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Common features and smoking guns

A FULL MODEL
‘}} Hadron colliders*

*conditions apply

Conclusion @

W
Sur 6\\’00
,b(\* _alistic composite Higgs models are complicated

» Model M5, based on SU(5) x SU(6) x U(1)/SO(5) x Sp(6), has especially rich
phenomenology

<X

» Bounds from pair production of vector-like quarks are negligible since mgq,
Future WO
> Electroweak pNGBs in SU(5)/SO(5)

» Different mass hierarchy: m,, < mg: lepton-number violating decays
73 — br, ti,, neutrino masses via B

» Different top partner embedding: color sextet fermions, Qs — 5t + MET
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Common features and smoking guns

) VLQs which do not mix with SM fermions
narrow width

“ ) =57, Spm,
M 0
A FULL MODEL . \¥ qi
Some
peculiar

\ interaction
/i
OTHERS' FfVOURITE MODEL Q /
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‘SLQ
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Some peculiar interaction

0Os/3 —)—{t

~~S++

large width

A

VLQs which mix with SM fermions
e e X'l
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0 Where we are: experiment and tools

e Single VLQ production with SM final states
@ Treating the large width
@ Including signal-background interference
@ Next-to-leading order results

e Pair production with exotic final states

e Where should we go? (i.e. setting priorities)
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Status of VLQ search @LHC

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
Status: July 2021 JELdi=(36-139) 1" V5=8,13TeV
Model Ly Jetst ET™ f[raum) Limit Reference
Vi T 201X e ST 129 | 14 Su) et RTLAS GONF 2021 024
29 V056 zh s x 361 [Bnms 134TaY Sui) el 168 0aaes
VL Tea Tl — We kX z(sswas,.nnﬂ, Yoo 361 |Tamess 150 Tov (T Wje Tyt | a7 risss
$3 o ez 4 L 5Ty Ut ATLAS.SONF 2021040
a1 | yma 185 Tev 2 e Vet
Mri gy i5s | Bmas ZoTev A ATLAS COnE 2021 018
Overview of CMS B2G results
C€MS Preliminary 35.9-77.3fb"1 (13 TeV)
Yb Wb Woatvadad, BIY-bW)=100% . [p26-17-003 (regdad) 13
TT -+ WBW-+{uadqd, B T-EW)= 100% v |B2G-17-003 (fvadqd) 13
TTtZZd " 4" 1)+ jets, B(T=tZ)=100% v P2G-LROLL (17, 47 47, 4T 4*47) 4 jets) 3
TT-tHtH-bagbbbaght, BIT-tH)=100% v [B26-18-005 (badbbbadbi) 137
TT-s(£%, E3E% 1317 %) +fets, TT singlet v [B2G-LR-OLL (13,43 4%, 454517 ) 4 jets) 12
TT=sf* 71 0717 1") +fets. TT doublet ~ [P2G-1F-01L (1% 4% 4% A% 4% 1 ") + jets) 128
BE-aWRW—{2T 1T = 8% )+ jets, BIB-tW)=100% Mo B2G-LR-OLL (17, 8747, 4727 4%) + Jets) 124
BB ~0ZbZ-badbad. B(B-LZ)=100% v, [p2G-18-005 (bgdbad) 107
i. BE-nHBH, BB +bH)=100% M. [B2G-17-012 (2% jets) 113
2 BB~ ”~ M, [B2G-17-011 (1 EE AR+ ets) 7
V. PEG-LROLL (17, 447, AT 4*4%) 4 jets) 094
KarKoy—EWEW—(E7 | 17 27 ) +jets, BIXso—~tWh=100%, RH Mo PRGLE-OLA (17, 1787 ) + Jetst 133
X X3 SWEN-S(E £ 1) djets, BIXsa=tWp=100, L4 1, [SEGELFOTA (IS, EXEF) % jots) 13
Tuyt2-+baat* ¢~ narow T . [B26-17-007 (baat “2-) 17
BT otz 00L" 1~ narrom T v, [rzc 17007 (obaae” 1) 12
BbH bbb, narrow B . [B2G-17-009 (bbb) 18
B-tW-Lv + jets, narow B M, [B2G-17-018 (0 + Jets) 17
1 2 3 a 5 6 7 8 9
mass scale [Te
Selection of observed exclusion limits at 95% CL (theory uncertainties are not included). el FPE-HEP2019

Caveats:

* Simplified model framework (often with single VLQ)
* Interacting only with SM states (usually third generation)

* 100% BR to specific SM channels
Until recently, usually narrow width approximation
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Overview of CMS B2G results

CMS Preliminary

FEALWBW-s(uafad. BY-bW)=100% . pzer00 rvadag)
TT-WbN—+143447, B[ T—bW)= 100% v |p2c-17-003 (tvadad)
171+ jets, B(T=i2)=100% N RG-LROLL (17, 4747, 4" £*47) # Jets)
BOT-tH) = 100% . [B2G-L8-005 (badbbbagb)
£21T 1307 0%) +fets, TT singiet o [B2G-LEOLL (13,42 4%, 4424 %) 4 jets)
) +fets. TT doublet o EGLEOIL (1% 4 4%, 4" A" A ")+ ets)
BOWRW—{ET £ £, £ 87 £ b4 s, BIB-)=100% My [BRG-LEOLL (17, 447, 4" ¥ 2%) + Jats)
BB-0ZbZ-+000d, BB~Z)=100% . [pce16-005 (badbad)
B ol EE-b-100% . [B2G-17-012 (142" +iets]
H 1+ Jets, 68 singlet v [BEG-LE-OLL (1%, 4% 1%, £*£*47) # Jots)
H BBE, 4747 477 £} jets. B8 doublet . RG-LTOIL (17, 47 47, 4E 4" A7) 4 Jeks)
Koy WEN£7 £ 17) e85, Bl tWh=L00%, R 1r, |BRGLFOLA (I A e Jees)
Xer X1 WEW £ £ 1) jets, BXsamtWp=100%, (4 1r,, |BEGAITOTA (A%, Ay jete)
Tut2-bgdt £~ narow T ., [p2G-L7-007 (baat ¢~
T DKZh0qqe £, narrou T 1, [pzG-17.007 (BbaqE” £}
BbH 5, narrom B . [826-17.008 (B8]
Bt + 1S, namow B . 2617018 (10 4 Jets)

Selection of observed exclusion limits at 95% CL (theory uncertainties are not included).

Caveats:

* Simplified model framework (oftq 1000l

* Interacting only with SM states
* 100% BR to specific SM channels
- Until recently, usually narrow width appro:
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Overview of CMS B2G results

CMS Preliminary

35.9-77.3fb~1 (13 TeV)

YL Wb WesuTqd. BIY-bW)=100% v 2617003 (reqdad)
TT-+bWBW-vadqd. BIT-bW)=100% ™ [B2G-17-003 (fvadaq)
) 4 jets, B(T=tZ)=100% o PRG-LROLL (17, 4747 4T 4T L7 ) + jets)
BiT—tH)=100% v [B26-18-005 (badbbbadbi)
£30E P07 17) 4jets, TT singlet M B2G-LF-01L (1%, 4543 454547 ) 4 jets)
£702) +Jets. T doutlet b PEGLEOIL U 4745 42 ") + Jets) 1500 [ TT=Z1Zt (R) Single lepton / ]
BE-AWEW—{27 2727, ETET L% )4 jots, BIB-tW)=100% Mo [B2G-17-01L ({17, 8747 AT LT %) + jers) 6
o7 bt BOT1=100% s 16005 (badbard . _o70,
5. BE-nHBH, BB +bH)=100% M. [B2G-17-012 (21" + jets) DaShed' AB/B_27 A) 'L
] 1+ jots, B8 singlat Mo [B2G-LEOLL (1%, 4% 4%, 4554 *) # Jets) Solid: AB/B=10%
§| o e e vt oo win e ey ot 1400 .
Ko Koy —AWEW— (27 | £7 17 ) +fees, B[Xs—~tW)=100%, RH Mo PRGLE-OLA (17, 1787 ) + Jetst
X X3 SWEN-S(E £ 1) djets, BIXsa=tWp=100, L4 1, [SEGELFOTA (IS, EXEF) % jots)
Tuyt2-+baat* ¢~ narow T . [B26-17-007 (baat “2-)
BT ~OKZb0gqE" £, narow T “, [p2G-17-007 (bbaaE”£") 1300 e S— 7
BabH -5, narrom B . [2617.008 (biib) 20°"""
Bt ets, namow B v, [B2G-L7-018 (19 # ets) = - 50
[0 e
-
— " O, 1200} o _-=-50
Selectiol - ==
Need for non-minimali £
1100} ]
3 13 TeV 36.1/fb limit
Caveats:

* Simplified model framework (oftq 1000l

* Interacting only with SM states
* 100% BR to specific SM channels
- Until recently, usually narrow width appro:
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The numerical models

Interaction Lagrangian for T

L= hT(fiLPL + /%RPR)uq + iTZ(F;LPL + RRPR)uq + iTW/(KLPL + RRPR)dq + h.c.
2cw V2

B. Fuks and H.-S. Shao, Eur. Phys. J.C77(2017), no. 2 135

@ It also contains the Lagrangians for B, Xs,3 and Y_y 3
@ Suitable for NLO simulations

And the model has been recently extended
to include multiple non-SM decays of the VLQs and interactions between new states
T — 18° — thh, T — bST — brTvr, SO = STW—...
Banerjee et al., (LP), 2203.07270 (Snowmass 2021 contribution)

Both models are available on the Feynrules webpage
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Outline

e Single VLQ production with SM final states
@ Treating the large width
@ Including signal-background interference
@ Next-to-leading order results
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Outline

e Single VLQ production with SM final states
@ Treating the large width
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How large can a large width be?

Two ways to obtain a large width

o

(2]

Increase couplings — bounds from other observables (flavour, EWPT); perturbativity

T singlet (T B) doublet (X T) doublet

T singlet mixing with 3" gen. T in T8 doublet ( sin(8;)=0 ) mixing with 3 gen. T in XT doublet mixing with 3 gen. A
\ Minimal
o m o \ simplified
ox) ox) R models with
£ L% R large couplings
¥ already
excluded by
other
I oo [ i observables

e e e e

Moretti, O'Brien, LP and Prager, Phys. Rev. D 96 (2017) no.7, 075035
using data from Chen, Dawson and Furlan, Phys. Rev. D 96 (2017) no.1, 015006

— non-minimal extensions with multiple VLQs: escape bounds with large couplings
Cacciapaglia, Deandrea, Gaur, Harada, Okada and LP, JHEP 09 (2015), 012
Cacciapaglia, Deandrea, Gaur, Harada, Okada and LP, JHEP 11 (2018), 055

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

* t Aguilar-Saavedra, Lépez-Fogliani and Mufoz, JHEP 06 (2017), 095

T/ N Bizot, Cacciapaglia and Flacke, JHEP 06 (2018), 065
S o Benbrik et al. (LP), JHEP 05 (2020), 028

SO Banerjee, Franzosi and Ferretti, JHEP 03 (2022), 200

New physics has to be invoked
for the moment let’'s assume we are blind to it and focus on the SM channels

Luca Panizzi Vector-like quarks beyond minimality 8/25



When the width is not narrow

Non-resonant (t-channel)
Resonant (s-channel)

§TTTI—>—1
q tA
q W T h,Z h,Z
T
g b t b
b w
q q

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

interference with SM

8§ TT00)
14

—>—

@ Subdominant topologies in the Narrow Width Approximation may become

important (t-channel)

@ Outside the NWA all topologies leading to the same final state must anyway be

taken into account for gauge invariance

@ Need to take into account interference effects, both between signal topologies,

and between signal and SM background

Luca Panizzi Vector-like quarks beyond minimality
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WrM=1%

—— Breit Wigner
W rM=10% ---- Complex mass scheme
B Fr/Mr=30% | |----Running width scheme
1 /M7=50% -+ pp->{W, T} (jj) wbbj
0100 PP—{W.T}-(jj) whbj
3 PP->{W, T}->Wbbj
2 Mr=1000GeV
©
E
o
£ 0.010
)
g
5
£
=
3 0.001
o
o

500 1000 1500 2000
Miny(Wbo) (GeV)

Luca Panizzi

@ Breit-Wigner ;

Width schemes

i(p+Mr)
2 —MZ+iT My

@ Complex mass scheme

(only for the VLQ or for all particles)

M?* — M? = M?> — iMT’
consistent, gauge-invariant and
applicable at NLO

A. Denner et al., Nucl. Phys. B 560 (1999), 33-65
A. Denner et al., Nucl. Phys. B 854 (2012), 504-507

@ Running width
i(p+ Mr)
PP — M} + il TrMr

@ Small differences in the M;,, shape
@ In the RW the peak shifts to the left

cfr. D. Y. Bardin et al., Phys. Lett. B 206 (1988), 539-542

It can be treated
as a systematic uncertainty
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do/dMy,, (fb/GeV)

Final states with gauge bosons

W-mediated production: Wbbj and Ztbj

BR(Wb):BR(Zt):BR(ht)=2:1:1

—_—(S)
Resonant part

—t-channel

M7r=1000GeV
T 7/M7=30%
Ty=50.% ot

1000
Miny(Zt) (GeV)

1500 2000 2500

pp->{W,T}5>Wbbj  BR(Wb):BR(Zt):BR(ht)=2:1:1 PP—>{W,T}>Zthj
50 gessonam part
——t-channel
M1=1000GeV 10
r7/M7=30%
Fw=50.% Tror 5
=
10 S
]
5 EE 1
=
3 050
1
0.10
0.5 0.05 1
0 500 1000 1500 2000 2500 0 500
Min(Wbo) (GeV)
Small impact of t-channel (up to few %) at total and differential level
(mostly in the off-shell tails)
Luca Panizzi Vector-like quarks beyond minimality
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And indeed experimental results for VLQs with large width were appearing

359 b (13 TeV)
T T

= T T T
) el
230 S 10’ CMS Obs 95% CL upper limits
o F =
& L o168 3 Xija+t, LH s (O/m)vig=10%
E F sl T (T/m)viq =20%
§25_— g 2 10 (T/m)viq = 30% E
S 0.12 ; % Theory
20 01 & X —  (O/m)vig=10%
r 0.08 & s 1 —  (T/m)viq=20% E
- E —  (@/m)viq=30%
15k 0.06
= 2
r 0.04 S 107! N E
F 3 A Ta TP R—”
[ 002 2
10— &
- —
1112 13 14 15 18 0 50 om0 7200 7400 7600 1800 2000

my [TeV] myiq [GEV]

but in 2019, people in ATLAS found something strange
(the discussions actually started here during a LIO workshop)
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da/dM ny (fb/GeV)

Final states with the Higgs

W-mediated production: htbj

pp—>{W,T}>htbj  BR(Wb):BR(Zt):BR(ht)=2:1:1 PP>{W.T}>htbj  BR(Wb):BR(Zt):BR(ht)=2:1:1
0.050 1
Mr=2000GeV M7=2000GeV
r1/Mr=1% [ 1IM=30%
0.010 Tw=50.% 1oy 050 Tw=50.% 1o
0.005 3
Q
g
0.001 2
i)
5.x107 A
0.10
1.x107%
5.x 10751 0.05
0 1000 2000 3000 4000 ) 1000 2000 3000 4000
Min(Ht) (GeV) Min(Ht) (GeV)

A double-peak structure emerges, even at small widths
and the peak at low invariant mass is still coming from the s-channel

What is that?
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Analytical treatment

W boson approximation

b t,b b

t
Na(s) Nl |7

Twp ~ ht

=i s

Wg-T-ht

=Ty @ The At distribution shows a plateau for
0.100 - TriMy=iox low /s, while the W and Z distributions
o 1 IMyo50% fall down.
3 HreznnoceV @ Matrix element: the / distribution
g 0001 flattens for larger widths
é """ — higher relevance of the low /s
o region at large widths
5]

@ PDFs enhancement at low Bjorken-x
— When convoluted with the PDFs
the peak at low invariant mass

/ emerges!

1079

500 1000 1500 2000 2500 3000 3500

Vs (Gev)

Interference with the SM background!
Important consequences:

Non-symmetric (non-BW-like) resonant shape!
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Outline

e Single VLQ production with SM final states

@ Including signal-background interference
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Parametrisation for large width regime

example for W-mediated production

In the narrow-width approximation - no interference with the SM background

p3 & = = p A
o(k, i or i, mr, 1) = op(k, mr)BR7_sdecay channel = &~ Gawa (1) BR7_. decay channel

When the width is large (compared to the mass)
owot(pp — Whbj) = oy + &* 63 (Mr, T'r) + w2 618 (M7, T7)

0'%\4 + K2R2 &;tLQ(MT,FT) + KR &izntt(MT,FT) s

oM + k2&% 6, "My, Tr) + Kit 612 (M7, T'7)

Otot (pp — th])
Otot (pp — htb])

@ «, 7 and & couplings: partial widths and rescaling of cross-section
@ Mass and total width: kinematics of the process

Consistency relation: T2 () 4 T2 (% or ) < T'r

Luca Panizzi Vector-like quarks beyond minimality
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505 [0b] @ LO pp->{W,T}oWbbj LHC@13TeV

M+ (%)

°
3

0.01

rs 0.1 GeV ~ QCD scale
1000 1500 2000 2500 3000
Mr (GeV)

M+ (%)

rs 0.1 GeV ~ QCD scale
1000 1500 2000 2500 3000
Mr (GeV)

Luca Panizzi

From 6 to S and S+B

@ Pick the values of 6 corresponding
to Mr and I'r

@ Multiply by the appropriate values
of the couplings

pp->{W T}»>Wbbj  BR(Wb):BR(Zt):BR(ht)=2:1:1

10
—a(sM)
—a(S)
— o(intt) positive
10% == o(intf) negative
— o (Total)
M;=1000GeV
1000 T'7/Mr=30%
Tw=50% Iro,

do/dMq, (b/50GeV)
8

=)

0 500 1000 1500 2000 2500
Min{Wbo) (GeV)

The same technique can be applied
after experimental selections including
the efficiencies for S and SB-interference
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d0/dMip, (/50GeV)

pp = {W, T} — Wbbj

Numerical results

pp = AW, T} — Ztbj

invariant masses
pp — {W, T} — htbj

Pp->{W,T}>Wbbj BR(Wb):BR(Zt):BR(ht)=2:1:1 pp2{W,T}->Zthj BR(Wb):BR(Zt):BR(ht)=2:1:1 pp—{W,T}->htbj BR(Wb):BR(Zt):BR(ht)=2:1:1
— M) 50 —"‘2?“ —u(s‘M)
o 2 0
— o (Toal) — o (Total) 10 — o (Total)
Mol s 10 ot BEPE o
100 é é
z s
10 s S 050
© 050 =
,
0.10 0.10
0.1 i
0 500 1000 1500 2000 2500 o 0 500 1000 1500 2000 2500 o 0 500 1000 1500 2000 2500
MindWbo) (GeV) MindZ1t) (GeV) MinfHt) (GeV)
@ large background due @ no g — bb: large signal @ signal is huge
tog — bb @ interference likely @ interference competitive
@ interference cancels important only at low with signal at low M,
signal at low M;, Miny
@ non-trivial S/B analysis

Luca Panizzi

Assuming further decays into exotics
would rescale all these contributions
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Outline

e Single VLQ production with SM final states

@ Next-to-leading order results
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How to deal with NLO for large width

@ NLO QCD corrections can have a big impact on total cross-sections (VLQs are coloured)
@ Distributions can be affected too!
@ Complex mass scheme required for gauge-invariance. . . but not available at NLO!

Approximate treatment

1) Generate events at LO with large width with the complex mass scheme
2) Generate events at LO+PS and NLO+PS in the NWA
3) For a given observable O:

do
do (@)(NLO,NWA) do _ do
do = (4= *\ao = K X { 75
{NLO,LW} (45) (LONWA} {LoLwy {LO,LW}

Limitation: a differential K-factor independent of the width/mass ratio is applied
@ s-channel must be dominant over t-channel (K-factor is evaluated in the NWA)
@ interference must be negligible (simulations stop at the 2 — 3 processes)

Luca Panizzi Vector-like quarks beyond minimality 20/25



dé/dpr (pb/bin)

Numerical results

example with Wbbj and pr of leading jet

pp->{W,T}->Wbbj, W-anything M=1000GeV

p->{W}->Tbj, T>Wb, Woanything ~ Mr=1TeV

1x 105"

5x10“;—'—|,-—|T =
e =

NLO NWA
NLO [7/Mr=1%
===NLO I'1/M=10% ||

0.100 |

0.050
= = 2
= e
5
1x10% 3
L & oot
5000 = 5 [
- £ 0005
= g [
&
1000 = 2
hel
o0 = 0.001. 1
-4 L
Lﬁ_ 5.x10
60
£ 40
5 1.5 8 20
5 g
o s
@
05 i -60°" : 3
0 200 400 600 800 1000
0 200 400 600 800 1000 ) o]
) pr(io) [Ge
pr(io) [GeV] T

@ Reduction of theory uncertainties @ No width dependence below My

@ Peak at M /2 independent of Ty @ Large dependence above My (where the

NLO corrections matter the most)
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Outline

e Pair production with exotic final states
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ms (GeV)

A summary of the current status

0 200 400 600 800 1000 1200 1400 1600 1800 2000

B-bZ, 1808.02343 (ATLAS)
Bo>tW-, 1808.02343 (ATLAS)

 peipedn < VLQs to SM

‘ EIIE  3ab!, 1907.05694 (experlmental reSU|tS)
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Outline

6 Where should we go? (i.e. setting priorities)
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Intense study of vector-like quarks interacting with SM particles
from phenomenological and experimental sides

Still under way to complete the picture
(and hopefully see something, just bounds is a bit boring. . .)
To do (or in progress)

projections for HL and HE (pheno+experiments)
large width and interference (experiments)
adding QCD NLO corrections for single production (pheno+exp, if motivated)
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Theoretical scenarios
in full SM decays are always

A lot of pheno studies, but no experimental searches yet!
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pair production with SM+exotic decays

Filling gaps: {single production via EW and decay to exotic (pheno+exp)

Theoretical scenarios
in full SM decays are always

A lot of pheno studies, but no experimental searches yet!

To do (or in progress)

completing the exotic spectrum of decays (pheno+experiment)
finding reasonable smoking guns (theory + pheno — experiment)
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