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Vector-like quarks
an intense experimental effort

ATLAS 1808.02343 CMS 1805.04758

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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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 This talk

More exploration is definitely needed!
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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)

. . .

Different decay channels to explore

T → S
0
t T → S

+
b B → S

0
b B → S

−
t

X5/3 → S
+

t X5/3 → S
++

b Y−4/3 → S
−

b Y−4/3 → S
−−

t
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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 (B Y)
→ 2 triplets: (X T B) and (T B Y)

2 Higgs doublets: 3 neutral states (h0, H0 and A0) and 1 charged (h+)
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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 (B Y)
→ 2 triplets: (X T B) and (T B Y)

2 Higgs doublets: 3 neutral states (h0, H0 and A0) and 1 charged (h+)

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 + t′ + S with t′ → St

S can be either a scalar or a pseudoscalar

Neglect (for the moment) other decays of the t′
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A simplified model

SM + t′ + S with t′ → St

S can be either a scalar or a pseudoscalar

Neglect (for the moment) other decays of the t′

The Lagrangian

L =
(
κ

S
L t̄

′
RtLS + κ

S
R t̄

′
L tRS + h.c.

)
− S

v

∑

f

mf

(
κf f̄ f + iκ̃f f̄γ5f

)

+
S

v

(
2λW m

2
W W

+

µ W
−µ + λZm

2
Z ZµZ

µ
)
+

S

16π2v

∑

V

(
κV g

2
V V

a
µνV

aµν + κ̃V g
2
V V

a
µν Ṽ

aµν
)
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interaction t
′-S-t interaction S-SM fermions

interaction S-SM gauge (tree level)

(only for scalar S)
interaction S-SM gauge (loop level)
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interaction t
′-S-t interaction S-SM fermions

interaction S-SM gauge (tree level)

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

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 γγ or γZ (loop level interactions)
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Bounds from LHC
Recast of LHC searches

pp → t′̄t′ → St S̄t
Two S decays considered

{γγ, γZ}

Narrow width approximation for both t′ and S (width of t′ set to 0.1% of its mass)

The two channel are considered separately assuming 100% branching ratio on each

Masses of t
′ 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−1 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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Recast of 1707.04147

The search

diphoton with invariant mass from 170 GeV to 2600 GeV

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

cuts on photon ET/mγγ : 0.4 (0.3) for leading (subleading)
500 1000 1500 2000 2500

E
v
e
n
ts

 /
 2

0
 G

e
V

1−10

1

10

210

310

410

510
ATLAS

Spin-0 Selection

-1 = 13 TeV, 36.7 fbs

Data

Background-only fit

 [GeV]γγm

500 1000 1500 2000 2500

D
a

ta
 -

 f
it
te

d
 b

a
c
k
g

ro
u

n
d

10−

5−
0

5

10

15

(γγ t)(γγ t̄)

t✬
❙

t

✷�✷� ✶�✁✶�✁ ✶�✂✶�✂ ✶�✷✶�✷ ✶�✷✶�✷ ✶�✷✶�✷ ✶�✶✶�✶
✶�✄✶�✄

✶�✁✶�✁ ✶�✷✶�✷ ✶�✷✶�✷ ✶�✶✶�✶ ✶�✶✶�✶ ✶�✶✶�✶
✶�✁✶�✁

✶�✂✶�✂ ✶�✷✶�✷ ✶�✶✶�✶ ✶�✶✶�✶ ✶�✶✶�✶
✶�✂✶�✂

✶�✷✶�✷ ✶�✶✶�✶ ✶�✶✶�✶ ✶�✶✶�✶
✶�✂✶�✂

✶�✷✶�✷ ✶�✶✶�✶ ✶�✶✶�✶
✶�✷✶�✷

✶�✷✶�✷ ✶�✶✶�✶
✶�✷✶�✷

✶�✶✶�✶
✶�✶✶�✶

❘☎✆✝✞✟✠✡☛ ♦☞
❆✌✍❆✎ ✏✑✒✑✓✒✔✏✔✑

PP✕✎ ✎ ✟ ✖ ✈✠✝ ✟✗

❇❘✭✎✕✘✘✮✙✏✒✒✪

✝✡❛ ✚✛✜✴▼✛✜ ✙ ✒✓✏✪

✾✢✪ ❈✍ ☎❡✆✣✤❛☎❛ ✥ ❬♣✦❪
♦✦✞☎✧✈☎❛ ✣✠❧✠✟

✹★★ ✺★★ ✻★★ ✼★★ ✽★★ ✩★★ ✫★★★

✯★★

✹★★

✻★★

✽★★

✫★★★

♠✰✱ ●✲✳

✵
✸

✿
❀
❁

(γZ t)(γZ t̄)

M T
-M

S
-m

t=
0

1515 8.48.4 7.17.1 6.86.8 6.76.7 7.7. 7.27.2
1212

5.25.2 4.14.1 3.73.7 3.53.5 3.53.5 3.43.4
5.15.1

3.93.9 3.23.2 3.3. 2.82.8 2.72.7
3.93.9

3.43.4 2.92.9 2.72.7 2.52.5
3.43.4

3.13.1 2.72.7 2.52.5
3.13.1

2.92.9 2.62.6
2.92.9

2.82.8
2.82.8

Recasting of

ATLAS 1707.04147

PP→S S t t via T

BR(S→γZ)=100%

and ΓT /MT = 0.1%
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More sensitive to final states where
photons come from a resonance

Bound on m′
t above ∼ 600 GeV

almost independent on mS for γγ
decay
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Recast of 1807.11883

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 HT and �ET
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More sensitive to final states with
enough number of leptons

Bounds complementary to the
diphoton search

Bound around m′
t ∼ 600-700 GeV

depending on mS
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Combined bounds
ATLAS 1707.04147 and 1807.11883
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How to improve:

OS dilepton searches

diphoton at low invariant mass

SUSY searches (?)
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Analysis strategy

Force target decay on one branch, inclusive on the other

Example with S → γγ decay

P

P

t′

t̄′
S

X

t̄

γ

γ

P

P

t′

t̄′

S

X̄

t

γ

γ

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

γγ signal region

1) Nγ ≥ 2 with p
γ1,2
T > 30 GeV and |ηγ1,2 | < 2.37

2) Nj ≥ 1 with p
j1
T > 25 GeV and |ηj1 | < 2.47

3) Nb ≥ 1

4) |mγγ − mS| < 20 GeV
5) ∆Rγγ < 1.0 (1.4) for mS = 100 (≥ 200) GeV
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This allows to reconstruct less photons, otherwise bkg dominated mostly by (poorly controllable) fakes.

γγ signal region

1) Nγ ≥ 2 with p
γ1,2
T > 30 GeV and |ηγ1,2 | < 2.37

2) Nj ≥ 1 with p
j1
T > 25 GeV and |ηj1 | < 2.47

3) Nb ≥ 1

4) |mγγ − mS| < 20 GeV
5) ∆Rγγ < 1.0 (1.4) for mS = 100 (≥ 200) GeV

γZ signal region

Z is reconstructed through leptonic decay

1) At least 1 reconstructed Z: |mll − mZ | < 10 GeV
2) Nγ ≥ 1 with p

γ1
T > 30 GeV and |ηγ1 | < 2.37

3) Nb ≥ 1

4) if mS < 200 GeV: p
γ
T + pb

T + pZ
T > 250 GeV

4) if mS ≥ 200 GeV: HT + Emiss
T > 0.8m′

t

5) |mγZ − mS| < 15 GeV
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Efficiencies (preliminary results)
Example for S → γγ: S = L σ(m′

t )
(
ǫSt,γγ

St,γγBR2

t′→St
BR2

S→γγ +
∑

X 6=St,γγ or Y 6=St,γγ ǫY
XBRt′→XBRt′→Y

)

γγ SR

(30-40%)

(γγ)(γγ)
m t'

-m
S
-m

t=
0

0.35910.3591

0.39550.3955

0.42320.4232

0.35950.3595

0.42260.4226

0.45510.4551

0.36210.3621

0.40030.4003

0.46810.4681

0.34390.3439

0.40930.4093

0.4830.483

0.32040.3204

0.37910.3791

0.48430.4843

γγ SR

Efficiencies

PP→t 't '→(St)(St )→(γγ)(γγ)tt

600 800 1000 1200 1400

200

400

600

800

1000

mt' [GeV]

m
S

[G
e
V

]
(γγ)(γZ)

m t'
-m

S
-m

t=
0

0.22690.2269

0.28260.2826

0.30250.3025

0.24780.2478

0.31420.3142

0.31520.3152

0.24180.2418

0.30.3

0.33620.3362

0.23470.2347

0.31060.3106

0.34780.3478

0.21530.2153

0.30090.3009

0.3550.355

γγ SR

Efficiencies

PP→t 't '→(St)(St )→(γγ)(γZ)tt

600 800 1000 1200 1400

200

400

600

800

1000

mt' [GeV]
m
S

[G
e
V

]

(γγ)(WW)

m t'
-m

S
-m

t=
0

0.22830.2283

0.22830.2283

0.26270.2627

0.25120.2512

0.26980.2698

0.2890.289

0.24570.2457

0.27110.2711

0.3080.308

0.23910.2391

0.28030.2803

0.3260.326

0.22750.2275

0.2620.262

γγ SR

Efficiencies

PP→t 't '→(St)(St )→(γγ)(WW)tt

600 800 1000 1200 1400

200

400

600

800

1000

1200

mt' [GeV]

m
S

[G
e
V

]

γZ SR

(0.1-2%)

(γZ)(γZ)

m t'
-m

S
-m

t=
0

0.002810.00281

0.02280.0228

0.02530.0253

0.003240.00324

0.0270.027

0.02560.0256

0.004090.00409

0.02620.0262

0.02610.0261

0.005740.00574

0.02560.0256

0.02530.0253

0.003410.00341

0.02450.0245

0.02170.0217

γZ SR

Efficiencies

PP→t 't '→(St)(St )→(γZ)(γZ)tt

600 800 1000 1200 1400

200

400

600

800

1000

1200

mt' [GeV]

m
S

[G
e
V

]

(γγ)(γZ)
m t'

-m
S
-m

t=
0

0.001710.00171

0.01180.0118

0.01160.0116

0.002330.00233

0.01260.0126

0.01310.0131

0.001740.00174

0.01150.0115

0.01070.0107

0.0020.002

0.009960.00996

0.01090.0109

0.00230.0023

0.01040.0104

0.01260.0126

γZ SR

Efficiencies

PP→t 't '→(St)(St )→(γγ)(γZ)tt

600 800 1000 1200 1400

200

400

600

800

1000

1200

mt' [GeV]

m
S

[G
e
V

]

(γZ)(WW)

m t'
-m

S
-m

t=
0

0.008840.00884

0.01120.0112

0.01170.0117

0.01140.0114

0.01410.0141

0.01140.0114

0.01070.0107

0.01220.0122

0.009020.00902

0.0120.012

0.01350.0135

0.007020.00702

0.01040.0104

0.01070.0107

γZ SR

Efficiencies

PP→t 't '→(St)(St )→(γZ)(WW)tt

600 800 1000 1200 1400

200

400

600

800

1000

1200

mt' [GeV]

m
S

[G
e
V

]
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Expected reach (preliminary results)
Examples with the γZ SR

Significance Z =

√

2

[

(s + b) ln

[

(s+b)(b+σ2
b
)

b2+(s+b)σ2
b

]

−
b2

σ2
b

ln

[

1 +
σ2

b
s

b(b+σ2
b
)

]]

❇�✁✁
❇�✁❩
❇�❲❲
❇�❩❩

✂✄❂✶ ✂☎❂✵

✷✆✆ ✹✆✆ ✻✆✆ ✽✆✆ ✝✆✆✆ ✝✷✆✆

✆✞✆

✆✞✷

✆✞✹

✆✞✻

✆✞✽

✝✞✆

♠❙ ❬●✟✠❪

✡
☛

t✬
❙

t

�✁✂✄✁☎✁❝✆✄❝✝✞ ☎❢✟ ✠❩ �✡

PP☛☞☞ ✌☛✭�☞✮✭�☞✮

✍❇❂✶ ✍❲❂✵

✺✎ ✷✎

✶✏✑ ☎✒✲✓ ✭✟r✄ ■■✮

✏✵✵ ☎✒✲✓ ✭✟r✄ ■■■✮

✔✕s✖s✗❂✶✵✪

✻✘✘ ✽✘✘ ✙✘✘✘ ✙✚✘✘ ✙✛✘✘

✚✘✘

✛✘✘

✻✘✘

✽✘✘

✙✘✘✘

✙✚✘✘

♠✜✢ ●✣✤

✥
✦

✧
★
✩

Low mS: suppression of γZ channel, discovery reach and bounds are weak

High mS: significant BRs in channels with photons and Z, discovery reach and
bounds driven by the cross-section decrease
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Expected reach (preliminary results)
Examples with the γZ SR

Significance Z =

√

2

[

(s + b) ln

[

(s+b)(b+σ2
b
)

b2+(s+b)σ2
b

]

−
b2

σ2
b

ln

[

1 +
σ2

b
s

b(b+σ2
b
)

]]

❇�✁✁
❇�✁❩
❇�❲❲
❇�❩❩

✂✄❂✶ ✂☎❂✶

✷✆✆ ✹✆✆ ✻✆✆ ✽✆✆ ✝✆✆✆ ✝✷✆✆

✆✵✆

✆✵✷

✆✵✹

✆✵✻

✆✵✽

✝✵✆

♠❙ ❬●✞✟❪

✠
✡

t✬
❙

t

�✁✂✄✁☎✁❝✆✄❝✝✞ ☎❢✟ ✠❩ �✡

PP☛☞☞ ✌☛✭�☞✮✭�☞✮

✍❇❂✶ ✍❲❂✶

✺✎ ✷✎

✶✏✑ ☎✒✲✓ ✭✟r✄ ■■✮

✏✸✸ ☎✒✲✓ ✭✟r✄ ■■■✮

✔✕s✖s✗❂✶✸✪

✻✘✘ ✽✘✘ ✙✘✘✘ ✙✚✘✘ ✙✛✘✘

✚✘✘

✛✘✘

✻✘✘

✽✘✘

✙✘✘✘

✙✚✘✘

♠✜✢ ●✣✤

✥
✦

✧
★
✩

Low mS: suppression of γZ channel, discovery reach and bounds are weak

High mS: BRs in both γZ and γγ are low, discovery reach and bounds not as
strong as in the previous case
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Range of validity of the analysis
VLQ with finite width

P

P

t′

t̄′

t

t̄

S

S
g t̄

t

g
t′

t′

S

S
t

σt̄tSS(κt′ tS, Mt′ , mS,Γ
tot

t′ (Cdecays, Mt′ , mdecays), ) = C
4

t′tS σ̂t̄tSS(Mt′ , mS,Γ
tot

t′ )

Γtot
t′

M
t′

→0

−−−−−→ σt′̄ t′(Mt′ )BR(t
′ → tS)

2

TtS coupling: partial width and rescaling of cross-section

Masses and total widths: kinematics

Luca Panizzi Vector-like quarks decaying to new scalars 13 / 16



Range of validity of the analysis
Scalar vs Pseudoscalar (example with ZZ decay)

L
loop
S =

S
16π2v

∑
V κVg2

V Va
µνVaµν Ltree

S =
S
v
λZm2

ZZµZµ

LPS =
S

16π2v

∑
V κ̃Vg2

V Va
µν Ṽaµν

η sc. loop, ηTRtL

η sc. loop, ηTLtR

η sc. tree, ηTRtL

η sc. tree, ηTLtR

η ps-sc., ηTRtL

η ps-sc., ηTLtR

pp→TT→(ηt t)(ηt
_t)

with

t/t→b/b(W±→jj)

ηt→ZZ→2e+2e-

ηt
_→ZZ→2μ+2μ-

0 200 400 600 800
0.00

0.05

0.10

0.15

0.20

0.25

pT(e0
+) [GeV]

d
σ
/d
p
T
(n
o
rm
a
lis
e
d
)

MT=1TeV, Mη=300GeV

η sc. loop, ηTRtL
η sc. loop, ηTLtR
η sc. tree, ηTRtL
η sc. tree, ηTLtR
η ps-sc., ηTRtL
η ps-sc., ηTLtR

pp→TT→(ηt t)(ηt
_t)

with

t/t→b/b(W±→jj)

ηt→ZZ→2e+2e-

ηt
_→ZZ→2μ+2μ-

0 2 4 6 8 10 12
0.00

0.05

0.10

0.15

0.20

0.25

0.30

ΔR(e0
-,e1

-)

d
σ
/d
Δ
R

(n
o
rm
a
lis
e
d
)

MT=1TeV, Mη=300GeV

Small differences in a region which is likely cut away for these channels
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Conclusions

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

Exotic VLQ decays to neutral scalars are a promising channel which should be
experimentally tested

Perspectives

Determination of discovery and exclusion reaches at higher luminosities with
current searches

Development of optimised search strategies
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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) Direct searches for the vector-like top quarks in compositeness models
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
- compositeness models for direct searches for vector-like quarks

Quantify ATLAS’ current sensitivity to these models and if still viable, search for them with Run 2 and
early Run 3 data
Construct optimal observables for indirect searches of top partners and use them in analyses of Run 2
and early Run 3 data.

Compositeness and VLQ branch
ATLAS: E. Bergeås 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
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Backup
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Recast of 1707.04147
Validation on pp → S → γγ

Experimental acceptances (from HEPdata in black) vs simulation (in red), and relative difference
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Validation at low minv achieved only by modifying the isolation parameters wrt to experimental value
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Recast of 1807.11883

Validation on pp → X5/3X̄5/3 → (W+t)(W− t̄)
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