Lattice investigations of the chimera baryon
spectrum in the Sp(4) gauge theory
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000
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COmpOSite Higgs MOdEl D. B. Kaplan and H. Georgi, Phys.Lett.B 136 (1984)
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Composite Higgs Model

Plank Scale y
— 10°°TeV
Hierarchy | 1 |
Flavour Scale < 10007eV
Couple
Comﬂte_}hg_gssﬂ\_c;bﬁ ~ TeV : Higgs boson as a bound state of
l new strong dynamics, which is
| | S.S.B. P e ;

Little hierarchy lighter because of being a pseudo

_ Higgsmass 0.125TeV " » Nambu-Goldstone Boson.



Composite Higgs Model

Symmetries G

* Global symmetry: ¢
* Subgroup: H with Ggw C H _

* Vacuum misalignment angle: 05

* Coset G/H — pNGBs

e The scale of the EWSB: v = fsinfp (f = \ﬁ\)



Composite Higgs Model

Top partial compositeness

~172GeV




Composite Higgs Model

Top partial compositeness

lop partners:

* Share the same quantum number as the top

- Spin-1/2 bound states emerging from the novel strong-interaction sector

- Carry QCD colour charge
= [ntroducing higher representation
* Hypercolour-neutral

* Give the mass to the top by mixing with 1t
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Composite Higgs Model
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Composite Higgs Model
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Composite Higgs Model

e SM Higgs 1s a composite object.
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Composite Higgs Model

e SM Higgs 1s a composite object.
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Composite Higgs Model

e SM Higgs 1s a composite object.

Model

* Introduce a novel strong-interaction sector and hyperquarks.
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Composite Higgs Model

e SM Higgs 1s a composite object.

Model

* Introduce a novel strong-interaction sector and hyperquarks.

e Accommodate a light Higgs boson: SM Higgs 1s interpreted as
one of the Goldstone modes (in the coset).

(o o|-0 @@ e AUV complete theory.

M  Can embed top partial compositeness with a higher representation.

%ri;vi;&i.i;%v

I UV completion
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Composite Higgs Models

*Weyl fermions

Name | Gauge group WY X Baryon type
M1 SO(7) 5% F 6 X Spin XX
M2 SO(9) 5% F 6 X Spin (%
M3 SO(7) 5 X Spin 6 xF Yx
M4 SO(9) 5 X Spin 6 xF Yx
M5 Sp(4) 5 x Asg 6 x F (1%
M6 SU (4) 5 x As 3 x (F,F) UXX
M7 SO(10) 5xF 3 X (Spin, Spin) VXX
M8 Sp(4) 4 x F 6 X Ao (VIVRY%
M9 SO(11) 4 x Spin 6 x F (L%
M10 SO(10) 4 x (Spin, Spin) 6 xF Yhx
M11 SU (4) 4 x (F,F) 6 X Asg 0%
M12 SU(5) 4 x (F,F) 3 x (Ag, Ay) VX, YXX

D. Franzosi and G. Ferretti, arX1v:1905.08273
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Composite Higgs Models

*Weyl fermions

Name | Gauge group Y X Baryon type
M1 SO(7) 5% F 6 X Spin (%
M2 SO(9) 5% F 6 X Spin (%
M3 SO(7) 5 X Spin 6 xF Yihx
M4 SO(9) 5 X Spin 6 xF Yihx
M5 Sp(4) 5 x Asg 6 x F (1%
M6 SU (4) 5 x As 3 x (F,F) UXX
M7 SO(10) 5xF 3 X (Spin, Spin) VXX
M8 Sp(4) 4 x F 6 X Ao (IVR%
M9 | so(11) [ Ybx
M10 SO(10) The minimal model by
M11 SU (4) Yx
M12 SU(5) 4 x (F,F) 3 X (Ag, Ay) VX, PXX

D. Franzosi and G. Ferretti, arX1v:1905.08273
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Our choice of model

* Sp(4) gauge theory with 2F+3AS Dirac fermions

» Breaking pattern: l (4F+6AS 2-component Weyl fermions)

G/H=3S U(4)><S U(6) [ Sp(4)XSO(6)
“Enhanced global symmetry due to the (pseudo-) reality

‘ SU(3) embedded 1n antisymmetric
representation:

SU6) — SO(6) D SU(3)
L QCD colour SU(3)

‘ SUA)/Sp(4) gives 5 goldstone bosons.
» 4: SM Higgs doublet

» 1: made heavy in model building

13



Chimera Baryon

a, b, c: hypercolour
Q: 4 X 4 symplectic matrix

e Interpolating operators J: spin
R: 1irreducible rep. of the fundamental sector

- Atype: Ocp,s = (' “Py*") Qg 1
(J,R) = (1/2,5)

@ I@ *top partner

- Ttype: Oc., = (¥ V") Qg

@ Spin projection
@
®

2. (J,R) = (1/2,10)
*top partner

14



L.attice Method

* Strongly coupled theory — lattice field theory

* Fermions on the grids, carrying colours, spin or flavours @® Fermion

* Gauge fields on the links p Gauge field

* Generating functional

7 = [ DUDyD e ~SUlp=1d*xp(DIU] +myy

= JDUdet(D[U] + m)e Y

15
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L.attice Method

Numerical calculations are accomplished by modifying the HiRep code.
£ repository: htips:/github.com/sa2c/HiRep Del Debbio et al, arXiv:0805.2058

i

* Strongly coupled theory — lattice field theory

* Fermions on the grids, carrying colours, spin or flavours @® Fermion

* Gauge fields on the links p Gauge field

* Generating functional

7 = I DUDyDijre=SWle=1dxiDIU + my

= IDU t ** )e‘S e » (Hybrid) Monte-Carlo simulation

Quench calculation: det(D[U] + m) =1 Heat bath algorithm

15


https://github.com/sa2c/HiRep

L.attice Method

Extracting mass

e Mesonic 2-point correlation function

C(ry= ) e"P¥(0| T[O(F n07(0,0)] |0)

(0] O, |n)(n| O] |0>€_

' l—» ; 2F,
. A NV |
>, 770 [irsd) 5.0 [dysu] 0.0)|0) 5 (0] 012
— 2 P i lSu(0,0;)_c’, t)S;(0,0;)'é, t)]
* » Effective Mass
S=Mq
' - C(t+ 1)
M 1s the Dirac operator calculated M (1) = — In o

on a given background field.

16




Results

quenched approximation

» Projections

» Mass hierarchy of chimera baryons

» Chiral EFT and AIC
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Results

quenched approximation

» Projections

» Mass hierarchy of chimera baryons

» Chiral EFT and AIC

Ensemble | 3 | Ny x N? (P) wo/a
QBL | 7.62 | 48 x 24% | 0.60192 | 1.448(3)
QB2 | 7.7 | 60 x 48% | 0.608795 | 1.6070(19)
QB3 | 7.85 | 60 x 483 | 0.620381 | 1.944(3)
QB4 | 8.0 | 60 x483 | 0.630740 | 2.3149(12)
QB5 | 8.2 | 60 x 483 | 0.643228 | 2.8812(21)

17




Mpg: fundamental
M, Antisymmetric

ReSUItS a = alwy and m = wym

quenched approximation

» Projections Ensemble | 8 | Ny x N7 | (P)
B1 7.62 | 48 x 243 | 0.60192

B2 7.7 | 60 x 48° | 0.608795
B3 7.85 | 60 x 48° | 0.620381
B4 8.0 | 60 x 48° | 0.630740
B5 8.2 | 60 x 48° | 0.643228

» Mass hierarchy of chimera baryons

» Chiral EFT and AIC

OO0
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Results

Projection-CB two-point function

2 Interpolating operator
01,0 = (07, (O P0I? (1)) @, T2rwEed )
2 two-point function

C7(0) = ) (OLy(0)0L,(0))

/

= - Y (T84 0?)  Q,07¢Q, 0
b vy

X Tr 'S} ,(O'SE ,(50)

18



Results

Projection-CB two-point function

2 Interpolating operator

(0 = (00T QI () ) QT2 WHe ()

2 two-point function At large Euclidean time

CW(t) _ Z <@ (x)@ (O)) - P, |c [ oM 4 o e—mO(T—t)] — P, [Co —myt 4 c, o~ MT —t)]

1 1
Y N . P — — 1 0 d P — — 1 - 0
T Z (FzS‘IIiCdc’d’(x’O)Fz) Q,Q7°Q,,Q% =prr)and b, =20=7)
: YY

X Tr 'S} ,(O'SE ,(50)

18



Results

Projection-Parity e T — P [c e + ¢ e~meT=1)]

2 The log plot of the
chimera baryon

correlators (left) ® even
and their effective v odd |
mass plot (right) v * 1o proj.

| W

V

with the parity
projection.

log|Cacy (1)

0 12 24 36 48 0 6 12 18 24
t/a t/a

19



Chimera Baryon
e Spin projector for 2-type baryon:

 Two-point function

Cy) =Y. <@iCB(x)@'JCB(0)> with OL, = (')

X

— Cy*(t) = Tr l(P“z)ij Cjk(t)]

20



Results

Projection-Spin

2 Comparison of effective mass plot
between two spin projected states and the
state without spin projection.

21

1.2

k  J=1/2%
L J=3/2 %
1.0 M no projs.

§ 19

8
t/a
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Results

Mass hierarchy

heavy F fermion mass

1.04 |
®  Acs (J,R) = (1/2,5)
Vv Sep (J.R) = (1/2,10)
1.00 - * ZéB (Ja R) — (3/27 10)
g k*****

* %

) 4 OO D
TV yyy 20000097000
\AAAAA AL VO 4

0.92

10 15 20 25 30 35
t/a

pIrectuve mass plot or chimera paryons calculated with different F fermion masses, at fixed AS

1.0

0.7

light F fermion mass

®  Acp (J,R)=(1/2,5)

10

fermion mass. The lattice size is 60 X 48> with # = 8.0.
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Mass hierarchy

Results

-0.4
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s
o0 O <! N - o0 O !
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X [V

23



Results

Mass hierarchy

0.3

-) LO) -] LO) -]

S = = e %

— -) -) -) -)

R /R
sdoyy
O O ~ N < Q O ~
— — — — — - - -]
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Results

Fitting

T 762 T 77 1 785

25




Results

Fitting

2 Apply tree-level baryon chiral perturbation theory

Mcg = M, +F2mPS+A2m +L1a

+F4thS+A4

~2
pS

/\/\2
pS

25
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Results
Fitting
2 Apply tree-level baryon chiral perturbation theory

Mcg = M, +F2mPS+A2m +L1a

12

- ~0
+F 4mPS+A4 Tt C4mpsmpS

Returning large )(2/Nd.0.f,

25

I 762 7.7 7.85 1 8.0 1 82

2 0.4 O@z



Results

: 1.87
Optimal search
2 Try including different order of corrections 120
2 Calculate AICs for each data set, and scan
through all the possible cuts: e 100
= Fix the cut value for mipg and vary m,
A g 30
= [ncrease the fixed value of mipg :
60
0.97
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20
0.52

0.52 0.82 1.07
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Results

Optimal search

2 Try including different order of corrections

2 Calculate AICs for each data set, and scan
through all the possible cuts:

m Fix the cut value for riipg and vary 7,

= [ncrease the fixed value of nipg

2 Goodness of a fit: Akaike information criterion (AIC)
AIC(M,N..) = y*> + 2k + 2N,

2 Probability weight

1 1
W(M, N.,,) = — exp |—-—AIC(M, N,,
( y /VeXp[ > ( t)]
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Results

Optimal search

2 Try including different order of corrections

2 Calculate AICs for each data set, and scan
through all the possible cuts:

m Fix the cut value for riipg and vary 7,

= [ncrease the fixed value of nipg

2 Goodness of a fit: Akaike information criterion (AIC)

William I. Jay and Ethan T. Neil [2008.01069]

AIC(M,N..) = y*> + 2k + 2N,

2 Probability weight

1 1
WM,N.  )=— ——AICM, NV,
( cut) V% CXP [ ) ( t)]

26
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.42
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€
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Results
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Results

Optimal search
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Results
Fitting
2 Apply tree-level baryon chiral perturbation theory

Mcg = M, +F2mPS+A2m +L1a

12

- ~0
+F 4mPS+A4 Tt C4mpsmpS

Still returning large )(2/ Nyt

29
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Results

Fitting

2 Apply tree-level baryon chiral perturbation theory
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Results

Fitting

2 Apply tree-level baryon chiral perturbation theory

Mcg = M, +F2mPS+A2m +L1a

+ F ity +A it

/\/\2

+L2F amPS+L2A ps

~2
pS
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Results

Fitting
: : b
2 Apply tree-level baryon chiral perturbation theory T 762 T 77 T 785 T s0 T 82
——————————————————— M2
Mcg = M, +F2mPS+A2m +L1a
a2 [ 2.
+ Fymp+Am +C4mPSm[2)S | . [ 2.0
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Results

Fitting
2 Apply tree-level baryon chiral perturbation theory T 762 T 771 :5 s T so0 T 82
Mcp = m o Fofipg+Aoi “+ La M2
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MF4
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Results

Fitting
2 Apply tree-level baryon chiral perturbation theory T 762 T 771 :5 s T so0 T 82
Mcp = m o Fofipg+Aoi “+ La M2
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Results

M2
1.871
Fittings of A
g CB 1.42+
2 Apply tree level baryon chiral 0.97-
perturbation theory .
052 0.821.07
1.87
M2 mepg = m o Folipg Aot +Lla
1.42
M3 + Fytitpg+Agtis + Lo paritg g+ Ly 4ty
& 0.97
> ~2
+I 4mPS+A4 sT C4mPSmps 1
MF4 MA4 M2C 1.870.52 0.821.07
1.42
2 probability weight -
I 1 052 0.821.07
W(M9 Ncut) — 7 CXP —EAIC(M, Ncut)
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Results

M2 M3 MF4 MA4 MC4
1.87- 1.87 1.87 1.87 1.87 > 2
Fittings of 2 L5
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mPS,cut
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Results

Fittings of ZéB
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Results

Cross check

2 Apply tree-level baryon chiral perturbation theory

. )( A A 2 A
Meg = M+ Fompg+Am,"+La
+ Fampg+Asmin+ Ly pampg+ Ly sam

+Fymipg+Aymi+ Cymipghis
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Results

Cross check

P At a fixed mp, the fitting function becomes

Mg = M+ Fompg+Ams  + Lia
+ Famipg+Asni g + Ly pampg+ Ly sam

A ~ 4 N IN)
+Fympg+Aynip + Cympghis
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Results

Cross check

P At a fixed mg, the fitting function becomes
Meg = MY, +A NS + Lid + Ay + L, am®” + A,més?
CB — "cp ' “*27""PS 1 3"'PS 2ATEPS 477PS

N NPTy Anf 2
+Eont, o +Cynt o Mpg™ + Lypant,

N f 3 . 4
+F3mPS +F4mPS

-7 (7 SN B NS f 4
= mCB(m A,L,a)+F,(m,C,L, cz)mPS+F3mPS+F4mPS

ps’ ps’
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Results

Cross check
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Results

Cross check
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2 At a fixed nipg

MCB = m (mPS,F L,a)

+Ay(1f1ps, C, L, Q)rithg+A it

PS



x

CB
Results
Massless-continuum limit
16 7] //// 16 7 ///‘
R E T 144
| o | y
<S ,,/”’ //// C:]E /// ////
= /,’/ = ///
(g 12‘ ///// /’ (g 12‘ /,///
104 104
0.8- 0.8-
00 02 04 06 08 1.0 12 0 | >
ps s
CB |Ansatz ’ffbéB F5 Ao LA F3 As Lor Loa Cy
Acs | MC4 |[1.004(30)[0.692(67) [0.384(12)|-0.14(46) |-0.14(33) [-0.092(46) [0.091(76) | 0.003(13) |-0.024(60)
>ce | MC4 [0.842(21)[0.806(81)[0.558(13) [-0.14(33)[-0.24(68) |-0.162(77) [0.193(62) [ -0.01(16) |-0.079(62)
Stn | M3 ||1.258(35)] 0.36(10) |0.391(31)]-0.33(53) |-0.06(85)| -0.12(16) |0.335(86)0.006(30) i




Results

Massless-continuum limit

Comparison with masses of mesons 1n quenche:
approximation for fermions in the fundamenta
(blue bands) and antisymmetric (red bands
representation of Sp(4), and glueballs (yellow

at massless-continuum limit.

4.0

3.5 1

3.0 1

2.51

1.57

1.0 1

0.5 1

0.0 1

0 (f) meson
0 (as) meson
I Chimera Baryon

I\
+

Glueball

PS

at

ps
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Summary and Outlook

M Composite Higgs model
M Chimera baryons

- A and 2: Top partner candidates in our model
- 2* with spin-3/2
M Projection (Spin and Parity)

M The mass hierarchy of chimera baryons model building
M Chiral effective field theory

] Dynamical studies
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END

Thank you



1.21

1.0-

0.61

0.4+

><>< E() D 0 O E1 Ei‘zﬁi EQ
A :
x@*d BN * G« I * S A¢
Y 14 Wl WK
XX ¢
F 30 W
i r 4
b o g ovo
O aal b o«
o o D O |
L1 Lo
ol
— ==
D O (
D O ¢ - 2
) 0 @ ~—=
3
=]
bol
—— e—
PS V. .. T &5 AV AT ¢ ps v ¢ s av at Adg Yig &k Acg Ycg Yeg




Lattice Method

e (Generate the ensemble 1n quenched approximation with the standard Wilson action

5, = ﬁz Z (1 — —ReTr@ ) , with @W(x) = U,0U,(x +,12)U;f(x + ﬁ)Uj(x).

X p<v

*Consider the Wilson fermion for the spectroscopic measurements

DZ:/{IR(x) = (4/a + mg)l/ff(x)

24 {(1 = ) UR@URG+ ) + (1 + 1) UR = =) |
H
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L.attice Method

Scale setting: gradient-flow

* Luscher demonstrated that the action density can be related to the renormalised coupling
with an extra dimension, flow time t: (Martin Liischer. 2009]

dBM(t, X)
FPa D,G,(t,x), B/(t,x)|_,=A,x
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L.attice Method

Scale setting: gradient-flow

* Luscher demonstrated that the action density can be related to the renormalised coupling

with an extra dimension, flow time t: rMartin Liischer. 2009]
dB,(t, x) e
= DG, (t,x), B/(t,x)|_,=A,tx) A diffusion process
Q@Pfidary

(4+1)D bulk

OR(z) | O(t, x)

t (extra dimension) :
[FlowQCD Collaboration]
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L.attice Method

Scale setting: gradient-flow

* Luscher demonstrated that the action density can be related to the renormalised coupling

with an extra dimension, flow time t: "Martin Liischer. 2009]
dB, (1, x) o
r =D,G,(t,x), B/(t,x)]|_,=A,tx) A ditfusion process
/ —
. .:‘_E?Oundar
* Setting the scale: e
i (4+1)D bulk
2 _ —
a(p) = k= (E(1)) = ke(t) i
0% (z) | = 2V/8t x == O(t,z)
with y = 1/\/87 and E(1) = — lTl‘(G G,) il )
2 HE—p [FlowQCD Collaboration]
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L.attice Method

Scale setting: gradient-flow

* Luscher demonstrated that the action density can be related to the renormalised coupling

with an extra dimension, flow time t: Martin Liischer. 20091
dB, (1, x) -
r =D,G,(t,x), B/(t,x)]|_,=A,tx) A ditfusion process
l— —
: .:‘_E?Oundar
* Setting the scale: S~ y
it (4+1)D bulk
a(p) =kt (E@®)) = k £(t) : \\\-_\\
: . O%(x) | = V8t X T O(t,z)
renormalised coupling e
with u = 1/4/8t and E(f) = — lTr(G G, ) t (extra dimension)
2 HE—p [FlowQCD Collaboration]
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L.attice Method

Scale setting: gradient-flow

* Luscher demonstrated that the action density can be related to the renormalised coupling

with an extra dimension, flow time t: 'Martin Liischer. 2009]
dB,(t, x) e
= DG, (t,x), B/(t,x)|_,=A,tx) A diffusion process

* Setting the scale: analytically computable

a(p) = k t*(E(f)) = k,e(t)

renormalised coupling

(4+1)D bulk

\

X Ot x)

| ' o
' — A/ — ILE— t (extra dimension) :
with H 1/y/ 8t and E(t) ) Tr(G'M DG’“ U). [FlowQCD Collaboration]

44



L.attice Method

Scale setting: gradient-flow

* Luscher demonstrated that the action density can be related to the renormalised coupling
with an extra dimension, flow time t: (Martin Liischer. 2009]

dBﬂ(t, X)
FPu DG, (t,x), B/(t,x)|_,=A,x)

* Setting the scale: analytically computable

a(p) = k t*(E(f)) = k,e(t) .

renormalised coupling

1
with g = 1/4/8¢ and E(f) = — ~Tr(G,,G,)
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| j de(?
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1
with u = 1/4/8t and E(t) = — =Tr(G,,G,,).

2 => W(t) ‘t=a)8 — WO
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L.attice Method

Scale setting: gradient-flow
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Study Plan

e Meson spectrum with quenched fundamental and antisymmetric fermions

e Meson spectrum with N, = 2 dynamical fundamental fermions

e Meson spectrum with 7, = 3 dynamical antisymmetric fermions

e Fully dynamical 2F + 3AS fermions
- Chimera baryon (quenched studies)

- 4-fermion operator matrix elements (relevant to generating Higgs mass)
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