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Novel strong dynamics for BSM

- Various aspects of new physics beyond the standard model (BSM) can
be addressed in novel strongly coupled gauge theories.
Composite Higgs models (pNGB) are particularly interesting.

Kaplan & Georgi (1984)

Solutions for (little) hierarchy problem

Quark mass via partial compositeness

Kaplan (1993)
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Novel strong dynamics for BSM

- Various aspects of new physics beyond the standard model (BSM) can
be addressed in novel strongly coupled gauge theories.
Composite Higgs models (pNGB) are particularly interesting.

Kaplan & Georgi (1984) UV completion
. . . 5D !
Solutions for (little) hierarchy problem Contino, Nomura & Pomarol (2003) |
!
Quark mass via partial compositeness A

Ferretti & Karateev (2014)

Kaplan (1993)

@m O O P A T O P PO U PN P (U e ey e e

&

<! £ .

G

e



UV complete Composite Higgs scenarios

Coset HC Y X —qy /g, Baryon|Name|Lattice
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Global symmetry:
minimal, but large
enough to take
account for both EW
& Color cosets

Gauge symmetry:
Asymptotically free
& non-conformal

Cacciapaglia, Ferretti,
Flacke & Serodio (2019)
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- UV realization of SO(6)/s0(5) CH model from Sp (2N) gauge theory
Barnard, Gherghetta & Ray (2014)

Global symmetry Yokl sliel g

2 Dirac flavors 2 206 < 3 Dirac flavors
infund.rep. | | SU(4)/Sp(4) [x|SU(6)/SO(6)| |in anti-sym. rep.

sMEw (~S0(6)/50(5) | ') SM Strong

SU(2)r, xU(1)y C Sp(4) SU(3)e x Ud)y C SO(6)

4 of 5 PNGBs: Higgs doublets ITop partner = Chimera baryon
e.d. paba — (q“xo‘qb) carry charge

e _ e

I— N=2 to make It minimal & near conformal
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- UV realization of SO(6)/s0(5) CH model from Sp (2N) gauge theory
Barnard, Gherghetta & Ray (2014)

Global symmetry

2 Dirac flavors 2 z
in fund. rep. SU(4)/Sp(4)

sMEW [~ S0(6)/50(5)

SU(Q)L X U(l)y (e Sp(4)

4 of 5 PNGBs: Higgs doublets

e _ e

I— N=2 to make It minimal & near conformal
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More on Sp(2N)

- Both light composite Higgs & top partner based on Sp (6) gauge theory
with multi-reps

Gertov, Nelson, Perko, Walker (2019)
- SIMP dark matter: 3-2 number-changing scattering process

Hochberg et al (2015)
Hansen, Langable, Sannino (2015)

- Casimir scaling: Universality in
pure SU(N), SO(N), Sp(2N)
Yang-Mills

Mg+ Ca(A) |
SR i Co (F) 0.0 0.1 0.2 0.3 0.4 05

Hong et al (2017)

Talk by Jack @ 14:40, Friday
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- Standard (unimproved) Wilson gauge & fermion actions

S = ﬁZZ(l——ReTrPW) 1 agzw (4 4+ amyg) Y(x)

r u<v
1
R0 ) (1= 1) U@ + 2) + (1 + 1)U} (@ — Az - )
where 3 = 4N/g? and the plaquette is
Puv(@) = Up(2)Us (2 + DUL(z + 2)Uj(2)
The link variables U, (z) are elements of Sp(4) gauge group.
Bennett et al (2018)
- Gauge configurations are generated by using hybrid Monte Carlo algorithm

implemented in the modified HiRep code. Del Debbio, Patella, Pica (2010)

- Periodic B.C. for spacial directions & anti-periodic B.C. for temporal direction
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Ensembles

TN EEATRIE)] (ot Lo vl g o o I s e T S B o (S R b s
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DB 689 =00 328l 67/ @il (0 20 | 9.00(3) | 1.683 3 F I
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> 6.8
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Negligible FV effects
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)
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Remarks on the lattice spacing & fermion mass

- Scale setting: Luscher’s gradient flow scales Luscher (2010) Luscher & Weise (2011)

e |
= T ) AU e _§trGW(t’x)GW(t’ 7
2 T
WOl = Wo =035 R(B() = &
- Dimensionful quantities: My = mywo = MAw® & far = fawo = ftwi
| b |
- Fermion mass is replaced by V001 ] !
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| o
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- Interpolating operators of flavored spin-0 and spin-1 mesons (i # 5 )

Label Interpolating operator (Opy) Meson s
PS QsQ) ™ 0
S QY ag ot
Vv _QiV,qu P lics
T Q07 Q’ p 15
AV _Qi%’mQj ay 1K
AT QY5707 &’ b1 2

- Masses and decay constants (only for PS, V and AV) are extracted from
two-point correlation functions as usual.

- Decay constants are renormalized by using the one-loop perturbative
matching with tad-pole improvement. QCD analog of fr in our
convention i1s f, ~ 93 MeV.
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Masses: scalar, axial-vetor and axial-tensor
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Continuum and massless extrapolation

- (tree-level) Wilson-like chiral perturbation theory at NLO

- A SETS S AR lat
PO = P (1+ Bynds ) + Wya a= ajwy=1/ul}

- Power counting

2 2
I Mpsg
== Vel i sl
2 2 X
AX AX
Over the small mass region
) 2
L .0.06~0.12, ZES:0.13~0.2, and aA, : 0.6 ~ 1.4
A% A%

- Exclude coarse lattices from the fits * aly, S 1.1
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Continuum & massless extrapolations: Decay constants
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Continuum & massless extrapolations: Masses
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Hidden local symmetry and EFT

- Weakly gauging the SU(4) global symmetry

& providing mass to V and AV by (S) # 0
Bando, Kugo & Yamawaki (1985)
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- NLO EFT Lagrangian from Hidden local symmetry (HLS)

— ——%Tr AT L gTr (60 9 s a ity
) P
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2 2 LO
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3
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\ J
4 N\
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- NLO HLS EFT relates meson masses and decay constants with LECs.

- Using the LO mass relations & linearization mjq = 2Bm;
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fav = v o S R e,
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fés = F?2+ (b+20)f% - f2 — fav,

- 5 measurements to determine 10 low-energy constants (LECs).
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Consistent with the results of linear
extrapolations
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Global fit: decay constants
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Consistent with the results of linear
extrapolations

Linear mass dependence of fiv is
better constrained by the HLS EFT.
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V-PS-PS coupling constant from EFT

- (tree-level) HLS EFT predicts

Gale 22 Db B
b+ )2+ ED)((b+(b+4))f2+(b+c+ 1)F)VIFr

gvpp = (

- V-PS-PS coupling constant in the massless limit: gypp = 6.0(4)(2)

- - s N ST S S G IS Y S NS T 355 AR NG M NS N P N NETY NS D D WSS 0. A TN N, Y M Ny e N . v = WA/
5 - N > » N B » N » N s - » b » 4

—— —— — —_— — — Sl S — — ——

( L3




- Vector meson is stable.

- V-PS-PS coupling is as large as that in QCD.

- Linearization of the EFT mass relations could be questionable over
the mass range considered without further assumption of cancellation
from NNLO corrections. In particular,

g 2 ) 2
it =
4(1—|—/<;+my3)gV( / 1)

m? =

2 2 2 A ~ £2 2
. e e A e e (T i (O T A N
b 2 = O

requires |ysmaq| < |1 + x| numerically we found m3q < 0.67

NNLO corrections become compatible with stat. error only for the
lightest ensemble.
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Comparison with other gauge groups

- The hypothesis vector meson dominance

leads to the KSRF relation Kowarabayashi & Suzuki (1966) gy pp =
Riazuddin & Fayyazuddin (1966) V2 fps

my

10.0} £
SU(2) ~ Sp(2) i
9.0 | . ;:
Arthur et al (2016) ' ' Large Ne argument: ,
8.0 z-
aﬁ fPS 7N Nc E
~ 7.0} :
E SU (3) ETM collaboration|(2009) E |
§> 7 : + £ HH ;
real world of QCD T = Sp(4) :
5.0/
SU(4) This work E
4.0t TACOs (2017) §
%
85 0.1 0.2 0.3 0.4 0.5 0.6 -
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Dynamical calculations of Sp (4 ) with 2 fund. Dirac flavors: continuum

& massless extrapolations of meson masses & decay constants for the
first time.

Performed a global fit by using (tree-level) NLO EFT based on HLO
with some limitations.

(Roughly) consistent with the large Nc argument.

Larger volume calculations with smaller masses & finer lattices are
underway.

Explore the meson spectra of Sp (4 ) with 3 anti-sym. flavors of
dynamical Dirac fermions toward partial compositeness.
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Thank you for your attention!
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