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4D UV models for ComP. Higgs & Partial—-top

Coset HE: 0 X —qy/qy Baryon|Name|  Composite Higgs +
U - 5/6 o M partza.l top
SU(5)  SU(6) |SO(9) 5/12 M2 compositeness
SO(5)  SO(6) |SO(7) - - 5/6 M3
b0 T & 5/3 X | My

X Sp(4) 5 x As 6 xF 5/3 Yvxx | M5

SU(5)  SU(3) |SU(4) 5 x Ay 3 x (F,F) 5/3 . M6
SO(5) ~ SU(3) [SO(10) 5 x F T
SU(4) : SU(6) |Sp(4) 4 xF 6 X Ao 1/3 ) M8
Sp(4) ~ SO(6) |[SO(11) 4xSp  6xF 8/3 X1 Mg
SU(4)2  SU(6) |SO(10) 4 x (Sp,Sp) 6 x F 8/3 M10
SU(4) "~ SO(6) SU(4) 4x (F,F) 6x A, 2/3 YUX | g

SH(4)? SU(3)? e e . : 2
SU(5) 4x (F,F) 3x(As,As) 4/9 oy | M12 Cacciapaglia, Ferretti,
SUM4)  SU(3) Flacke & Serodio (2019)
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4D UV models for ComP. Higgs & Partial—-top

Coset HE: 0 X —qy/qy Baryon|Name|  Composite Higgs +
U - 5/6 o M partza.l top
SU(5)  SU(6) |SO(9) 5/12 M2 compositeness
SO(5)  SO(6) |SO(7) - - 5/6 S M3
X
00 5/3 X | 4 SU(4)/Sp(4)
# of pNGBs =
gggi X SSU((66)) Sp(4) 5 x As 6 x F 5/3  wxx | M5 s i
: 4 of 5 PNGBs: Higgs doublets
SU(5)  SU(3)2 [SU4) 5 x Ay SR G M6 STy % (1) C Sofd
SO(5) © SU(3) [SO(10) 5 x F 3% (Sp.Sp) 5/12 X | (S)If/li'mﬁ P i
SU(4)  SU(6) |Sp(4) 4xF 6 x As 3 | M8 SUEB) x U(1)y C SO(6)
Sp(4) ~ SO(6) |SO(11) 4xSp  6xF 8/3 B SM Strong
car
SU()? _ SU(6) [SO(10) 4 x (Sp,Sp) 6 x F 5/3 | Mo e'Ag' 10D Radhe v
SU(4) ~ SO(6) [SU4) 4x (F,F) 6x As 2/3 XM Paeb — (wax%b) charge
SH(4)? SU(3)? e e . : 2
SU(b) 4x (F,F 3 x (Ag, A 4/9 M12 Cacciapaglia, Ferretti,
SUM4)  SU(3) W ) L Flacke & Serodio (2019)
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SP(‘i-) on the lattice

& Lattice formulation with the standard Wilson gauge & fermion actions

S = 62 Z (1 — iRe el (o) ) ﬂ)U;(CU + ﬁ)Uj(a:))

T p<v Gauge action Fermion action

+a' > " Q;(z)DFQ;(x +a4Z\I! ) D45, (2)
‘fundamental (F) ant/symmetr/c (AS)

DFQ;i(w) = (4a+mf)Q5(@) — o= 3 {1 = W)UE @)Qs(x + ) + (L + 1)U (2 — DQs(x — ) }

DASU4(a) = (4/a + m)Wi(z) - 5= 3 {1 = W)U @)Wl + ) + 1+ W)U = D)o =) }

where Uil — UF(£C> € Sp(4) and e.g. Del Debbio, Patella & Pica (2008) for SU(N)
ab cd :
(o =T [@g) U, ()9 0T (@ )} . witha<b, c<d.

G 0 1
/0 0 01
10 00
\ 0 —100

Here, e 45 is antisymmetric and -traceless, where Q = Q,;, = Q% =
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SP(‘H on the lattice

& Lattice formulation with the standard Wilson gauge & fermion actions

S @Z »e (1 L iRe Tr U, (2)Uy(z + U} (z + a)UJ(x))

r pu<v

EICICLACIEIS SAC A NG

D*Qi(2) = (/o Hnf)JQs(@) - 5- 3 {1~ %)V @Qsta + ) + (1 +3)UL o - D@y — ) }

DA W(z) = (4/a HEE)Un(e) - 5 3 {1 - WU @G + ) + (4 )0~ D~ 3) |

where Uil — Uf(x) e Sp(4) and e.g. Del Debbio, Patella & Pica (2008) for SU(N)
ab cd :
(o =T [@;) U, ()9 0T (@ )} . witha<b, c<d.

G 0 1
/0 0 01
— 10 00
\ 0 —100

Here, e 45 is antisymmetric and -traceless, where Q = Q,;, = Q% =
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Simulation details

& HiRep code with appropriate modifications:
Del Debbio, Patella & Pica (2008)

€ resymplectisation  E. Bennett el al (2017)

€ reduced matrix E. Bennett el al (2018)
€ antisymmetric representation E. Bennett el al (2019)
€ multiple representations (fund. + two-index rep.) This work

& Using HMC (RHMC) algorithms, we simulate lattice Sp(4) theory coupled to
both N=2 F & n=3 AS Dirac fermions.

& For the exploratory studies of hadron spectrum we have used point sources
while leaving more sophisticated measurements in our future work.
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Results I: bare Parameter space

& From our previous studies of Ni=2 F Sp(4) & n=3 AS Sp(4) we learned that

1st order bulk phase transitions exist for 3 < 6.7 & 8 < 6.5, respectively.
E. Bennett el al (2018) JWL el al (2019)
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Results I: bare Parameter space

& From our previous studies of Ni=2 F Sp(4) & n=3 AS Sp(4) we learned that

1st order bulk phase transitions exist for 3 < 6.7 & 8 < 6.5, respectively.
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Results I: bare Parameter space
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Results I: bare Parameter space
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Results I: bare Parameter space
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& If both N=2 F & n=3 AS Dirac fermions are present, the weak coupling
region is extended to the smaller beta value of 5 ~ 6.4.
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Results II: Finite Volume efHects

8 =65, am@ = —1.01, am] = —0.71
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& Finite volume effects are expected to be negligible if 7 < ml, L & 11 < m& L.
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Results II: Finite Volume efHects

& The different signs of finite volume effects can be understood from the

low-energy effective field theory. Bijnens & Lu (2009)
~ A(M) + Apyv (M M?
M* M g e L i [~ MI]
AM)= - 16712 log? o Ages\ 255 =

SU(2Ny) — Sp(2Ny) |  SU(2Ny) — SO(2Ny) | SU(Ny) x SU(N;) — SU(Ny)
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Chimera bargon as toP Partner

& Recall the global symmetry and its spontaneous breaking
SU(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

& Then, the top partner can be sourced by the operators
Ofy — (@@ + Q2o Q1) Oy By p U,

O(Ljé?g 5 (—ZQl a75Q2b 4 QQCL,,YE)Ql b) chPL,R\Ijkcay

B e R S e e s
| Ocgy = —¢ (Qlan + Q" ) Qpe Pr 0" |
| g < 2 5

|
|

OLF. = i (~iQUeQ¥ +iQE Q") QuoPr aT**.
which transform 3 of SU(3). and 4 of SO(4) .
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Chimera baryon as toP Partner

& 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

& We also consider the U(1) 4 counterparts (1 — i~°, expected to be heavier)
Or (WQ% + @Q”ﬁ (B i
Oh (0Fe - 070 o P, pukE
O (G0l Oy ol ﬂbcPL,R\If’“a,
O (Wﬁ@%p = Q—QCG“VE)QM) Ot n U

which transform 3 of SU(3). and 4 of SO(4). See Talk by H. Hsiao
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lnterpolating oPerators {;or Chimera bargon

& Analogous to the Lambda baryon in QCD, we construct the interpolating
operator of a spin-1/2 Chimera baryon as

Ofp,o(®) = —H(C7°) 72,0005 (2) Q5 (2) U5 ()

& Then, the 2-point correlation function is

(OcB(t)1OcB(0),) = D Qa0 Q7Y Sy (¢, 2)°35 ¥ S3 (2, )20, (C1°)ap S (t, 2) 55 (C1°)wrpy

where the fermion propagators in given representations are

So(t, D)3 = (R, B)2Q(0)05) and Sy(t,2)as" = (U(t, £)2 W(0)%,).

& We also consider the parity projections in the nonrelativistic limit.

: 1
OE%B(QZ‘) = OCB(&Z‘) with Pj: = 5(:]_ -+ ,70)



Results ll: Chimera bargon

& Real & imaginary part of 2-point correlation functions of the Chimera baryon

25 .
: : ST 5[ : : e
ol §  without parity projection - with even parity projection
2 -
R |
o 15 &
X X
Al o el
J o5l ] @)
0.5 - = 1 o <D-
O ®@er\m r\r\Q@@) 0 ®@Om @®
10 15 20 25 30 35 10 15 20 25 30 35
T T
2 ' i '
cRiEl Sonl,
| |
3 1] 2 + i &
\X/ 0 O S i~ R~ W I P ) é/ 0 w;gnnﬂﬂﬂﬂmﬁlﬁu—]mq] il
= sl s TLPT 372 EJLP[PLP
t/ \l_\/ o
g He
RO =24 ! | . O i m ¥
=of
2| EhEe | | | |
10 15 20 25 30 35 10 15 20 25 30 35 40
T




Results IV: Masses of mesons & Chimera bargon

B =65, aml® =—1.01, aml = —0.71, T x L? = 48 x 24°
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& We considered spin-0 & 1 flavored mesons: pseudoscalar(PS), vector(V),
tensor(T), axial-vector(AV), axial-tensor(AT) & scalar(S).
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Summarg & outlook

& We have developed numerical techniques to simulate Sp(2N) lattice
gauge theories coupled to fermions in the multiple representations.

& The first lattice studies of the VU model with the exact flavor content required
for CH & top-partial comp.: Sp(4) with N.=2 F & n=3 AS Dirac fermions. |

N/

& Weak coupling region: 8 < 6.4

N/

€ FV effects are under control: 7 < m£S L& 11 S mpg L

€ Chimera baryon (top partner): parity projection, smearing & variational method

& To do list

& Generate ensembles at various values of 3, mg‘ ,my~ and calculate the low-

lying spectra of composite states: mass dependence & lattice artifacts
€ Compute the (low-lying) Dirac eigenvalues

Chirally broken or conformal? How light is the chimera baryon?
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Thank you for your attention!
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