 200 GeV: py + p + p% > 250 GeV

5) AR~ < 1.0 (1.4) for ms = 100 (> 200) GeV 4) if ms > 200 GeV: Hy + EX > 0.8m/

5) [myz — mg| < 15 GeV
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Efficiencies (preliminary results)

. St, 2 2
Example for § — vv: S = Lo(m) (e[ 71BRY o BRE . + S s or vosnn CABRyxBRy Sy )

(y) () (y)(vZ) (y1)(WW)

vy SR
(30-40%)

600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800
me [GeV] me [GeV] me [GeV]

(vZ2)(vZ) (m»2) (vZ)(Ww)

ooz1s

1400}

1200} ooz oooser

oooses 00021

SR 1000| omms oo oo 1000) 0w oous  oooms| o0 T
YZ SR 5 W oo oo o W oo on ool
o S S 800| 00115 0007 00104  0.00076|
2%) € s s
(0.1-2%) ¢ 600 O omm omw eom oms omm 600 2 ome  oowm aomer omors g
& & 600| S ooms  oowr  oows oo
& & &
4008z oows oo  omsr  oows oms.  400[dowr  oom  oows  osese oovs oovss &

400[dooess  ooos 001 ocoess  ocossz  0cossd|

200{ouer  owme  owmer omes ow7s  omas-  200[ogw2  pooms  oows  oows  ooom  oowesr
B BHEOBNG odim bR QiR SER o GBSO SR R sogjem cow  oom  omes omen ooms
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
me [GeV] me [GeV] me [GeV]

Luca Panizzi Vector-like quarks at the LHC
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Expected reach (preliminary results)

Examples with the vZ SR

[ - 02 [ CrzS
Significance Z = \/2 [(s—i—b) In w] - (’;—22 In|l+ 2% H

| b2+ (s+b)o? 7 b(b+o3)

Significances for yZ SR | 0Bays=10%
1400 PP T(St)(ST)
Ky=0
1200 50 ———20
MW 139 b~ (run 1) !

1000| M 300 b (run 111)

= /
= L,
O, 800 S
< 7
0.4l £ //
600 ’
0.2 400
200
0.0
200 400 600 800 1000 1200 600 800 1000 1200 1400 1600

mg [GeV]
@ Low mg: suppression of vZ channel, discovery reach and bounds are weak

my [GeV]

@ High my: significant BRs in channels with photons and Z, discovery reach and
bounds driven by the cross-section decrease

Luca Panizzi Vector-like quarks at the LHC
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Expected reach (preliminary results)

Examples with the vZ SR

o [ (s+b) (b+og) b2 [ dgx
Significance Z = \/2 [(s +b)In P (Ah)al o7 In |1+ bot o7
1.0 Significances for yZ SR | 6Baysi=10%
1400 PP T(St)(ST)
Kw=ks
0.8 1200 50 —=—=—20
M 139 7' (run 1)
1000| M 300 b (run 111)
0.6, [f s /I .’
9 ’
x O, 800 ,
2] /
0.4 & !
600
0.2 400
A 200
oo+~ 4 =T
200 400 600 800 1000 1200 600 800 1000 1200 1400 1600

mg [GeV]
@ Low mg: suppression of vZ channel, discovery reach and bounds are weak

my [GeV]

@ High mg: BRs in both vZ and ~~ are low, discovery reach and bounds not as
strong as in the previous case

Luca Panizzi Vector-like quarks at the LHC
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Range of validity of the analysis
VLQ with finite width

!

1 t
& “T000) 48
' -S
A
[ ---8
A
8§ oo —<€—1
i’fao
aiss (K15, Myr 5 s, F;(/Jr(cdecay& My, mdecays)v ) = C?I,S Gizss(M,r , ms, Fi(/”) — oz (M, )BR(t/ — tS)z

@ TtS coupling: partial width and rescaling of cross-section
@ Masses and total widths: kinematics

G254~ UFgw(%)
1500 OPair
Telme=0.1%

1500 254 = Opair )
OPair
F/me =10%

24— UFgw(%)
1500 OPair
Felmy=1%

-05

g 1000 88 g 1000 g 1000
s =05 = =
€ o€ €
-05
NN
500 -05 500
< 0
05 -
o 0 05
G p
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
me (GeV) me (GeV) me (GeV)
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Range of validity of the analysis

Scalar vs Pseudoscalar (example with ZZ decay)

loopr_ 5§ 2 ya yapv tree __ S 2
ES — 1672y ZV Kv8y VMVV 2 ‘CS = ;)\ZmZZNZP’

_ S =~ 52 ya yauv
Lps = 1672y EV Kv8y V;UJV K

Mr=1TeV, M,=300GeV

Mr=1TeV, M,=300GeV

0.25 =

— nsc. loop, nTat |- 030 — nsc. loop, T Aty
— nsc.loop, nTyta|- o - — n'sc. loop, NT 4]
=== 1] SC. free, Nt |- 1 nsc. tree, NTat,
=== 1 sc. tree, T ta (- 025 i nsc. tree, NT,tx|
0.20 ===- nps-sc., NTat |- | nps-sc., NTxl
===- nps-sc., NT;tr | l -==- nps-sc., NT tr
= Pp->TT>() (D - | o> TT> (D)
g with - @ 0.20 with
g 018 YISbB(W*-)) - ‘s VE-b/B(W* jj)
£ n~2Z-2¢'26 g n—ZZ-26"2e”
2 ne-ZZ-2pt2u | € 015 M~ZZ2p 24"
4 x
g o0 -9
S by
] 3 010
~ o0s
X X
0 200 400 600 800 10 12
pr(e;) [GeV] AR(eg,67)

Small differences in a region which is likely cut away for these channels
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Decays into charged scalars

X5/3 — l’l+f

@ No decays into the neutral scalar sector
@ Only other possible decay to W+, already searched by both ATLAS and CMS
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Decays into charged scalars

X535 — htt

@ No decays into the neutral scalar sector
@ Only other possible decay to W+, already searched by both ATLAS and CMS

g i T T 231" (13 Tev)

= ATLAS 5 10 T T T T T 7 T
2 105 Vs=13TeV,36.1 1" s cms —— o5% Clobserved [l 5% expected 7

] SS dilepton / trilepton + biets __ 525, iy 3 -~ Medianexpected [ 95% expected 1
= Al 95% L. \3 5 Signai cross section ]
1 1 -

2 ® XsoXss - LH 3
3

10?2
400600 800 1000 1200 1400 700 600 900 1000 1100 12001300 1400 1500
m,_ [GeV] X, mass (GeV)

T, tW Coupling

ATLAS

Vs=13TeV,36.1 tb"

SS dilepton  trilepton + brjets
Ty, pair and single production

1800 1200 1400 1600 1800 2000 2200
m, [GeV]
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Recast of ATLAS 1807.11883

The search (a reminder)

Region name N, N, Lepton charges  Kinematic riteria

Ve e W< <200
. . s TaT m e
@ 8 Signal regions Vi o
@ 4 with SS leptons and 4 with v
three leptons st

VRI1b3

@ 1 to multiple jets and 1 to 3 b-jets st S0 o
@ cuts on Hy and Bf s S o
Four ™ decays considered
pp — Xs5/3X5/3 — (hte)(h 1) T, wty,

th, ji(= ud + cs)
@ Narrow width approximation for both Xs 3 and nt

@ The four channel are considered separately assuming 100% branching ratio on each
@ Masses of X5,; and ht as free parameters

Luca Panizzi Vector-like quarks at the LHC
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Recast of ATLAS 1807.11883

1000

800

Recasting of
ATLAS 1807.11883
PPXT5 (D)

with BR(H*>T'v,)=100%

95% CL excluded o [fo]
observed limit

ATLAS 1807.11883

PPXX(h)( )
with BR(H >4 v,)=

1200 Recasting of

00%

95% CL excluded o [fo]

E 600 E
Ei; Ei; 600
400y
400
200) 200 17 14 11 1 oss 078 47
16 13 1. 094 083 08 71
600 800 1000 1200 1400 600 800 1000 1200 1400 1600
My [GeV] My [GeV]
Recasting of Recasting of
1000} | 7S oo 116 10001 | arixs se07 1166
PPXXo(H1)(HT) PPXX-(H1)(HT)
with BR(h*~2})=100% with BR(H*-t0)=100%
800  95% CL excluded a [fb] 800 95% CL excluded o [fb]
abserved limit abserved limit
% 600 %
o ©. 600
S S
400y
400y
200

Luca Panizzi

200

600 800

1000
Mr [GeV]

1200 1400 600 800

Vector-like quarks at the LHC

1000 1200 1400
Mr [GeV]
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2HDM type |

210m1

Benchmark examples
Decays of the charged Higgs

2HDM type Il

2HDM type Ill

@ csand T, for low
masses

@ b for high masses

Zom1

@ ru, for low masses

@ b for high masses

oman

i [GeV

@ v, for low masses
@ 1b for high masses

Different dominant decay channels depending on assumptions on the interactions and on the m, ;-

oM

2ro

=30

oM

10 v
i (GeV]

mu- (Gev

S eaw eaw w0

e e ean 10
i (GeV]

All scenarios correspond to a 4™ with narrow width

Luca Panizzi
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Benchmark examples

My =1000GeV oM = 42.7 fb
|l Tvr I owve l b I i
|| BR o |‘7e><cl||BR g |‘7excl|| BR g |‘7excl|| BR o |‘7excl
2HDM-| with tan =10 and sin(8 — a) =1
100 || 0.67 19 | 25 ||~0 ~0O] 2.1 . . - ||0.295 3.7| 72
200|| ~0 ~O| 31 ||~0 ~0| 2.2 [|0.998 42.5| 8.1 ~0 ~0| 58
500 || ~0 ~0| 48 ||~0 ~0| 4.8 [|0.998 425| 7.8 || ~0 ~0| 52
2HDM-II with tan 8=10 and sin(8 — a) = 1
100 ||0.975 40.6| 25 ||[~0 ~0O] 2.1 - - - ~0 ~0| 72
200/ 046 9 | 31 ||~0 ~0| 22 || 053 12 | 8.1 ~0 ~0| 58
500 [|0.105 0.47| 48 ||~0 ~0| 4.8 ||0.892 34 | 7.8 || ~0O ~0O| 52
2HDM-III with tan 3=3.5
100 || 0.03 0.04| 25 [[0.8 27 | 2.1 - - - 016 1| 72
200|| ~0 ~O| 31 ||~0 ~0| 22 || 0.99 42 | 8.1 ~0 ~0| 58
500 || ~0 ~0| 48 ||~0 ~0| 48 [|0.997 42 |78 || ~0 ~0| 52

Luca Panizzi

Vector-like quarks at the LHC
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Increasing the width

X
! grum—)—d:_;v_ .
P wt, ht XA ’
e W, B
P N W=, h 1A
X 7 8 ToTT—— 7

Reduced cross-section:

_ 4
Ulz+111_7(MX5/37 1—‘X5/3 > Myt Yxan+ ) - (yX1h+ ) Ulz+111_7(MX5/3 ’ 1—‘X5/3 > M+ )

Top o et (PD) s/ Mxss=10% Top o et (PD) s/ Mxss=30%
1000| 14107, 1000 »/ 1_,11 X0
800 \ 800 %!\mrh

% 600 \ \\ % ~
) \ [}
s | G WA g
A \ WA
oI A
| WA

N AR AN
20 \\\\\ AL LA T 00000

\%\‘ IR R AR \ \ A\

LR ERE R TR RIFUAREE NN
500 1000 1500 2000 500 1000 1500 2000
My, [GeV] My, [GeV]
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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

New interesting channels for trying to discover new physics in extensions of the
SM with VLQs and new scalars

Ongoing study to assess the sensitivity of experimental searches and the
possibility to develop different strategies for the finite width regime

UFO model validated and soon publicly available
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Solving the Higgs fine tuning with top partners
PI: Sara Strandberg (Stockholm University and ATLAS)

@ 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

o for indirect searches of top partners and use them in analyses of Run 2

and early Run 3 data.

ATLAS: E. Bergeas Kuutmann, V. Ellajosyula, M. Isacson, T. Mathisen
Theory: R. Benbrik, D. Buarque Franzosi, R. Enberg, G. Ferretti, Y. B. Liu, T. Mandal, S. Moretti, L. Panizzi

Tt ok Tl % -
Hallont ey

bergs©

(%{/&1&0
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Backup
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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,

)

§

g g
Signal 3= H
] = \§ =S &
' i :
o0sf
\\\\\
— ==
T 101
——
o
G0 800 1000 1200 1400 1600 1600 2
My [GeV]
Tau: 0, [9b] for pp > Wi

= o

Interference g \l\ | il £ L
with SM = :

i 1 E
My [GeV] My [GeV]

Luca Panizzi Vector-like quarks at the LHC
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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

@ TiS 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
gmm—)—-*’_fg

A
8 oo —<— ¢
it
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)
@ TiS coupling: partial width and rescaling of cross-section
@ Masses and total widths: kinematics
254 = OPair
=22A= Pl g
1500 Opair ) o 1s00 K . 1500 T2-4(fb) .
oMy = 0.01% o TiM7r = 0.01% /My =0.01%
046
- -02 0 - -
gj 1000 04 gj 1000 gj 1000
= oz | = =
0.4
0 -02
500 500 500
X =02
02 0402 g 02 ~ g
o 04 06 02 Vi 100. 2
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Mr (GeV) Mr (GeV) Mr (GeV)
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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)
@ TiS coupling: partial width and rescaling of cross-section
@ Masses and total widths: kinematics
1400 254 = OPair 1400 1400
T(%) Kni Tz-4(fb)
1200 F4iMy = 20% 12000 [r/Mr=20% 12000 [7/Mr=20% o
1000 1000 1000
H
800 € 00
=
600 600
400 400
0.2
200 200
0.5
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Mr (GeV) Mr (GeV) Mr (GeV)
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daldpr (normalised units)

Kinematics in the finite width regime

pp T, fiss
t — Wb — (uvu)b

Mr=600 GeV
Ms=300 GeV

ONWA = 801.5 fb

oot (1%) = 786.3 fb
oot (30%) = 623.7 fb

miss
E T

Mr=600GeV
M,=300GeV

1400
O2-54 — Opair O2-54 — Opair b
= (%) = (%)
1500 Opair 1200 Opair
/M =1% Fr/Mr =30% )
-2l 1000| —/10/ v
= =
§ 1000 8 800 / i
= =
600| /
500
0 400
200
Q
600 800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
Mr (GeV) Mr (GeV)
pr leading b-jet pr leading p—
0.100] 00GeV 0100 0GeV 0109
= M,=300GeV. 0.050)
0050 pr-ordered objects. 0050 pr-ordered objects.
2 £
H H
H H
E
0.005| 5 0005 2 0009
5 b
2 =
0001 © o001 3 oot
5.x10% 5.x10% 5107
! xmr‘ﬂ 200 400 600 800 E xm"u 200 400 600 800 ! Kmrlﬂ

Pr(bo) [GeV]
Luca Panizzi
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doldpr (normalised units)

Kinematics in the finite width regime

1400)
T4~ O T4 - O v
204~ OFai g 204~ OFai g
1500, OPpair 1200) OPpair T _
oMy = 1% Ir/My = 30% P pp —> 1SS
2 1000 —/ﬂ/ ~ o]t = Wb — ()b
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doldpr (normalised units)

Kinematics in the finite width regime
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Recast of 1707.04147

Validation on pp — S — ~~

Experimental acceptances (from HEPdata in black) vs simulation (in red), and relative difference
0.

diff %
°
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Validation at low m;,, achieved only by modifying the isolation parameters wrt to experimental value
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Recast of 1807.11883

Validation on pp — X5 3X5/3 — (W) (W™7)
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