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3 L1ke SU(N.) gauge theories (e g. QCD), Sp(2N) gauge theories have 1nterest1ng
(non)perturbatlve features, such as asymptotic freedom confinement and
chiral symmetry breaking.

: High Energy Low Energy




e Sp(2N) gauge group is pseudoreal. ‘ :

- - No sign problem in lattice simulations with finite chemical potential - provide ? |
new insights of QCD phase diagram
- Global (flavor) symmetry is enhanced and its breaking pattern is different to
= SU(N.) gauge theories.
. SU(V),N. > 2 if § = Sp(20V)
SU(Ny) x SU(Ns) — SU(Ny) SU(2Ny) — Sp(2Ny) i
o Finite temperature phase transition is first order for Sp(2N) with N>1.
4 Holland, Pepe & Wiese (2003)
o Phenomenological applications for physics beyond SM based on
4 } novel strong dynamics: composite Higgs, partial top compositeness, =
=l composite dark matter (e.g. SIMP), gravitational waves, ... | / :
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f G CélCCiapaglia, plenary talk (Mon)

o Composite Higgs: PNGBs in the new strongly coupled gauge theories are
- 1dentified by the Higgs doublets in SM. | Kaplan & Georgi (1984)

Key idea: EW symmetry is not broken by new strong interaction, but by
vacuum misalignment




& Composite Higgs + top-quark partial compositeness

‘G. Cacciapaglia, plenary talk (Mon)

Modern composite Higgs models

Composite Higgs: PNGBs in the new strongly coupled gauge theories are
identified by the Higgs doublets in SM. Kaplan & Georgi (1984)

Key idea: EW symmetry is not broken by new strong interaction, but by
vacuum misalignment

Partial compositeness: mixing between SM quarks and composite operators,
formed by fermions in two different representations (chimera baryons), can
explain quark mass hierarchy. Kaplan (1991)

Key idea: large anomalous dim. of the chimera baryon, e.g. top-partner

Contino, Nomura & Pomarol (2003);
Agashe, Contino & Pomarol (2004)

2 v £ R
SM matter and ' e strongly-coupled
gauge fields ~ | | Higgs sector

4D uv models based on Sp(2N) gauge theorles

G. Ferretti & T. Karataev (2013), arXiv:1312:5330; e
J Bernard, T. Gherghetta & T. S Ray (2013), aerv 1311 6562



& 4D UV models for comp. Higgs + partial compositeness
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Coset HC Y X —qy /¢y Baryon|Name
SO(7) = g 5/6 M1
X X
SU(5)  SU(6) [SO(9) S 512 O | o
SO(5)  SO(6) |SO(7) - P 5/6 M3
Sy X cm
SU(5)  SU(6)
S0() ~ Sp(6) Sp(4) 5 x Ag 6 xF 5/3  wxx | M5
SU(5) SU(3)2 |SU(4) 5 x Ay 3 x (F,F) 5/3 . M6
SO(5) ~ SU(3) |SO(10) 5 x F 8 SpSpr 512 M7
SU4) SU(6) [Sp(4) 4xF 6 x A 3 M8
Sp(4)  SO(6) |SO(11) 4 x Sp 6 x F 8/3 PO 1o
SU(4)2 SU(6) |SO(10) 4 x (Sp,Sp) 6 x F 8/3 M10
SU() * SO(6) |SUM) 4x (B.F) 6x As 23 X | i
SU(4)? SU(3)? i s
SU(4) SU(S) SU(5) 4 x (F,F) 3 (AQ,AQ) 4/9 ¢¢X M12

b

i
e MS8: most lattice-friendly, |
e.g. exact # of matter content|

SU(4)/Sp(4) -

# of pPNGBs = 5 e '

4 of 5 PNGBs: Higgs doublets

SUQ)LxU1)y C Sp(4) . IF
SM EW . i

SUB):x U)y C SO(6)
SM Strong |

Chimera baryon (top partner)
\ijaab — (waxozwb)
carry charge

G. Cacciapaglia, G. Ferretti, T. Flacke / =
& H. Serodio (2019), arXiv:1902.06890. ¥
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.~ B. Kim, D. Hong & JWL
. (2020), arXiv:2001.02690
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- Dashed lines: analytical
estimates of the lower
“end of conformal window
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E. Bennett et al, arXiv:1712.04220;
(2017, 2019)  arXiv:1912.06505.

Glueballs & quenched meson spéctrum
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E. Bennett et al, arXiv:1712.04220;
(2017, 2019)  arXiv:1912.06505.

Glueballs & quenched meson spéctrum
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N (Fundamental)

E. Bennett et al (2019), arXiv:1909.12662

@ Meson spectrum in Nf=2 dynamical simulat
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E. Bennett et al (2022), oo
—  arXiv:2202.05516 - §
E. Bennett et al (2022),

work in progress @ Exploratory studies of |

/l f (Antisymmetric)

model M8: mesons & |

@ Meson spectrum in ns=3 chimera baryons
- dynamical simulations {
ﬂ‘} \\\\\ R g ~~~ o :{:.', i
-3 Broken ~Asymptotically free -
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Ny (Fundamental) | :

| E. Bennett et al, arXiv:1712.04220;

' (2017, 2019) arXiv:1912.06505. - e
@ Glueballs & quenched meson spectrum E. Bennett et al (2019), arXiv:1909.12662 __
@ Meson spectrum in Nr=2 dynamical simulations /
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' Lattice setup

~e Lattice formulation with the standard Wilson gauge & fermion actions

G =5p(2N) G = 5p(4), Ny =2(F), ny = 3(AS)

~ pure gauge theories theories with dynamical fermions

e (bare) lattice parameters: 8 = 4N/g?, m{; & My’

9 Slmulatlons by employing Heat-bath algorithm for pure gauge theories and the
; (ratlonal) hybrid Monte Carlo ((R)HMC) for the theorles with dynamical fermlons

e Scale setting: Gradient flow method Luscher (2010) Luscher & Wiese (2011) -
G=a/wy o= mPtwldt = may

Borsarnyi et al (2012),
arXiv: 1203.4469
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~ Universalities in Yang-Mills: SU(N.), SO(N.) & Sp(2N) :

s 2
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™ Casimir scaling ——
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oN: -
, for SU(N) - .
Col) j 5(21\1__12) Mo Ca(F) { 5.41(12), d=3+1),

++y —
N—1  for SO(N) 0= G@ T | adode ) =241
el 1) :

for Sp@2N), D. Hong, JWL, B. Lucini, M. Piai & D. Vadacchino (2017) =z

4
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0 SO(N) (2+ 1)d
0 SUN) (2 +1)d
A SUN) (3+1)d




E‘ Universalities in Yang-Mills: SUN.), SO(N.) & Sp(2N)

™ Casimir scaling
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2N?
N2 -1
2(N—2)

N—1
4(N+1)

2
mMo++
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for SU(N)
for SO(N)
for Sp(2N),

o+h < M G { 5.41(12), @=3+1), §
C2(A) 8.440(14)(76), (d=2+1).

D. Hong, JWL, B. Lucini, M. Piai & D. Vadaéchino (2017)

E. Bennett et al (2021), arXiv:2010.15781

}
;!

—#— n(Sp) = 5.35(13)
~k- n(SU) = 5.41(10)
—% n(Sp+ SU) =5.388(81) |

The value of the universal constant updaté'd-
combining the results from lattice calculati ]
ot Sp(2), Sp(4), Sp(6) and Sp(8) YMs.




Universalities in Yang-Mills: SU(N.), SO(N.) & Sp(2N) .

mo++ - !
A. Athenodorou et al (2016), arXiv:1605.04258

. H-Mass ratio of gluebells @E

Lattice results of SU(N), SO(N)
& Sp(2N) YMs at finite N and - ’
analytical results from gauge- |
gravity dualities and alternative
field methods support the | |
conjecture of the universal mas:

ratio R. |
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| o GPPZ/YM4 e Roﬁans 3 SE(Na - §
. —— AdS; x S° ¥ oSpNa - %
- i --- Witten

E. Bennett et al (2020), arXiv:2004.'A11 06




d*z (q(2)q(0))

Athenodorou et al.
Del Debbio et al.
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& Numerical results: Global symmetry breaking

‘e Symmetry breaking patterns are encoded in the Dirac spectrum

";"1‘,4.,'. 4 mne :
i ' — SU(2N)/Sp(2N) ) ot — SU(2N)/Sp(2N) ]
— SU(N) x SU(N)/SU(N) | - N — SU(N) x SU(N)/SU(N) | -

— SU(2N)/SO(2N) ] 1.0 — SU(2N)/SO(2N)

Sp(4) with F fermions




Numerical results: Global symmetry breaking

‘¢ Key requirement for composite Higgs: spontaneous symmetry breaking

SU(4)/5p(4)

» Pseudo Nambu Goldstone Bosons (pNGBs) #ofpNCBs—

GMOR relation: m%sfgs = mys <TZ¢> Gell-Mann, Oakés, Renner (1968) : |

0.8t 10.016

;.‘NJ}=2(F) Sp(4) f}%s

'E. Bennett el al (2019), &l * lo.o12
rXiv:1909.12662 :
10.008




& Numerical results: Vector meson

‘e Lattice results of various gauge theories coupled to N¢=2 fund. Dirac flavors

o The hypothe51s vector meson dominance leads to the KSRF relation

Kowarabayashi & Suzukl ( 1966)
Riazuddin & Fayyazuddin (1 966) ‘

| .
SU(2) ~ Sp(2) gvPp = \/——
Arthur et al (2016) : | 2fps

HLS EFT fit results:
in the massless limit

\ (3) ETM (2009) ' \ -
real world o E &
. TACO (2017) | (4) (F) Large N‘ argument-:" -
02 03 0.4 0.5 06 07 fes~ v N
' Mmps /My | e &
my/V2fps X\ P

E. Bennett el al (2019), arXiv:1909.12662




1€S

in strongly coupled gauge theor

Vector mesons

Sp(4), fundamental |

Sp(4), quenched

SuU(@3), fundamental

1909.12662

to appear

1910.10418

1304.4437
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Numerical result: Chimera baryon

i) fmifd ~ 167

T

o (JI)=(1/2, 5)(A)
o (J,1)=(1/2,10)(%)
o (L) = (3/2,10)(Z)

Preliminary

: stable‘smce ma — my <K m(f )

£




' Numerical result: Chimera baryon

m;as)/m](})fS)N 167 - . mPaSS)/m(f)\'rv' 430 |

o (J,I)=(1/2, 5)(A) : ) =(1/2, 5 )(A)
o (J,I)=(1/2,10)(%) ] : 1) =(1/2,10)(%)
o (J,;I)=(3/2,10)(%%) 5 _ 1) =(3/2,10) (%)

Preliminary

| o‘L_ (J D=(1/2,5) chlmera baryon (top partner) is not the lightest state, but st111

‘ stable since mp — my < m(f )

( )

- mPS 1S about 4 t1mes 1arger than m(f )




B =65, am@® = —1.01, am] = —0.71, N, x N? = 54 x 28>

o O Antisymmetric R

08 O Fundamental

0.7
0.6
0.5

0.4

AV s CB ‘(1*)

7

E. Bennett el al (2022), arXiv: 2202.0551

Premature to discuss any physics, yet : single lattice, large mass, ...




e

& Concluding remarks

e |

, SpO gaue theries“
{ with/without fermions ]
lon the lattice ;’

; e Theoretical point of view: new insights of composite dynamics, such as large
N universalities in Yang-Mills and (near-)conformal phase in theories with large
numbers of fermion.

e Phenomenological point of view: Due to a nonperturbative nature of novel

= strong dynamics in search for physics beyond SM, numerical lattice calculations =

B can play a crucial role by providing various phenomenological inputs, such as /
mass, form factor, low-energy constants, etc.




~ On going work

@ Sp (4 ) gauge theory with ns=3 (dynamical) anti-sym. Dirac fermions

@ Sp( 4), Sp(6), Sp(8) gauge theory with quenched fund., anti-sym. &

‘sym. Dirac fermions

Trivial (QED-like)

\

SN Asympiotlcally free
Broken e :

@ Meson spectra of Sp( 4 )with N¢=2 fund. &
ng=3 anti-sym. dynamical Dirac fermions

@ Spectrum of chimera baryon (top partner) |
Future work (long term)
& Model M8 is broken or (nearly) confo_rmal?(};;

& Ifitis (nearly) conformal, how large 1S the
anomalous dimension? s

€ Phase 'structur-e of Sp(2N) gauge'theorie
finite temperature and/or density
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7 Determination of the lattice parameters

e Sp(4) Itheory with fermions: Weak and strong coupling
~ regimes are separated by 1st order phase transition.

N=2FSp(4): f 2 6.8
n=3ASSp(4): B2 6.5 | | ’
N=2 & n=3 AS Sp(4): f = 6.3

o Finite volume corrections are statistically
- negligible if mpsL 2 7.5.

E. Bennett et al (2022),
arXiv:2202.05516




Observables I Glueballs & strlng tension in pure Sp(2N )

[ o Gauge 1nvar1ant gluonic operators

e String tension
o(%) = Tr (Peig - 4o (t,:adt)

S

n=<

e Glueballs

Oc(t, T) (H UI>
Z|CJP e

"'rf'redUC-ible reps. of the octahedral group
. R: AlaAZa Ea 'Tl’ T2‘

T

d reps. of continuum rotational group




& Observables II: spin-0 & 1 mesons in Sp(4)

stk

* Global symmetry breaking: SU(4)/Sp(4) x SU(6)/SO(6)

Gauge invariant, flavor non-singlet, i.e. i # j or k # m

Label | Interpolating operator Meson v Sp(4) SO(6)

M O in QCD

PS Qivs Q7 ™ 0~ 51} 1

S Q'Q’ ao 0t Bt 1

\Y @’yu@j 0 i 10 1

o QY07 Q’ p 1= 1065 F 1
AV Qiv5v,Q? a o 5(+1) 1
AT QY5707 Q’ b1 I 10(£5 4= 1) 1

pS VLETAVAL T 0~ 1 20" (+1)
S Phgm ag 0F 1 20/ (+1)
v Uk, U™ D 1= 1 15

t @%%L\pm 0 1~ 1 15(420" + 1)
av Wk, U™ a iz 1 20'(+1)
at @fygyofyu\lfm b1 1 1

15(4+20' + 1) |




& Observables III: Chimera baryon in Sp(4)

* Recall the global symmetry and its spontaneous breaking
U(4)/Sp(4) ® SU(6)/SO(6)
where SO(4) subgroup of Sp(4) ~ SU(2)L gauge group in SM &
SU(3) subgroup of SO(6) ~ SU(3). gauge group in SM | ‘

.
et adal T e il

e Then, the top partner can be sourced by the operators (similar to A baryon in QCD)
Oc1 = (01277020 4 02240190, P
OéB2 = i(— Wﬁsz 0 @}’Sle)chPL,R‘Pkcaa
O(Ljﬁ3 2 (Qla Sle _@ SQZb)chPL R\Pkca
Oé§4 - (Qlanb + QzaQ1b>ch \Pkca
E. Bennett et al (2022),

o
A OLF, = i(—iQ12Q% + 0201 %)Q, Py P+, arXiv:2202.05516

1 where 4 of these operators transform 3 of SU(3). and 4 of SO(4).
e \We also consider the parity projections in the nonrelativistic limit.

. 1 g
Ogp(@) = Pr Oca(z) with Pr = =(14+90) . S

2!




Observables I11: Chimera baryon in Sp(4)

. More chlmera baryons with different spin and/or irreps. of fundamental
fIavors :

Ocs.6 LaykaSQLY 4 Q2ayHySQLr — QLey P QY0 — Q2oy 756226) Qp 0P
OCB,Q ‘ 1a,y,u,y5Qlcb _@7M75Q2 QC’ ~y ,75Q1b BT Q ~y ’75Q2b> Q \Ijk:ca
 Ocgio = LankyP Q4+ QLA 42 Q1 b) O U

L B “PQE + QYRR ) Gyl




