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Vector-like quarks: defining features

A fermion is called vector-like if its left-handed and right-
handed chiralities transform identically under a gauge group

e.g. SM quarks are vector-like under QCD and EM, but chiral
under the electroweak group

Example: Charged current [:::—g—j“VV:'+—hil

V2

Chiral quarks:

. YV VA 3 . r /

]M—]L ‘I’]R—fL’YMfL—f’YM(l—’YE))f V-A structure
Vector-like quarks:

j'u — Jg ‘|‘]g = fLW’ufi = ]FRW’uf;g = fTW'uf, V structure

Distinguishing Features:
l.Gauge invariant Dirac mass term exists without Higgs insertion
2.Axial anomalies are automatically absent 7




Vector-like quark representations

U(2)L x U(1)y multiplets
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Vector-like quarks in New Physics models:

Extra-dimensions: KK excitations
Composite Higgs models: excited resonances of the bound states
Little Higgs models: partners of SM fermions

_ W DN R

. Non-minimal SUSY extensions: raising Higgs mass without affecting EWPT
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Status of VILQ search (@QLHC

ATLAS Heavy Particle Searches™* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

bk Al JL£dt=(3.6-139)fb! V5=8,13TeV
Model t,y Jetst ET™ [rdiib] Limit Reference
LI L L) T L) T 5 T 7 L) L) L) LI L | T T T L) 1
VIQTT - Zt + X 2e/2u/>3eu >1b, 1] - 139 | Tmass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
>0 VLaBB - Wt/Zb+ X multi-channel 1 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
[ E VLQ T5/3Ts/3|Ts3 = Wt+ X 2(SS)/>3eu>1b,>1] Yes 36.1 Ts/3 mass 1.64 TeV B(Ts;3 > Wt)=1, c(Ts;3Wt)=1 1807.11883
i’ 2 VIQT - H/zt Teu >1b>3] Yes 139 | T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQ Y — Wh leu 21b>1j Yes 361 |[Ymass 1.85 TeV B(Y - Wh)=1, cr(Whb)=1 1812.07343
VLQ B — Hb Oeu 22b, >1j,>1J - 139 B mass 2.0 TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
Overview of CMS B2G results
35.9-77.3fb~! (13 TeV)
YY-bWbW-£ugdqg, B(Y-bW)=100% M, [B2G-17-003 (fvqdqq) 1.3
TT-bWbW-fugdqd, B(T—=bW)=100% M, |B2G-17-003 (lvqdqqq) 1.3
TTZEZ (25, 1515, 15151 7) 4 jets, B(T-tZ)=100% M, |[B2G-17-011 ((£%,2%2*, 2% ¥ ) + jets) 1.3
TT=stHtH-=bgdbbbggbb, B(T-tH)=100% M, [B2G-18-005 (bqgbbbqgdbb) 1.37
TT=(£=, 0 5£% =2=17) 4 jets, TT singlet M, [B2G-17-011 ((£%,2%2%, 8= 2% %) + jets) 1.2
o TT=(f= £=E* (== 7) +jets, TT doublet M, |B2G-17-011 ((£=,8*0=,f*L* 17 ) + jets) 1.28
1 BB-tWEW—(£* 2 =E% 2217 ) 4 jets, B(B-tW)=100% M, |[B2G-17-011 ((£%,28*2%, 1% 2% 0¥ ) + jets) 1.24
E BBbZbZ-bggbgd, B(B~tZ)=100% M, [B2G-18-005 (bqgbqd) 1.07
E BB-bHbH, B(B-bH)=100% M, [B2G-17-012 (12~ + jets) 113
2 BBo(f =, #=§=, F= 4% %)+ jets, BB singlet M, [B2G-17-011 ((#*, 258, 1= 2% £ %)+ ets) 1.17
=  BBo(f*, fT1= 1=1%17)4 jets, BB doublet M, [B2G-17-011 ((£%,2%2%, 1= 2% E7 ) + jets) 0.94
3 KepsKeysEWEW (£ =, [= 1% ) +jets, B(Xs;3~tW)=100%, RH My, [B2G-17-014 ((£*,2%1%) + jets) 1.33
XepsXes—tWEW (1%, 15 1%) 4 jets, B(Xs/s~tW)=100%, LH M, [B2G-17-014 ((£%,2%1%) + jets) 1.3
Tan—tZ-bggi+ 1 —, narrow T M, |B2G-17-007 (bqgi*i-) 1.7
BT —btZ—bbgde* ¢ —, narrow T M, [B2G-17-007 (bbaqeti-) 1.2
B—bH-bbb, narrow B M. [B2G-17-009 (bbb) 1.8
B-tW—£v + jets, narrow B M, [B2G-17-018 (v + jets) 1.7
1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9

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

Caveats:

Simplified model framework

mass scale [TeV]

EPS-HEP 2019

SM extended with only one representation of VILQs

Interacting only with SM states

100% BR to specific SM channels
Narrow width approximation



Outline of the talk

* Composite Higgs models
> Motivation
> Basic construction

> Partial compositeness

* Low energy theory of VLQOs
> Low energy Lagrangian
> Spectrum of vector-like partners

> Possible signatures at colldier

* Summary



Composite Higgs Models



Hierarchy problem
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New physics “Technically unnatural”
expected
Unlike fermions or gauge bosons
No enhanced symmetry protection
SM is valid

H




Composite pNGB Higgs

* Higgs is a composite bound state of a strongly interacting
sector

* Higgs emerges as a pseudo Nambu-Goldstone boson (pNGB)

Finite size effects
around m,

Higgs dissolves

above m,

A? correction




Basic construction

Hypercolor

SU(n), Sp(n), SO(n)

SU(3).

Quarks & Gluons Hyperquarks &
Hypergluons

SU(2)1, x SU(2)r/SU(2)p G/H

Pions Higgs +
BSM pNGBs
Rho-mesons Spin-1 vector
resonances
Baryons Top—partners
No Yes (triggers EWSB)



[Barnard et al. 1311.6562], [Ferretti et al. 1312.5330, 1404.7137]

Types of cosets arising from 4D strongly coupled
theory with fermionic matter in the UV

—~—

($as Vo) Complex | (Y1) # 0 = SU(n) x SU(n)' /SU(n)p
Y Pseudoreal (Yp) #0 = SU(n)/Sp(n)
Y, Real (Y1) #0 = SU(n)/SO(n)

Three minimal cosets (Higgs doublet + custodial symmetry) :

4 (Yo, o) Complex | SU(4) x SU(4)'/SU(4)p
4 1), Pseudoreal SU(4)/Sp(4)
5 1, Real SU(5)/S0O(5)

* Other cosets: SO(n)/SO(n-1), SO(n)/SO(m)x SO (n-m)
These can be realized in 5D holographic composite Higgs models

Popular example is MCHM with SO(5)/SO(4) coset 10

[Agashe et al. hep-ph/0412089]



Vacuum misalignment

Explicit breaking of global
symmetry leads to 1l-loop
Coleman Weinberg potential
for the pNGBs

Hyperquark and gauge
contributions to the
potential can not misalign
the vacuum

Contribution from top quark
is essential to trigger EWSB

£—=0 f?

| /il misaligned
L

*
*
Lo

SM « Composite Higgs

Technicolor

11




Partial

compositeness paradigm

Composite sector

Composite currents,

pNGB Higgs
O,J,, H

Composite operators

Elementary-Composite
linear mixing
(Explicit breaking of the
global symmetry of
the strong sector)

Elementary sector

SM fermions,
SM gauge bosons

[-:mix s AL@LOR + ARHROL 6E QA;LJP'
4L, UR,dR, Ay

Physical states are linear combination of elementary and composite states

|ISM) = cos ¢|elem) + sin ¢|comp)

12



Top—partners

AL
ﬁinix —

dr
UV

_ AR _
—___WQQLOH v @——WHHOL + h.c.

UV

O~ Yxx, xvx

Trilinear fermionic operators give rise to vector-like fermionic

bound states (top—-partners) below the confinement scale

X carries the SU(3) color quantum numbers,@b does not.

Since we want to obtain the top partners,

the color group SU(3)c into the global symmetry

we also need to embed

3 (Xa, Xa) Complex
6 xo Pseudoreal

6 Y. Real

SU(3) x SU(3) — SU(3)p = SU(3),
SU(6) — Sp(6) D SU(3).
SU(6) — SO(6) D SU(3).

13



Yukawa couplings

SM fermions : massive after EWSB

dr,+dr—5
m. LTaRr
mg ~ ”U)\L)\R A
Uuv

Interaction with Higgs via composite resonances

Top can be substantially composite, while other light quarks
are mostly elementary 14



Low energy theory of VILIQOs

15



Building blocks for IR theory

Three basic ingredients to construct the IR Lagrangian of VLQs and pNGBs
* pPNGB matrix (fixed by the choice of coset G/H)

1o, 1

f

P Q(S) exp ( ) ; > — gZh_l(ﬂ')

* Irrep of the vector-like partners under unbroken H
\IJN—>\IJN, \PF%h\IfF, \IJA/S—>h\I/A/ShT, qu—)hquhT
* Spurion embedding of SM quarks in the global symmetry G

qr, — tLStL -+ bLSbL7 tp — tRStR bR — bRSbR

N N, F—gF, A—gAg', S—gS¢l, D — gDg'

16



Lagrangian (@TeV scale

L2 = tr [WiDV] — Mtr [U¥] + str [FOLT]

Leem. = qrilpqr, + trilptg + brilDbg Lrc. =yrfarXVe +yrfYLYtr

2 i x
LpNGB = f?tr [(D,2)1(D*T))] Viot. = §m,2,h2 + Emfﬂ? + O(73, )
Lwzw = [C’Y’YFF +cz227 +czyFZ + CWWWJFVV—}

+m; [CZWZVV_ + CﬁwaW_] + T [Cw—w—W_W_]

17
[AB, D B Franzosi, G Ferretti 2202.00037]



Specific example: SU(5) /SO (5)

° pNGBs: only the doublet Higgs receives vev

S S S
14 27O g gy 4 (2,2) + (1,1) PTPETDY 30(00) + 841 (B) + 24 o (H) + 1)

SU(2)e

1(xX9) 4+ 3(xE, x%) + 5(xEE, xE, x0) + 1(h) + 3(GF,G°) + 1(n)

* Top—partners: transform under unbroken SO(5)

SO(5) x U(1)x  SU(2)p x SU(2)r x U(1)x SU2)L x U(1)y
12 — (1,1)3 — 12
3 3 3
52 — (1,1)2 +(2,2)2 — 12 +21 + 22
3 3 3 3 G &
14 - —:*(1,1)2—}—(232);4—(3,3}2 — 12 +2:+27+32+3:+3_1
3 3 3 3 3 5 & 3 3 3

* Spurions: no vev for the triplet, no corrections to Zbb

gr =t D} +byD{ €24, tgp=tgD? <24




Fermion mass—-matrix

i o JYLYRY
0 |wi(w)? i VE 2 £2
./\/lg 1 — L \/ —I_ y f
(4
/ wh(v) | MI,_1
Contours satisfying m, = 173 GeV
* (n-3) degenerate states &F ' ' ' o
with mass M —M = 1.5 TeV
gl — M = 2.5 TeV
* One state shifted by ~ y?*v? ! —M =4.0 TeV
S 3
* Others shifted by ~ y?f? -
2t
My = (20| 0) '
Op—1x1 | MInh_1 oL .
1.5 2.0 2.5 3.0 3.9
* (n—-2) degenerate states YL

with mass M
Light top-partners are usually

required to reproduce correct top mass
19



VLQ spectrum

Features of the VLQ spectrum:

®* Universality (little dependence on
Coset choice or representation)

* Existence of degenerate states at

M — v — VLRV —— — Tree level

®* One loop corrections to mass break
the degeneracy

* Mixing between nearly degenerate
m;t 1 states leads to off-diagonal self-
—4/3 —1/3 2/3 5/3 8/3 energy

Electric charge

AN 'i(ﬁ*k flffr)
T; R T; T Uy 7T (pz — ﬂf%)]l -+ ?:ﬂ»fT(FT -+ 2?(”11) ij

- - -
v y v v r r

(@ 4 i~ (2% L %y B (fa L B~ (DO + Gy
(v, + iagys) (V5 + iafyys) (05 + a%vs) (058 + aSEys)

20




Higgs: too light to

* Higgs mass scales as:

5 9

2 AQ?ntWQQ

LT el 5
= f

Light top—-partner Large Fine-tuning

. .

#ight Higgs

be composite ?

PR | 2 .

m5 = My, +my, tan iz
= 3 —
Moy -

: e Miring e
Gaunge Eigenstales ===aaamaacaaan <

2 2 *u
My, Mgy, N
2 m2,  m? T
gy nh nn E

mi = mp, — mj tan e = (125 GeV)?

Mass Eigenstates

[AB, G Bhattacharyya,

10 : '
I £=0.06
< — SO(6)/SO() | |
1
I| -=- SO(5)/SO4)
1
: NMCHM
4t \
\ More breathing space
\ for top-partners
\
2t \
S~o___ MCHm
0 L
0 | 2 3 4
mgo,(TeV)

21
T S Ray 1703.08011]




o(pp — ¥V) [pb]

Production and decays of VLQOs

* Pair production of VILQOs at LHC: depends only on VLQ mass

H W | | >fmrmr< tl | ZK |
q W 7 " i U

1073L

1076t

1077¢

oc@NNLO + NNLL with Top++ |
PDF : NNPDF40mnlo_as_01180

* Possible decay channels

Top-partner  Decays to SM final states

Decays to BSM final states

0.5

* Single production:

.o 15 20 25 30 35 40

T%,X%,Y%,T% th, tZ. bW+ tX?,S,ﬁ: tn, bX;es
B..1.Y.1,B., tW~, bh, bZ tX35: bXU 35 s BN
X%’YW’X% tWw ?fX3+‘5, bxngr
f M m3z ms mp my, YL YR K
1000 1500 330 315 335 290 1.80 1.87 0.50
22

Typically model dependent




Decays of nearly degenerate states

p * Theoretical Challenges:

'?:(p -+ AJT)
(})2 — ﬂff%)]l + ?:]'t{fT(FT + Q?J(Sﬁ'f) i

v Deal with the nearly degenerate states
v One-loop self energy is off-diagonal

P

v Consider matrix Breit-Wigner propagators

0 0.0017 0.0017  0.17 0.10 0.13 0.32 0.14 0.14

WL o BRo(TT — AB) 0.20
Ny =2, My =136 TeV

tz 0 4.x107

0.16
— =\ NWA - — .
thi 0 110 4x10% olpp =TT — AB) =" Nyo(pp — TT)BR2(TT — AB)
0.12

XSt 0 0.00035 0.00030

. 0.08
txst 0 0.00009 0.00025 0.018 | 0015 BR(T — A) = Z BRo(TT — AB) ZBR(T —A) =1
Tt o 000033 0.00015 | 0.038 | 0.0092 0030 oot B A

tn 0 0.00042 0.00049 0.0013| 0.030 0.011 . 0 BR: (TT — AB) 7é BR(T — A)BR(T — B)

bX;,_ 0 0.00037 0.00012  0.030 0.0074 0.028 0.035 0.031
bX;)- 0 0.00012 0.00035 0.024 0.021 0.012 | 0.040 0.010 0.028 23

W tZ th BS S DYt bxg bxs [AB, D B Franzosi, G Ferretti 2202.00037]



Branching ratios of pNGBs
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* Decays into diboson are mainly
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Diphoton signal

o (pp = (ty7) + X) Z Z o (pp — (t7*)B) BR(x® = v7),

= Nro(pp —=TT) Z BR (T — tn®) BR(® — ),

— 0 A0
TE=1X1,3,5

Relevant for leptonically decaying top, so that top and anti-top can
be distinguished

— o(pp— (tyy)+ X) =131

More inclusive quantity (relevant for hadronically decaying top):

o(pp — (t/tyy) + X) =2.41b

These numbers are in the ballpark region of interest for
VLQ searches by ATLAS and CMS collaborations

25



Summary

Composite pNGB Higgs from confining gauge theory: non-SUSY alternative to
address hierarchy problem, partial compositeness mechanism can give mass to
quarks and trigger EWSB through one loop potential.

Major experimental signature arises from BSM pNGBs, colored VLQs and
modifications in Higgs couplings.

We construct generic low energy Lagrangian to bridge the gap between
simplified models and specific models of partial compositeness.

Mass matrix and spectrum of the VLQs are generic, typically exhibits a
number of nearly degenerate VILQs. This leads to theoretical challege to
compute cross sections incorporating full quantum interference effects.

Motivated models lead to interesting non—-standard search topologies
involving VLQOs decaying into BSM pNGBs, followed by pNGBs decaying to
diboson.

Amongst the most promising signatures at the LHC are final states containing
a diphoton resonance along with a top quark.

26
Thank you!
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