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1. Introduction

2. Nf=8 QCD resulit
* Flavor singlet scalar (o) spectrum
(composite Higgs)
 Baryon Dark matter

* Flavor singlet pseudo scalar (n’) mass

3. Summary



"Higgs boson”

* Higgs like particle (125 GeV) *
found at LHC. =

s=7TeV, f Ldt=481"

s=8TeV, f Ldt=591b"

* Consistent with the Standard Model Higgs.
»  But true nature is so far unknown. N e

ATLAS & CMS 2012
* Many candidates for beyond the SM.

one interesting possibility is
Dynamical breaking of electroweak symmetry
-> composite Higgs

— (walking) technicolor

* "Higgs” = dilaton (pNGB) due to breaking of the approximate
scale invariance

* 750 GeV diphoton resonance may suggest strong dynamics? (n-like particle?)



Many-flavor QCD: benchmark test of walking dynamics

Ny Number of flavor a(p): running gauge coupling

A
Asymptotic non-free o)
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— typical QCD like theory: Muag>>F« (ex.: QCD: mp/fr~8)
* Naive TC: Mnaqd> 1,000 GeV
« 0** is a special case: pseudo Nambu-Goldstone boson of scale inv.
= s it really so ?
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LatKMI project : Many-flavor QCD

Systematic study of flavor dependence
in many flavor QCD (Nf =4, 8, 12)
using common setup of the lattice simulation

Status (lattice):

© Nf=16: likely conformal

© Nf=12: controversial, probably conformal?

B Nf=8: controversial, our study suggests walking behavior?
1 Nf=4: chiral broken and enhancement of chiral condensate

Nf=8 is good candidates of walking (near-conformal)
technicolor model.



Simulation setup

m L3 x T | Net[Ngt.

+ SU(3), Nf=8 0.012]423% x 56| 2300[2]
0.015|36°% x 48| 5400[2]

e HISQ (staggered) fermion 8 -
and tree level Symanzik gauge action 0.02 [36° x 48| 5000[1
Volume (= L~3 x T) 0.02 303 x 40| 8000[1]
« L=24,T=32 ; -
- L =30, T=40 0.03 |30° x40|{16500{1
- L=36,T=48 3 o
. L =42 T=56 0.03 [24° x32|36000(2
Bare coupling constant ( 6 — % ) 0.04 1303 % 40(12900[3
+ beta=3.8 J -
0.04 [24° x 32(50000[2

bare quark mass ; o
- mf= 0.012-0.06, 0.04 |18°x24| 9000|1
(5 masses) 0.06 |24 x 32| 18000[1

¢ high statistics (more than 2,000 configurations) 0.06 1183 % 24| 90001

e We use a noise reduction technique for disconnected correlator.
(use of Ward-Takahashi identity[Kilcup-Sharpe, ‘87, Venkataraman-Kilcup 97] )




Flavor singlet scalar from fermion bilinear operator

Co(t) = & 3 (300 biti(, t) 77 40j405(0)) = (~NpC(t) + N2D(t))
Os(t) = vibi(t), D(t) = (0s(t)Os(0)) — (Os(t))(Os(0))

OGO O

« Scalar interpolating operator can couple to two states of

(1®1) & (1475 @ §4&5)

« 0+(non-singlet scalar) : C(Qt)+ —> ao(continuum hmlt)

* 0-(scPion) * (C(2t)_ — scPion (continuum limit)

C_E(Qt) — QC(Qt)::C(Zt -+ 1)::0(2t — 1)

* Flavor singlet scalar can be evaluated with disconnected diagram.

C,(2t) = —C(2t) + 2D (2t)

(8 flavor) = 2 X (one staggered fermion)




mo for Nf=8, beta=3.8, L=36, mf=0.015
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(in the continuum limit)



Many-flavor QCD highlight: Nf=8 QCD mass spectra
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I\/Ip > Mt ~ Mo (outer error : both statistical and systematic errors added.)
Nf=8 QCD is in sharp contrast to the real-life QCD
(right figure: Nf=2 lattice QCD resuilt)

(c.f. LatHC Collab. (’14), Hietanen et.al. (’14), Athenodorou et.al. ("'15)).
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Mo for Nf=8, beta=3.8

though it is too far, so far

e 2 Ways: 7 o L=36
. . & o L=30

e naive linear Mg=Co+C1Ms BRI T

e dilaton ChPT mg2=do+dimn? L I

differ only at higher order e
e Fit result: 0'
co = 0.063(30)(+4/-142)
-0.05 ' ' 1 | ! I . |
do = —0.0028(98)(+36/-313) 0 0.025 0.05 B 0.075 0.1

T

In the chiral limit W/f =3.0(3¢)

e possibility to have ~125GeV Higgs
(We need to simulate lighter fermion mass region for precision determination)

o(Flavor singlet scalar) ~ (Techni) dilaton [Composite Higgs]




Technibaryon Dark Matter



Technibaryon

* The lightest baryon is stable due to the technibaryon
number conservation

 (Good candidate of the Dark matter (DM)

 Boson or fermion”? (depend on the #TC)
our case: DM is fermion (#TC=3).

* Direct detection of the dark matter is possible.



DM effective theory

Technibaryon(B) interacts with quark(q), gluon in standard model
£€ff — CBBCYC] + CBBGZVGQ'LW | ]\ZBiau’YVBOMV IR

4

One of the dominant contributions in spin-independent interactions
comes from the microscopic Higgs (technidilaton o) mediated process
(below diagram)

B: DM B: DM
\// _ Technibaryon-scalar effective
| < YBBo coupling
O
A UYnno  nucleon-scalar effective coupling
Nucleon Nucleon

How do we calculate the scalar-technibaryon coupling (yss.) ?



(Techni)baryon Chiral perturbation theory
leading order of BChPT
L = B(in"0y —mp + %y57"u,) B
ut =1 (uT(a“ —erf)u — u(0" — il“)uT)

[J — 2 — o27i/Fn




(Techni)baryon Chiral perturbation theory with dilaton

leading order of BChPT

L = B(in"0y —mp + %y57"u,) B

‘ ut =1 (uT((9“ —1r*)u — u(0" — il“)uT)

[J — 2 — o27i/Fn

L = B(iv"0, — e”/"omp + G ysytu,)B

Y = GJ/FJ



(Techni)baryon Chiral perturbation theory with dilaton

leading order of BChPT

L = B(in"0y —mp + %y57"u,) B

‘ ut =1 (uT((9“ —erf)u — u(0" — il“)uT)

U = 12 = 627T7J/F7T

L = B(iv"0, — e”/"omp + G ysytu,)B
Y = GJ/FJ
c.f. Pion ChPT with dilaton Ref.[Matsuzaki-Yamawaki ‘13]
£=22(0,)? + L 2te[a,Utoru] + - -

Invariant under the scale transformation

oU = x,0"U, 0x = (14+2,0")x, 6B = (2 +2,0")B,



(Techni)baryon Chiral perturbation theory with dilaton

leading order of BChPT

L = B(in"0y —mp + %y57"u,) B

‘ ut =1 (uT((9“ —erf)u — u(0" — il“)uT)

U = 12 = 627T7J/F7T

L = B(iv"0, — e”/"omp + G ysytu,)B

Y = GJ/FJ

The dilaton-baryon effective coupling (leading order) is uniquely determined as

YBBo — mB/FU

(F, - - - Dilaton decay constant)



DM Direct detection
B B
Spin-independent cross section with nucleus

75106 N) = 22 (Zf, + (A= 2) 1)

|
v O
|
o mp yBBO' (np) (np) /\
fonn) = 55 (> f + ) A\
o q=u,d,s
Nucleon Nucleon

*

o 3 — (V)
Note: Yukawa coupling is different from the SM : gf ! ; . _ ! }) Ew

f}i\[) — <N|quYQ\N> /mN Nucleon sigma term in QCD

Nucleon matrix element non-perturbatively determined by lattice QCD calculation

Lattice calculation for both nucleon and technibaryon interactions



How to calculate Dilaton decay constant?



Dilaton decay constant

It is important to investigate the decay constant of the flavor
singlet scalar as well as mass, which is useful to study LHC
phenomena; the techni-dilaton decay constant governs all the
scale of couplings between Higgs and other SM particles.

Fo: dilaton decay constant

Z, W g
L% Joww  UVEW
,\/\1 o (dilaton) - F,

Jhepy WW

b, T, ... \Jo/7

b, T, /

Dilaton effective theory analysis [S. Matsuzaki, K. Yamawaki, PRD86, 039525(2012)]

>k

gosy _ (3—7")vEw
Jhsm f f Iy




Two possible decay constants for o (Fo and Fs)

1. Fo: Dilaton decay constant difficult to calculate on the lattice
: __ —1px
(0| DH(x)|o;p) = iF,pte P
DF . dilatation current can couple to the state of o.

Partially conserved dilatation current relation (PCDC): <O|8MD'“ (()) ‘0-; ()> — Famg

2. Fs :scalar decay constant not so difficult

We use scalar density operator (9 E wzwz

which can also couple to the state of o.
We denote this matrix element as scalar decay constant

Np(0lmsyyp|o) = Fsm]

(Fs : RG-invariant quantity)




scalar decay constant from 2pt flavor singlet scalar correlator
Co(t) = § 30, (35 " i, 1) 3257 4545(0)) = (~=NpC(t) + NED(1))
Cy(t) ~ N2A(e ™ot 4 e=me(T=1))

m ey 2mgyV A NF: number of flavors
Fg=Np—1 — V: LA3
my A: amplitude

What is relation between Fs and Fo?
We use a relation in the continuum theory obtained by
the WT-identity for dilatation transformation

5 FsFymj = —Ag, Npm s ()
(in the dilaton pole dominance approximation)

[Ref: Technidilaton (Bando, Matumoto, Yamawaki, PLB 178, 308-312)]

Ay =3 — Ym (scale dimension)



Fo for Nf=8, beta=3.8
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Fo for Nf=8, beta=3.8 -
’ /F B AWNmeWW\
0.075 —T—T—T—T—T—T—T— T 7 V2V Am,
_ O L=42
- Preliminar e e .
y e with () — (1))
0.05 |- 4 L=I8f chiral limit
F, | | y,
A -
P 0.025 _ Chiral extrapolation fit
- %\N% - Blue (mf=0.012-0.03)
L 3 Fo =co+cimy
| | | | | | | | | |
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Fa f — 2
7 ~ 1545, ~3 in the chiral limit Fo = co+exmy + camy

T

with assumption of Y ~ 1, (A@p =3 =7~ 2)



Fo for Nf=8, beta=3.8
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c.f. Another estimate via the scalar mass in the dilaton ChPT (DChPT).

DChPT: m2 ~ dg + dym?

_ (1+7)Ap, NpF? 1
! 1 F2

F
"9 o /Np =22
ol P =22



DM direct detection in Nf=8

o 16'36 ! T T |
5 Preliminary
E le-38F N
= 5 - T 0.015 :
£ i 0.012 -
o Le-401  cnival imit T
s le-42} B
E 1000 10000
- m,, [GeV]

scale setting : " NaFr/V2 = 246[GeV], (Nq = 4)

Fr = 0.0212(12)(F39)

Errors come from F11 & FO



c.f. recent experiment

WIMP-nucleon cross section (cm2)

10 10 5 10
Myimp (GeV/cY)

[Ref: S. LUX experiment Phys.Rev.Lett. 112 (2014) 091303]

Our values for 00 are experimentally excluded,
so that it may be difficult to explain the existence of DM as a techni-baryon.



Pseudo-scalar (n') channel
preliminary



Flavor singlet pseudo-scalar (n’) mass

(hys9 (L) [y59(0))

Fermionic correlator is very noisy due to the pion contamination

C(t) = Aze” ™!
D(t) = —Ape~™nt + B e~ 't (M < Mgy )

(in the continuum theory)

However gluonic correlator with quantum number (0-+)
does not (directly) couple to flavored pseudo scalar.



Flavor singlet pseudo-scalar (n’) mass

Topological charge density correlator
q(x) = cTr[F,, F (x)]

(gluonic operator)

We consider a point-point correlation function which is

_ Cmn/

(a(@)a(y) = LK (myr) eyl =

K1 ... modified Bessel function

[Ref: Shuryak and Verbaarschot '95, Rosenzweig ,et al. 80, Di Vecchia and
Veneziano, '80]



Topological charge density operator
Improvement : Gradient flow of link variables

OSy m

(97_14“ (7" a’j) — Ref: [Luscher, Luscher & Weise, 2011]

DA,
Smeared length (] ~ /87T

0.05 T T

0.04 _— __
0.03 _—
0.02 _—
0.01 _—

<qa(x)ay)>

-001—

o0} 1This region will be used.

-0.03 —

-0.04 —

005 L+ 1

r=|x-y |
r is four dimensional distance.
More statistics than usual zero-momentum time correlation function



Example: Nf=8, L=36, mf=0.015, #conf=360 (7200 trj.)

—<q(x)q(y)>

Gradient flow reduces the gauge noise

black : =0 (without gradient flow)

| I | I
= .
- o 1=0.00 .
i 1=0.30 i
0.1 1=0.60 —
- 1=1.20 E
0.001 & I
- i
00001 dagb
= | L e i
: !:_':]‘IM \;‘
e I
: 1| ]
1e-06 ' i
"0 12 14




Nf=8, L=36, mf=0.015

local (effective) mass from range [r, r+0.5]

3 | | | | |
o—eo 1=0.00
25+ —
2+ /\ _
1.5+ - —
1 . |
05 —
0 | | | | | |
2 3 4 5 6 7 8 9 10



local (effective) mass from range [r, r+0.5]
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Nf=8, L=36, mf=0.015

=—a 7=0.30




Nf=8, L=36, mf=0.015
local (effective) mass from range [r, r+0.5]

3 | | | | |

1=0.60
25+ —

2_ —

15— —

1_ —

05— —




local (effective) mass from range [r, r+0.5]
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Nf=8, L=36, mf=0.015

local (effective) mass from range [r, r+0.5]
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Nf=8, L=36, mf=0.015
local (effective) mass from range [r, r+0.5]
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Nf=8, L=36, mf=0.015
local (effective) mass from range [r, r+0.5]

3 | | | | |




Nf=8, L=36, mf=0.015

local (effective) mass from range [r, r+0.5]

3 | |
i *
o—e 7=0.00
25 =—au 1=0.30 |
1=0.60
- | a2 1=0.75 T 5
+«——<1=0.90
2 t=1.05 T —
— 1=1.20
1.5 —
\ J
Aot A
1 / A N o + /
05— —
0 l | | |
2 3 4 5 6 7 8 9 10 11

r=1|x-y |

We fit the correlation function with r=6.5-10.



Flow time (T) dependence of mass (n’)

2 T T I | I |

1.8 e fitrange: r=1[6.5,10]| 7]

1.6 — ]

14— .

{EEEEI ‘

1.2 —

1_

= X
0.8 A —
0.6 - T e
0.4 . . -
- Preliminary :
02 -
ol . | . | . | . L

0 05 1 15 2
T

Small flow time : All fit results are consistent.
Error is decreasing as T increasing.
Large flow time: probably over smearing
and/or it may not reach mass plateau



Flow time (T) dependence of mass (n’)

T Bt ' ' | ' I
1.8 — 1 e fitrange:r=1[6.5,10]| ]
B m fitrange: r=[7, 10.5]
Lo B o fitrange:r=[8,11.5]| 7
12.: + T 1 | : Result (t1=0.75,
L I % i % % : _ fit range [6.5,10])
EL T 1 i |
g Yi:: .0 M, =0.982(52)
0.6 — = |
- Preliminary :
02 _
S A T—
T
M,
Comparison to Mp in Nf=8 Vi — 3.5(2) > 1.24 (real QCD value)
P

bigger than real-life QCD
c.f. pure SU(3) [Chowdhurty et al. ’14, ], Nf=2+1 QCD [JLQCD arxiv:1509.00944]



Why is M, large?

One interpretation is large fermion loop (anomaly) contribution.

Let us consider (anti-)Veneziano limit

Anomalous WT identity for axial symmetry:
y o~ o~
Ny F2M?2, = (0, A" - 0, A) = <Nf4—FF Ny FF)

Ny
Ay = Vst
1=1

Ny
c.f. QCD-like theory : <1& N.— o0
N
N N 5 Py,
g F 2 N ~ w'"""'o»,. 5 -
n C CVGMVGMV > CYGMUG'M

n’ behaves like NG-boson. [Witten, Veneziano] ~***



Anti-Veneziano limit of Many-flavor QCD :

Ny
N,

N F2M2 = (9, A" - §,AY) = <N YFE.N ﬁFF>
Jhm M <8,LL a > f47-( f47_‘_

i/v/Ne 1/v/Ne

>1&Nf,N — OO

Fermion loop dominates.

1/v/Nc 1/\/N_c
N2 N 2
NO&NFNC
MQ/ Y f A4 Y (_f> Adyn A2

Nc dyn

Ref: [Matsuzaki and Yamasaki, arXiv:1508.07688]
1/Nc is not a good approximation.

Flavor singlet pseudo scalar (n") could be heavier than other
hadrons.



c.f. Flavor singlet scalar in large Nc & Nf
Ny
N

Partially conserved dilatation current relation (PCDC):

>1 s necessary to have approximate scale invariance.

D* . dilatation current 0, D" = Hl’j (trace anomaly relation)
FZm? = (0,D") = N.NpAy,, (ladder SD equation)
F? o« N.NpA?

dyn
- T2 0, (N, — o)
vew Fs  /N.Np S

Ref: [Matsuzaki and Yamasaki, arXiv:1508.07688]

Scalar can be parametrically small,
and behaves like NG-boson (dilaton) in the Nc limit.



Nf=8 QCD is a viable candidate of walking gauge theory.

Flavor singlet (disconnected) spectrum

*Flavor singlet scalar is as light as pion.

o]t is different from real-life QCD.

*Flavor singlet scalar could be a candidate of the pseudo-dilator,
which is the composite Higgs boson in technicolor model.

*Flavor singlet pseudo-scalar (n") mass can be obtained using gluonic
operator. (We need to study more for systematic uncertainties)

*Our preliminary result of Mn'/Mp in Nf=8 is larger than real-life
QCD. (enhancement of anomaly effect in large Nf?)

c.f. Witten-Veneziano formula

*In the technibaryon dark matter scenario, we estimate cross section
for direct detection. According to DM direct detection experiment,
our values are excluded so that it may be difficult to explain the
existence of DM as a techni-baryon.



END
Thank you



