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Outline

* Introduction:
» A Composite Higgs model: Sp(4) gauge theory
» Top partner: Chimera baryon
* Results
» Mass hierarchy of chimera baryons
» Chiral EFT fit and Akaike Information Criterion

* Summary and Outlook
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Composite Higgs Model
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Composite Higgs Model

f Comgos&e Higqgs |
Model

e SM Higgs 1s a composite object.

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

,' COMF’OSLEQ Hig9si o SM Higgs is 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).

e An UV complete theory.

b o o @ * Can embed top partial compositeness with fermions 1n a higher
= == representation.
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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




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 iy
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




Our choice of model

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




Our choice of model

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

l 4F+6AS 2-component Weyl fermions



Our choice of model
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» 4: SM Higgs doublet

» 1: made heavy in model building



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



Composite Higgs Model

Top partial compositeness

lop partner:

* Carry QCD colour charge and share the same quantum number as the top (mixing)
* A spin-1/2 bound states emerging from the novel strong-interaction sector
* A hypercolour-neutral particle (the necessity of introducing higher representation)

* Give the mass to the top through see-saw mechanism
21 LR
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Chimera Baryon

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

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

_ A type: @CB,;/5 — (l/_jl Cl},SWZb) ch)(kca
(J,R) = (1/2,5)
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Chimera Baryon

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

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

_ A type: @CB,;/5 — (l/_jl Cl},SWZb) ch)(kca

(J,R) = (1/2,5)
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Chimera Baryon

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

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

_ A type: @CB,;/5 — (l/_/l Cl},SWZb) ch)(kca
(J,R) = (1/2,5)

@ I@ *top partner

- Ztype: Ocp,. = (W' “P'w”) Quo

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

Spin projection




Lattice setup

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

S, = ﬂz Z (1 2A17\7R6Tr @W> , With @W(x) = Uﬂ(x)Uy(x

X u<v

*Consider the Wilson fermion for the spectroscopic measurements

D,ﬁl/ff(x) = (4/a + mg)l/ff(x)

U

*Use gradient-flow method to set the scale

Ensembles:

AT
MU, (x

D) Uj (x).

1
— | (1= ) U@y i) + (L + 1) U G =) |

Ensemble | 3 | N; x N? (P) wo/a
QB1 | 7.62 | 48 x 24% | 0.60192 | 1.448(3)
QB2 | 7.7 | 60 x 483 | 0.608795 | 1.6070(19)
QB3 | 7.85 | 60 x 483 | 0.620381 | 1.944(3)
QB4 8.0 | 60 x 48% | 0.630740 | 2.3149(12)
QB5 | 8.2 | 60 x 483 | 0.643228 | 2.8812(21)
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Results

Mass hierarchy

heavy F fermion mass light F fermion mass
1.04 | 1.0 ]
® Acs (J,R)=(1/2,5) ® A (J,R) =(1/2,5)
v Zes (J,R) =(1/2,10) v Ees (J,R) =(1/2,10)
1.00- * Yig (J,R) = (3/2,10) 0.9- *  Yig (J,R) = (3/2,10)
5 k*
= *
3 ****** k'****
096)*%0g, ok gk koA K A o Shagy | FHAKkkAAKR
A4 4
WWW;" “““‘Q‘+ ".QQ.iQQ‘$Q$
0.92 . . . . 0.7 . . l |
10 15 20 25 30 3D 10 15 20 25 30 30
t/a t/a

Effective mass plot of chimera baryons calculated with different F fermion masses, at fixed AS
fermion mass. The lattice size is 60 X 48> with # = 8.0.
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Results

Mass hierarchy
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Results

Mass hierarchy
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Results

2 Apply tree level baryon chiral perturbation theory

2

3 3 2 2 L
Fym] . +AmEs + Ly p(al og)m! S+ Lo s (al wg)ms 2.5

4 2
+F3m£3 +A3m§§4+ C3mgs ml‘}gz
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Results

2 Apply tree level baryon chiral perturbation theory

2
Meg = mO+F1m£S +A1mg§2+L1(CZ/a)O) ___________________ M2
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Results

2 Apply tree level baryon chiral perturbation theory

2
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Results

2 Apply tree level baryon chiral perturbation theory
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Results

2 Apply tree level baryon chiral perturbation theory

2
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Results

2 Apply tree level baryon chiral perturbation theory

2
mCB — m()‘l‘FlmgS +A1mlc)l§2+L1(a/a)O) ___________________ M2
3 3 2 2 L
Fym] +Aomfs + Ly (al wg)m!,+ L, J(al wg)mis™=- -+ M3 2.5

4 4 2 o
+F3mgs +Asmpg +C3m{:S Mpe
MF4 MA4 M2C
2 Goodness of a fit: Akaike information criterion (AIC)

AIC = y* + 2k + 2N,

2 probability weight

1 1
W,=—¢e ——AIC
D= XP[ > D]

13



Results

Fittings of Aqg

2 Apply tree level baryon chiral
perturbation theory

2
M2  meg = my+F 1m{:s +A1maS2+L1(a/a)O)

3
M3 +F2mf +A,mpe 3+L2 al a)O)m +L2 alal wy)mpg :

mps cut

)
+F3m +A3mas4+C3mf ml‘}gz

MF4  MA4 M2C
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Results

Fittings of 2 g

2 Apply tree level baryon chiral
perturbation theory

2
Meg = mO+F1m£S +A1m“S2+L1(a/a)O)

3
+F2mf +A2m“S3+L2F(a/a)O)m +L2A((,z/co0)mas2

mpg cut

)
+F3m +A3mas4+C3mf ml‘}gz
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Results

Fittings of ZgB

2 Apply tree level baryon chiral
perturbation theory

2
Meg = mO+F1m£S +A1m“S2+L1(a/a)O)

3
+F2mf +A2m“S3+L2F(a/a)O)m +L2A(a/coo)nfzas2

mpg cut

)
+F3m +A3mas4+C3mf ml‘}gz

16

1.82 -

1.37 1

0.97

0.52
0.52 0.72 0.92

1.82

1.37

0.97

0.52
0.52 0.720.92

1.82

1.37

0.97

0.52
0.52 0.720.92

M3
1.821 | r:
1.37 1
o)
0.52 1
0.52 0.720.92
1.82

0.97

0.52
0.52 0.720.92

1.82
1.37
0.97

52

0.52 0.720.92

M4
1.82

1.37

0.97

s

0.52

0.52 0.72 0.92

1.82

1.37

0.97

0.52
0.52 0.720.92

1.82

1.37

0.97

0.52
0.52 0.720.92

m";S cut

MA4

1.82

1.37 1

0.97

I

0.52
0.52 0.720.92

1.82

1.37

0.97

0.52
0.52 0.720.92

1.82

1.37

0.97

0.52
0.52 0.720.92

M2C
1.82 1.3
| W
1.37

-
0.521 |
0.52 0.720.92
1.82 7 1.0

0.8
1.37

0.97

0.52
0.52 0.720.92
1.82 7 10
3
1.37

0.97

0.52
0.52 0.720.92



Results

Sense check

2 Apply tree level baryon chiral perturbation theory

2

3 3 - 2
+1 2m£s Agmpg™+Lopal wO)m{;s Laatal wg)mps

4 2
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Results

Sense check

P At a fixed mgg, the fitting function becomes

2
mep = Mot Fiml +Amgs” + Ly(al o)
3 2
+F2m£S +A2mff§3 + Ly(al a)o)mfjs +Lys(al a)o)mf)‘gz

4 4 2 o
+F3m{§s +Asmpg + C3m£S Mpg

2 3 4
= my(mpg, A, L, (a/a)o))+F1m]£)S +F2m]£)s +F3m]£)s
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Results

Sense check
P At a fixed mp, the fitting function becomes

2 £2
+F 1m +C3m{:S mf,lgz + L, (a/ a)o)mPS

3 4
+F2mf +F3m{;s

2~ 3 4
= my(npg, A, L, (a/wO))+F1(mPS’ C. L, (a/a)()))mf +F2m]I;S +F3m]£)s

19
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Sense check
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Results

Sense check
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Sense check
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Sense check
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Results

Massless-continuum limit
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Results

Massless-continuum limit

Masses of mesons 1n quenched approximation for
fermions in the fundamental (blue bands) and
antisymmetric (red bands) representation of
Sp(4), as a function of the pseudoscalar mass

squared.
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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 The mass hierarchy of chimera baryons model building

M Chiral effective field theory

] 4-fermion operator

] Dynamical studies
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Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000




CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000

RITERS
PN
1\}_\\1,\\,‘,\::\’\‘: |

~ -Found in 2012
-my ~ 125 GeV
-Spin 0
- Scalar particle




" three generations of matter
(fermions)
=2.4 MeV/c? =1.275 GeV/c? ~172.44 GeV/c?

| 2/3
- @

up

=0.511 MeV/c?

-1
» &
electron

<2.2eV/c?

0
1/2

electron
neutrino

2/3
- @&

charm

=95 MeV/c?

-1/3
e (&

strange

=105.67 MeV/c?

-1
1/2

muon

<1.7 MeV/c?

0
1/2

muon
neutrino

- &

top

~4.18 GeV/c?

| -1/3
. &

bottom

=1.7768 GeV/c?

-1
» (@
tau

<15.5 MeV/c*
0
1/2

tau

neutrino

Z boson

=80.39 GeV/c*

+1
1

GAUGE BOSONS

SCALAR BOSONS \eee

31



=2.4 MeVj/c?

2/3
1/2

=0.511 MeV/c?

-1
1/2

electron

electron
neutrino

" three generations of matter

(fermions)

=1.275 GeV/c?

2/3
- &

charm

=95 MeV/c?

-1/3
. @

strange

=105.67 MeV/c?

muon
neutrino

1
=172.44 GeV/c?
2/3
1/2

top

~4.18 GeV/c?

-1/3
v by
bottom

=1.7768 GeV/c?
-1
1/2

tau

<15.5 MeV/c?

0
1/2
tau
neutrino

0
0
1
gluon
0
0
1
photon

=91.19 GeV/c?

0
1

Z boson

=80.39 GeV/c*

+1
1

=125.09 GeV/c?

. B

GAUGE BOSONS

Higgs N

'SCALAR BOSONS

31



& mass
!rﬁn':r

1 Spin

~2.4 MeV/c?

. @

up

~4.8 MeV/c?

1/2

-1/3 I

down

=0.511 MeV/c?

G

electron

<22 eV/c?
0
1/2

Ve

electron
neutrino

(fermions)

=1.275 GeV/c?

. @

charm

=95 MeV/c?

strange

=105.67 MeV/c?

. @

muon

<1.7 MeV/c?

- W

muon
neutrino

~ three generations of matter

=172.44 GeV/c?

~4,18 GeV/c?

-1/3
C b

bottom

=1.7768 GeV/c?
4]

YA

tau

<15.5 MeV/c?
0

. W

tau
neutrino

0

0

. ®
gluon

0

0

. @
photon

=91.19 GeV/c’

0
1

Z boson

=80.39 GeV/c’

+1
1

W boson

=125.09 GeV/c?

0
0

GAUGE BOSONS

H
Higgs

2000-
_ 0
1500 - —=
_ R _$ 5+
> 5l

500 1 K — e>.<periment

7 —— width

] o input

0- —— N & QCD
[B.M.W, 2008]

The lattice calculation of QCD light hadron spectrum.

31



=2.4 MeV/c?

2/3
1/2

=0.511 MeV/c?

-1
1/2

<2.2eV/c?
0
1/2

Y

up

B

electron

electron
neutrino

=1,275 GeV/c?

9

2/3

1/2

=95 MeV/c?

» @

1 1/2

=105.67 MeV/c?

-1

11/2

<1.7 MeV/c?
0
1/2

(fermions)

charm

strange

W

muon

Vit

muon
neutrino

" three generations of matter.

2/3
1/2

=4,18 GeV/c?

-1/3
- &

=1.7768 GeV/c?

-1

12

<15.5 MeV/c?
0

12

=172.44 GeV/c?

t

top

bottom

e

¥

tau
neutrino

=91.19 GeV/c?
: ‘

Z boson

=80.39 GeV/c®

tl '

W boson

0
0

GAUGE BOSONS

125.09 GeV/c?

H

ly
iggs

- .~

T
@
SCALAR BOSONSL

_ \ P — > - a Y Skl
o T — 4 — o T BB IS O BT -y PO O P S G O O B =3

triviality of the scalar sector

UV completion

—>SM s an EFT

31



Composite Higgs Model

Plank Scale 101GV

Hierarchy

Higgs mass
L — 125GeV

32



Composite Higgs Model

Plank Scale 101GV

LLHC search
""""" ~ TeV

Hierarchy |

Higgs mass
L — 125GeV

32



Composite Higgs Model

Plank Scale 109G eV

)

LHC search QCD-like Model | A
--------- ~ TeV / QCD

Hierarchy

1GeV

Higgs mass +0 g0

32

—  125GeV | K |



Composite Higgs Model

Plank Scale 109G eV

)

LHC search QCD-like Model | A
--------- ~ TeV / QCD

Hierarchy

1GeV
l S.S.B.

Higgs mass £0 p+0

32

—  125GeV | K |



Composite Higgs Model
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Composite Higgs Model
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Composite Higgs Model
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Study Plan
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- 4-fermion operator matrix elements (relevant to generating Higgs mass)
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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)
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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)
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Results

Projection-Parity

2 The log plot of the
chimera baryon
correlators (left)
and their effective
mass plot (right)
with the parity
projection.
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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)]
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Results

Projection-Spin

2 Comparison of effective mass plot
between two spin projected states and the
state without spin projection.
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Results
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Optimal search 152
2 Try including different order of corrections 120
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