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Why Composite Higgs?

Hierarchy problem: how the electroweak is stabilized under quantum
corrections?

Is the Higgs boson an elementary particle? might as well be a composite
state, just like a pion!

Explain why top quark is so heavy compared to 1% and 2°¢ generation
quarks?

Electroweak phase transition and CP violation: depends on the shape of
the scalar potential

Composite Higgs boson with partially composite top quark



Composite Higgs models

Main idea: UV theory without any elementary scalar

Couple the massless SM to a new strongly coupled gauge theory with fermionic matter
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Figure courtesy: Marco Merchand

Dimensional transmutation creates large hierarchy of scales



Recap: QCD

« Explicit breaking leads to pion potential

Chiral symmetry breaking Vﬂ- — 1II <VaC ‘ H | VaC> II
SU(Z)L X SU(2)R
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Gellmann-Oakes-Renner, 1968 Mathur, Das, Guralnik, 1967

Electromagnetism remains unbroken
Witten, 1983




Composite Higgs vacuum
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Composite Higgs vacuum
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Analyze the potential around origin:

o(vac|[Q%, H]|vac)y = 0, (“no-tadpole condition”)

1

5 o (vac|[Q?, [Qi’, H]||vac)y > 0 (“no-tachyon condition”)
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Tachyonic directions : vacuum misalignment




Vacuum misalignment

V = p{vac|H|vac)1
— Vmass + VW,Z + V:c

SN

Hyperquark Top quark partial
mass Gauge compositeness

Similar to QCD Vs and Vwz can not misalign

Vmass + VW,Z ~ —|‘,L62§Z5T¢ + ...

W, Z t

v

Vi ~ Cp* (ki — K3)9T¢ + ...

AB, G Ferretti, Phys.Rev.D 107 (2023) 9, 095006 .77



Partial compositeness

dq A

2
~ Cg—vq)\?’ Auv > Auc ~Anf

Uuv
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Vector — like quark : U = \°

v Anc )"
q E{ ~ C%V (m) Ancq¥ ~ yAucq¥
EWSB
v
7 7 »— X YLYRU ~ 173 GeV

Requirements:

* Nearly conformal dynamics
above confinement scale

e Large anomalous dimension
to reproduce top mass

» Lattice gauge theory studies
required to compute the
anomalous dimension

Ed Bennett et. al. Phys. Rev. D 106, 014501
V. Ayyar et. al. Phys. Rev. D 97, 114505

» Physical states are mixture of elementary and composite degrees of freedom

 Top quark is more composite compared to lighter quarks 8



Vacuum misalignment via 4-Fermi operators

t

G/H
v L) Ur, + Vr, — K1tVR, + KatVYR,

Hpc = —% / d* e A (z) T {/c;qu(x)q;gd(oyc@ + h.c.}

Vi ~ Cp? (s} — w3) o + ..
<
Sign undetermined

Regardless of the overall sign, tachyonic directions can exist

AB, G Ferretti, Phys.Rev.D 107 (2023) 9, 095006

CN/ d*k /d 2 p1(1?,m7) — pa(p®, m3)
(2m)* k? + p?

» Lattice calculations can in principle determine the overall sign
dictating which irrep leads to misalignment Ed Bennett et. al. Phys. Rev. D 106, 014501 9

V. Ayyar et. al. Phys. Rev. D 97, 114505



SU(4)/Sp(4) coset: Higgs + CP odd singlet

Minimal Higgs potential hypothesis:
Potential is dominated by the IR contributions (Coleman-Weinberg)

Maximal symmetry: Fully calculable finite scalar potential

Effect of strong dynamics is captured by momentum dependent form factors

10



SU(4)/Sp(4) coset: Higgs + CP odd singlet

Minimal Higgs potential hypothesis:
Potential is dominated by the IR contributions (Coleman-Weinberg)

Maximal symmetry: Fully calculable finite scalar potential

Effect of strong dynamics is captured by momentum dependent form factors

Vl—loop(ha 77) — /Vmass + Vg ‘l_‘/t

_—
_—
_—
_—
_—
_—

A

Vinass = Bftr U + Ul | E g
» Tadpole for the singlet (CP violation) ! ' ' @ "
e Numerically small but relevant for A

giving vev to the singlet

Neff d4p m%VZ t(ha U)m%m%
Vow = log —

2 (2m)* p2(p? +m7)(p? + m3)

Momentum dependence inside the integral is different from
CW potential for elementary scalars

1+

11
Full analytic computation: AB, M Merchand, I Nalecz JHEP 10 (2024) 106



Finite temperature potential

Imaginary time formalism: f dp’d’p f (PE) — 2T Z / d’p f (i‘-’i + |i'512)

n=—0c

y 7 )
 aolTegys. E m;
Vl-luup — YOwW (mi) 5 5 Ne F Z JB (?)

. : 3 K
(T=0) , - Nie F @9 - Neg Ji "
Vew (1) 5 /(27;-)3 2 E; = 30,2 E_ m; log ™

o0
Jp(x) = / dy y* log [1 BTN
. 0
Zero temperature part nicely separates Contributions from W,Z,t dominates
even in the presence of form factors ™

Fullv calculable with imal t Resonance contributions are
Wy caictiable With maximar symmesry exponentially suppressed for T.~100 GeV
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Phase transition and Gravitational wave

1000 il \ ‘

Tunneling from false vacuum to
true EW vacuum by one step
transition

Nucleation temperature: T, ~ vew

In presence of CP violation FOPT
is viable even with IR contributions
to the pNGB potential
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Collider probes and constraints
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Gravitational waves QLISA

Collider + FOPT selects a narrow region
of parameters

my/2 < Light singlet < mu , ;:

= 70 4
small mixing with Higgs 3
(constrained from invisible BR of Higgs) 68 {
Explicit CP violation 66 1
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Summary

Partial compositeness interactions are necessary to trigger electroweak
symmetry breaking through vacuum misalignment.

Lattice gauge theory studies required for more information on the
anomalous dimensions of partial compositeness operators

Major predictions involve existence of vector-like quarks, spin-1
resonances and light pNGBs, all accessible QLHC

First order phase transition at the EW scale is possible in presence of
explicit CP violation, resulting GWs QLISA sensitivity range provide
complimentary probe

Thank youl
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Backup
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UV theory of partial compositeness

Main idea is to start with a model without any elementary scalar

!

Couple the massless SM with a new strongly coupled gauge theory with fermionic matter

[Hypercolor] [Hyperquark]
Fields GHC GSM 1 . _ B
)‘E(¢7X7) R Rs ‘CUVD_Z Z F3y+zz¢m¢—zmw¢¢
f=(q,1) Rsm Guc,Gswm N f A

vectors dim-6 F3 PG FG? G?

fermions dim-6 f4 N[N A2

mixed dim-5 | fFf | AFf  _fGf  AFA  AGf  AGA
mixed dim-6 | fFDf MFDF fGDf MDA AGDf AGDA

We will soon talk about the global symmetries of the strong sector 1



Comparison with QCD

* The hypercolor theory confines at Apc ~4nf ~ 10 TeV

» Higgs boson appears as a pNGB with decay constant f~1TeV

ESM—H + /:HC + £d>4 — LSM + Ecomp + Lint

Properties QCD Composite Higgs
Gauge group SU(3). Hypercolor, SU(N) / Sp(N) / SO(N)
Fundamental dof Quarks, Gluons Hyperquarks, Hypergluons
Global symmetry SU(3§ILJZ<3S)E(3)R Sggg, Ssg((g)), SU(SI\IIJ)KNS)I;(N)
pNGBs (Y1) Pions Higgs + BSM scalars
(yFah) p—Imeson spin-1 resonances
(p)) Baryons VLQs (Top-partners)
Partial compositeness — Explains quark mass

Vacuum misalignment - Triggers EWSB
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» Wish List:

Global symmetries

— Anomaly free hyperquark content, leading to asymptotically free gauge theory

- Global symmetry breaking pattern: Gr — Hp D Geust X SU(3)c D Gsm
— At least one Higgs doublet among the pNGBs, requires color neutral hyperquarks¢

- VLQs, which can mix with SM quarks: partial compositeness, requires colored

hyperquarks

e R ¥ € PR P, € C
XER | o6 % Sow X U %Zéff x 5ot x U(D) e x Sote < U

cer | SEEa00. BERg XU, SR o)

PN e ——
EW pNGB content: Important prediction:
A of Sp(4) — (1,1) + (2,2 Two global U(1) symmetries, out of which
Sy of SO(5) — (1,1) +(2,2) + (3, 3) one combination is non-anomalous .

Adof SU4)p = (1,1) +2.(2,2) +(3,1) +(1,3)  Existence of an ALP ~ few GeV



Vacuum misalignment via 4-Fermi operators

t

G/H
v L) Ur, + Vr, — K1tVR, + KatVYR,

Hpc = —% / d* e A (z) T {/c;qu(x)qud(oyc@ + h.c.}

Vi ~ Cp? (ki — k3)¢ ¢ + .

SU(N) —  SO(N)
Ad Ad+S, tr(PUP*U*)
S, 1+Sy  tr(PU)tx(P*U)

SU(2N) —  Sp(2N)

Ad Ad+ A, tr(PUP*U*)
A, 1+A, tr(PU*)tx(P*U)

Ay, +Sy,  tr(UPTU*PY)
1+Ad tr(PU)tx(PTU)




Vector-like quark spectrum

2 o2 2 2
N 2 > <A _ WL — ’KGR|f 216, lay3 |
» ¥ N
_ T ,\/ \)\ A A 1
L ; Up \ 2 2
uy, \ Ysx 3V KL fFL(%) \ u% RLf
_3 3
uy, Ur
T Tl N
B i M2 v B—
H%f}“R(?) M1, 27/6, 3273, 3573, 3-1/3
7 > <* T3
A A
KrLkrfv
mi2 ~ Yu m3 ~ M + Yyv > yv ) . KLkRfv
my t Vi
—4/3 —1/3 2/3 5/3 8/3

* Spectrum is generic (little dependence on a specific model)
» Exotic states are lighter and tree-level degenerate

* One-loop mass splitting and off-diagonal self-energy

Electric charge
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Overlapping resonance states

* Degenerate states are the lightest with off-diagonal terms in self energy

* One loop mass-splitting can be comparable to the decay widths

«
T V.U»
-~ - = ~
V Y
/ \
T I Uy T; Ti Uy T;
- \ - i - - - -
i(v, + iagys) i(vii + iagis) (05, + a5 7s) (85 + a5s)
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Overlapping resonance states

* Degenerate states are the lightest with off-diagonal terms in self energy

* One loop mass-splitting can be comparable to the decay widths

«
T VM
-~ - = ~
V Y
/ \
T o W T; Ti Uy T;
- \ - i - - - -
i(vg, + iagys) i(vii + iagis) iy (05, + a5,7s) i (057 + @55 s)

* Quantum interference leads to correlations between final states in a pair production
process

0 0.0017 0.0017  0.17 0.10 0.13 0.32 0.14 0.14

WL o BRo(TT — AB) 0.20
p - Ny =2, My = 1.36 TeV
-6
t 0 4.x10 0.16
th 0 1.x107 4.x10°°
0.12
0
X3 0 0.00035 0.00030 .
0.08
txg 0 0.00009 0.00025 0.018 0.015
0 0.04
tx1 0 0.00033 0.00015 0.0092
tn 0 0.00042 0.00049 0.0013 0.030 0.011 0
bx+ 0 0.00037 0.00012 0.030 0.0074 0.028
P bxs 0 0.00012 0.00035 0.024 0.021 0.012 0.010  0.028
Ttir— I = 70 7.0 7.0 . T.- F7.-
W™ tZ  th txs txs tx; tn bxz bxs 25

AB, D B Franzosi, G Ferretti, JHEP 03 (2022) 200



Vector-like quarks QLHC

Limitations/ Rooms for improvement:

Simplified model framework

Interacting only with SM states

100% BR to specific SM channels

Narrow width approximation
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AB, D B Franzosi, G Ferretti, L Panizzi et al [2203.07270]
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BSM decays of VLQs

pp — Toy3Ta/3 — (£5°) + X — (tyy) + X

Ongoing ATLAS search in diphoton final states
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AB, D B Franzosi, G Ferretti, JHEP 03 (2022) 200
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AB, V Ellajosyula, L Panizzi, [2311.17877]
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