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Prelude



Glueballs

baryon glueball?

Figure 1: Combining quarks and gluons according to their colour to create
colourless states. Image from Brookhaven National Laboratory bnl.gov.


bnl.gov

Recent interest in glueballs

Confirmation of the spin numbers of the X(2370) resonance:
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Figure 2: Left: Lattice Studies of Glueballs in Yang-Mills (Y. Chen et al in
hep-lat/0510074). Right: Invariant Mass Histogram from the

J/vp — yK2K2n' BESIII events confirming a 0~ resonance at 2.37 GeV
(from BESIII Collaboration in 2312.05324).


https://arxiv.org/abs/hep-lat/0510074
https://arxiv.org/abs/hep-lat/0510074
https://arxiv.org/pdf/2312.05324

Dynamical Fermions
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Figure 3: Flavour singlet scalar spectroscopy from dynamical fermion
ensembles at m,; ~ 390 MeV. Pink is the new state obtained with the
introduction of a glueball operator. From R. Brett et al. in 1909.07306.

Glueball studies with dynamical fermions is hard (decay, mixing)!


https://arxiv.org/pdf/1909.07306

Sp(2N) theories

Our theory:
Niun

£$p(2N) —*TI' FMYF, [LV+Z QI "YMD — Mfun QI+Z wj ’F)/MD mas)wj
=il j=1

Group definition:

Sp(2N) = {U € Manxan(C) : UTQU = U}, Q= < 0I I(I)V>
—In

Transformation laws:

Q— Q= UQ i — )= UMy Fu— UCDE, (VD)



Why Sp(2N) theories?

e Composite Higgs Models;

Strongly interacting Dark Matter Models;
Large-N. behaviour of SU(N) theories;

Finite temperature phase transitions;

e Gravitational Wave detection;

TELOS Collaboration '23: arXiv.2304.01070.


https://arxiv.org/pdf/2304.01070

e Measure Glueball spectrum in Sp(4);
e Measure flavour-singlet Mesonic spectrum in the same theory;

e Study possible mixing effects and decay patterns.



Lattice Simulation




Lattice Action

Observables:

1 Neons

Nconf Z O[U]

{U}re—S

(0) = /DU O[U] exp(—S[U]) —» (O) ~
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Lattice Action

Observables:

Neont

> o[

{U}~e—S

- /DU O[U] exp(-S[U]) —

conf

Wilson gauge action for Sgayge:

Sennge =83 3 (<C>)

X p<v

Wilson fermions for Sfenn

feszn _ 34ZZ¢ )D(R) [ R)) W(x)

Jj=1 x



This presentation:

Name | B =4N/g? | am3® | ami | Ny | Ns | Neont (P)
M3 6.5 -1.01 | -0.71 | 96 | 20 | 2500 | 0.585156(13)
In the pipeline:
Name | B | am8® | am | Ne | Ns | Neont (P)

M3 | 65 |-1.01 | -0.71 | 96 | 20 | 4500 | 0.585156(13)
M4 | 6.5 | -1.01 | -0.70 | 64 | 20 | 5500 | 0.584228(12)




Lattice Spectroscopy




Lattice Spectroscopy

Spectroscopy on the lattice is obtained from the spectral decomposition
of 2-point correlators. Define zero-momentum operators:

O(t)=0(p=0,t) =Y 70 O(x,t)

X
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Lattice Spectroscopy

Spectroscopy on the lattice is obtained from the spectral decomposition
of 2-point correlators. Define zero-momentum operators:

O(t)=0(p=0,t) =Y 70 O(x,t)

X

Correlators defined as:

C(t) = (A0(1)0(0)|2) = Y leal?e ™",
n
Momentum zero operators implies E, = m,. Can extract an effective

mass:
C(t)

(t+1)

meg(t) = In <C

) t—> 00 mcﬁ'(t) ~ mg

10



Pseudoscalar Meson operators:

1
Nas

M:Z

Ng
Oas(X) = \I’ ( ) S\Uk(x)a Ofun — ZO ’YSQ

-
Il

1

11


https://arxiv.org/abs/2405.05765

Pseudoscalar Meson operators:

Oas(x) =

1
Nas

M

-
Il

1

Scalar Meson operators:

Ous(x) =

1
\% Nas

Nas
> VKV (%),

K ()W (x)

11


https://arxiv.org/abs/2405.05765

Pseudoscalar Meson operators:

1
Nas

\I’ ( ) 5\Uk(X), Ofun =

M:Z

Oas(x) =

ﬁ\

Ny
Z x)75 Q' (x

-
Il

1

Scalar Meson operators:

Nas
_ \//1\/7 S TK)VE(x),  Opunx

a

20

P

Glueball operators:

00 (L, ZR R(Ly)) + h.c = Re (ZR ) + P(R(Lx )))

R

TELOS Collaboration '24: 2405.05765

11


https://arxiv.org/abs/2405.05765

Glueball Operators

Glueball operators:

0i+

0% (L) =Y R(L)+ P(R(Ly) + h.c =Re | Y R(L:) + P(R(L.))
R

Figure 4: Left: The plaquette loop projected to J7¢ = 0%+, Right: the broken
chair projected to JP¢ = 07. Blue lines: Take the trace and sum. Green lines:
Take the trace and subtract.

12



GEVP: Combining the operators

In theory, it is possible to write:

0= ZC/@,’, so that <©(t0)0(t1)> = \C0|2e_’"0(f0—t1)
i=1

13



GEVP: Combining the operators

In theory, it is possible to write:

0= Zc,-@;, so that  (O(t)O(t1)) = |co|2e~ (=)
i=1
Variational problem to find ¢;:

o = mingcy {meg(t)} = minggy {D(Ez(—?l)} , D(t)= Z cici(0; 0;)(t)
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GEVP: Combining the operators

In theory, it is possible to write:
0= Zc,-@;, so that  (O(t)O(t1)) = |co|2e~ (=)
i-1

Variational problem to find ¢;:

my = min{ci} {meg(t)} = min{ci} {D(Ez(—:)l)} , D(t)= Z Cicj<Oin>(t)

Nop
- C(fo)v(to, tl) = /\(f.’o7 tl)C(fl)V(to, t1 é ~ Z to t1

where C(t) is the correlation matrix:

Ce-¢6  Co-tun  Cg-as
Cu(t) = <Ol O_]>(t) = CfunfG Cfunffun Cfunfas
Cas— G Cas—fun Cas—as

13



Cfun—fun(xa )/) = <Ofun Ofun =+ + Nf GOQ Q@D

Cfun—as(xay) = <a ( )Ofu = aF v N%NfGOQ\I’ @

Co-c(x,y) = (Tt (x)-Try

14


https://arxiv.org/abs/2405.05765

Cfun fun(X )/) <Ofun( Ofun =+ + Nf GOQ Q@D

Conae(x.) = (Oue(x)Orun(y)) = NM@OQ 4.

Ce_c(x,y) = Trz

X)Trz

E.g, first diagram is:
Q
=Tr (I D (xiy) T Din(yix)), T=L7s
Q
TELOS Collaboration '24: 2405.05765

14


https://arxiv.org/abs/2405.05765

Results




Pseudoscalar Channel
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Figure 5: Effective masses and their respective exponential fits in the
pseudoscalar channel.
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Scalar Channel

I = 1, Glueball operators I = I, Meson operators
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Figure 6: Effective masses and their respective exponential fits in the scalar
channel.
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Mass fits on both channels
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Figure 7: Comparison of masses obtained from exponential fits
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Interpolating operators

From the GEVP:

Nops
A t
O = v,-(to,tl)O,-
i=1
In the pseudoscalar channel:
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Interpolating operators
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Conclusion




Takeaway points

Despite its existence not being excluded from first principles,
Glueballs remain experimentally undetected,;

Very hard to identify and study on Lattices with dynamical fermions;

Sp(4) gauge theory provides a QCD-like theory with a near-threshold
stable glueball state.

Good starting place to tune parameters and study glueball decays.

20
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Lattice Regularization

e Bare QFT — Regularization — Renormalization —
Renormalized QFT — Amplitudes;

e lattice Regularization — non-perturbative!

e Space-time discretization:
x" € R — xf = a(no, n2, n2, n3), n,, €N
e Wick rotation:

xM = (xo,x) — xE = (ixo,x)

XXy = guuxtx” — xtxe, = (x°)* 4+ x| Euclidean!



Glueballs

e QCD is the theory of strong interactions:
1 o
Lacp = —5Tr F¥F,, + > De(in™ Dy — me s
f

e SU(3). gauge transformations:

WY — ¥ = Uthe, U € SU(3)
Ay — A, = UA U™ +iUd,U!

e Observed colour confinement:

lphys) = OT|Q), O — O' =U0OU =0



Composite Higgs Models and Sp(2/V) theories

Re-write

@8 = 9’ Wb = Lo
Qab(_CqJ+2 *)b ) - QaCde(_CW+3*)cd )

Get:

1
= _ETT Vi VH 4+

+ ; i ( 6" (Duq") ) i (qMaTQabéqNb)_i_

M=1 N=1
+ % i( ¥ abU D/zl/’m)ab> m(3s) mil ( mabTQachd&/J"Cd)

Approximate SU(4) x SU(6) flavour symmetry. Breaking patterns:

e SU(6) —> SU(6)/SO(6) ~~ 20 pseudo Nambu-Goldstone bosons;
e SU(4) — SU(4)/Sp(4) ~ 5 pNBG's (Higgs doublet + scalar field).



Higgs Naturalness/Fine-Tuning/Hierarchy problem

Hierarchy Problem:
Liiges = CNoyHTH,  Mpiges = 125 GeV, Agy = 10" GeV = ¢~ 1072 <
Radiative corrections:

MHiggs = MHiggs, bare + 5mHiggs, sM + 6mHiggs, BSM
2
3Y: r2

OMHiggs, sM ~ o~ 5 \Sw

Fine-tuning!

0 MHiggs, SM Asm \°
A > 1880V ~ ~ 10%* GeV
Mitiges (450 GeV) ¢

24 digit cancelation!



Lattice Observables

Need to discretize action. Using links:

x+-afi
o) = e (i / ds“AH(s)> ~ exp (iaA,(x)) € Sp(4)
The action comes as:

S= Sgaucre + Sfcrm + Sicrm

=8> ReT‘rO

x p<v

gauge

S0 =5 S0 DR [u; mA)) i(x)

j=1 x



Measurement of observables is done in the Path Integral Formalism:

/ D¢ O[¢] exp(~S[4]), / D exp(—S[¢])

Even with lattice discretization, hard to evaluate in most cases. Sample
via Monte-Carlo:

L‘Ol’lf

Y Ol {Ubimt, N ~ exp(=S[U])

(‘onf (U}

In practice, Markov Chain Monte Carlo:

. —AS
UO — U — U — - — UNCOnf 'Daccept = min (17 € )
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