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What is our composite Higgs paradigm?

the Higgs doublet field
1 7T2 + 17_(1 1 . = -
H=— , _— L) =
\5( G_Zm) \/E(G+ZT n)=M
a 3
DM=d,M~igWM+igMB,, with W,=W,=, B,=B,~
, . spontaneous symmetry breaking
The Higgs Lagrangian is Higgs mechanism
_ 1 t My t A taq]?
L = STe|DMDM| = —ETr [MIM| - 7 Tr [M'M|
strongly coupled gauge theory
fermions (Q) in gauge group reps:
1
LHiggs — _ZF‘UVFPW T ZQY‘UDHQ ... light scalar separated from

has to be unlike QCD 2-3 TeV resonance spectrum
needle in the BSM haystack!?
QCD in 1971 was a needle in the haystack




Needle in the haystack?
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| ao scalar isovector?

| 0** scalar Higgs?

3.2
B

theory has no tuning
minimal composite Higgs mechanism
incomplete (fermion mass origin?)

can be used in several extensions
fermion mass generation, ...

explanation of the spectrum?

near-conformal linear sigma model? dilaton?

lattice: actually have to solve the theory

needs new tools

scaled up QCD cannot do this




The light 0++ scalar not scaled up QCD!

the failure of old Higgs-less technicolor:
0** scalar in QCD  (bad Higgs impostor)

V/So = (400 - 1200) -1(250 - 500) MeV  estimate in Particle Data Book

-1 phase shift in 0** “"Higgs” channel

Roy solutions with 78.3°< 88(5 ) <92.3°
200 — Bugg 2006

— Achasov & Kiselev 2007 ~ i '
- Kaminski, Pelaez & Yndurain 2008 | |broad Mg ~ 1.5 TeV in old technicolor, based

Albaladejo & Oller 2008

L on scaled up QCD, hence the tag “Higgs-less”
This is expected to be different in near-
100 1 |conformal strongly coupled gauge theories
| |Low scalar mass renormalizes F!

Will require new low energy effective action
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Leutwyler:

416 . aea O
VSo =44l _g —i272_155s MeV yisharsion theory combined with ChiPT



Outline

Near-conformal SCGT

light scalar close to conformal window effective theory?
scale setting and spectroscopy
taste breaking and mixed action

Chiral Higgs condensate

new method

GMOR and mode number
epsilon regime and RMT

large mass anomalous dimension

Scale dependent renormalized coupling

matching scale dependent coupling from
UV to IR with chiSB

Early universe
EW phase transition, sextet baryon, and dark matter

Summary

SCGT Theory Space

sextet from haystack:
Marciano in qcd

Sannino and Tuominen BSM

/early lattice work:
/~ DeGrand/Shamir/Svetitsky
LatHC

\ ¥
QCD far from scale ——
invariance

sextet rep F=pp—
ear-conformal?—+———- ——————e

Nf=2 sextet rep u(+e/2 | minimal EW
massless fermions

embedding
SU(2) doublet d(-e/2)

3 Goldstones > weak bosons

minimal realization of Higgs mechanism
adding lepton doublet is a choice
adding EW singlet massive flavor

is also a choice

QCD intuition for near-conformal
compositeness is plain wrong

Technicolor thought to be scaled up QCD
motivation of the project:

composite Higgs-like scalar close to the
conformal window with 2-3 TeV new physics



composite Higgs mechanism in text book QCD example:
the origin of Technicolor

AN N = AAAAN + AN, AN
+ N L A+ e

— —t — ~ Qu9v
GW(Q) - q2 _ gzn(qz)/z (PT);wa (PT)ﬂV - npu q2

. — 4 -iq-z + -
il (9) / d'z e (0| (J (2)J, (0)) [0) Since we want something different from

scaled up QCD, to understand the role of

quqv
1,0(0) = (0~ 23 ) ). b e roee
q the composite Higgs condensate is critically

PN 3 important if model would become relevant
(O |7~ (p)) = Z\/§p" for LHC predictions ...
8 i f2
ANANR — — = = AN — ()=



Events / 100 GeV

Significance

The |ight O++ scalar sextet model is not scaled up QCD!

composite Higgs with resonance spectrum in the 2 - 3 TeV range is a relevant
model for LHC to consider

hints from ATLAS and CMS for rho-like resonance around 2 TeV:
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exciting - paper flood is coming ...
The fate of the sextet model is now connected with Run 2 of

the LHC. It predicts a resonance spectrum in the 2-3 TeV
range including a Rho-like bump just around 2 TeV!




Di-bosons — excesses

Ilvan Mikulec

* Moderate excesses observed in some channels around 1.8 -2 TeV
» Global significance 1.5-2.50

= Excesses of 20 not unusual, but ATLAS + CMS at similar place = excitement

CMS: PAS EXO-14-010
CMS Preliminary 19.7 fb™' (8 TeV)
- Interpreted in ' ! -
|- Heavy Vector s X —» WZ = lIiv (EXO-12-025) Al
: - X - WV - qaqq (EX0-12-024)
- Triplet (HVT) - | ... S0 13-0008
—_— S|mpllﬁed model —— X — WZ - qqll (EXO-13-009)

0 1= : -ie X —» WH — Wbb (EXO-14-010) -
& - ot —— X —+ VH - aqrr (EXO-13-007) .
— L ‘;\ wse X —» VH - qqbb,6q (EXO-14-009) 3
» [ ? = = opdpp = X oy, (pp = Xaay,fpp = X) ]

T X=X'/X",V=W/2Z

a :
8 10" =
- - Saiand
2 Ir ]
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HVT Model B (g, =3) :
102 BR(X—WZ)~BRX-WH) Y\ e e
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= Not in all channels...

= Will know more after a few first fb-
of Run 2 data



before I get carried away:
(from Julius Caesar, spoken by Marc Antony)

I come to bury Caesar, not to praise him.



Hadron Spectroscopy on Extended Dataset -
Simulation Details

Action: Tree-level Symanzik-Improved gauge action with
Staggered Ny = 2 Sextet SU(3) fermions
RHMC algorithm with multiple time scales and Omelyan integrator
B = 6/g* =3.20, 3.25 and 3.30, which is in the weak coupling
regime
Lattices available:( ~ 2000 — 9000 Trajectories each)
B |L|T m B | L|T m
320 56 96 | 0.001—-0.002 || 3.25 | 64 96 0.001
48 96 | 0.001-—0.004 | 56 | 96 0.001—0.002
40 80 | 0.002—-0.004 | 48 | 96 0.001 —0.004
32 | 64 | 0.003—0.008 40 | 80 0.002—0.004
28 | 56 | 0.003 —0.008 32 | 64 | 0.004—0.008
24 | 48 | 0.003-0.014 28 | 56 | 0.003 —0.008
64 96 0.001 ” 24 | 48 | 0.003 —0.008

56 96 | 0.001—0.002
32 [ 64 | 0.005—0.010




» Thermalization is monitored by E at Wilson or Symanzik flow time
taow = 20 with dt = 0.05

» Examples:

L=48 x96, B=3.25, m=0.002, wilson flow t,__= 20, dt=0.05

4. 5¢-04
L 4 0e-04

3.5¢-04

2000 3000 4000 5000 6000 7000 8000 9000
MD time

L=64 x96, B=3.25, m=0.001, wilson flow t, =20, dt=0.05

|v T 1 ] I 1

|
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Spoiler alert: F2L2 < Ng = no theory

when in finite volume, |/FL has to be small in all three regimes!

Condition of reaching the chiral expansion regime can

be estimated from rotator spectrum =

1
E = %l(l +2) with [ =0,1,2,... rotator spectrum for SU(2) , X SU(2),

=

chiral p-regime
direct application to sextet model

2)

C(N, =
6=FL 1+ (F{Lz

+0(01/F 4Lt )) (P.Hasenfratz and F. Niedermayer)

< : 272
F°L’ expansion in 1/F°L !

— rotator = pion V W C(N,=2)=045 (FL=1is ~ 2fm in lite QCD) C will grow with ~ N

2F°L; energy gap

f

» the constraints are the same in the €-regime and p-regime

| |
I 1

F°L’ L,

FL=0.1 L=0.2 fm in QCD femto world OK to study volume dependent PT coupling running withV
FL>1 L=2fmin QCD and we crossed over to the XSB phase all 3 regimes (€,0,p) OK

FL = 0.4 squeezed L= 0.8 fm, begins to look conformal  not OK, misidentifies infinite volume phase

3-fold adiabatic hierarchy of delta-regime is a great tool to explore!




light O++ scalar and spectrum sextet model L.HC

near-conformal resonance spectrum separated
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light O++ scalar and spectrum sextet model L.HC

3=3.25 (with PCA analysis) 56°x96 m=0.001
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near-conformal resonance spectrum Separated
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. moving up to 2-3 TeV with refined scale setting
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effective mass of D(t) - D(T/2)
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near-conformal resonance spectrum separated
from light scalar
a1

. moving up to 2-3 TeV with refined scale setting
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within reach of LHC Run 2 ?

light scalar at few hundred GeV?

EW self-energy shift — v z

observed Higgs-like?

OM?, ~ —121k2m2 ~  —K*17(600 GeV)?

o o o o
w I [ o

triplet and singlet masses

0.1

Triplet and singlet masses from 0'" correlators

From the composite Higgs mechanism: 1
Goldstone decay constant F is setting the EWSB scale

MH/F ~1-3 range

0™ triplet state
(connected) .

B=3.20,3.25,3.30
323x64 - 643x96 -

0™ singlet state m range 0.001 - 0.008

(disconnected)

0.005 0.01 0.015
fermion mass m



light 0++ scalar and spectrum
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wait: does this looks like a conformal

spectrum with hyperscaling?

let us look under the hood

T



rsChiPT analysis of Mpi

M7r =32 m=0.001

0.1 . . . . .
0.095 |
0.09 |
0.085 |
0.08 -
gk 0.075 | M (L)=M +c, g M L) -
0.07 L M = 0.08141  6.4-05 ]
0.065 | c,= 0.01680 = 0.00058 ]
0.06 | X°/dof= 0.008 .
0.055 | -
fitted volumes: 40°%x 80, 48°x 96, 56°x 96
O'0530 35 20 45 50 55 60
M_ p=32 ) m=0.003
0.2
M (L)=M_+c, g (M L)
018 c,,(1-loop) = M/64x” F2 |
M = 0.13613 + 0.000105
016! c,= 0.0490 = 0.0068 ]
) 2
= «2/dof=0.18
0.14} . o
0.12r 1
fitted volumes: 32%x 64, 40°x 80, 48%x 96
0. 120 2‘5 3‘0 3‘5 4‘0 4‘5 50

L

and Fpi extrapolating to inf. vol.

0.03

FW 6 =32 m=0.001

0.025

FL=F +c.g,(M L)
F = 0.02363 + 0.00036
c.= -0.0074 + 0.0038

Y2/dof= 1.2

M_=0.08141 input

volumes: 403x 80, 483« 96, 56°x 96

S
|Ll:
0.02 |-
0.015
30
0.05
0.045
0.04
)
< 0.035
L
0.03
0.025
0.02

35 40 45 50 55

L
F =32 m=0.003

60

F(L)=F +c_g,(M L)

YT 2 2
cF(1-Ioop)_ MW/167T F7T

FW= 0.03694 + 0.00021

C= -0.0187 £ 0.014

Mﬁ =0.1361 input

Y2/dof= 4

fitted volumes: 323x 64, 40%x 80, 48°x 96

25 30 35 40 45
L

50



rsChiPT analysis of Mpi and Fpi fitting functions

M; _ 1 2 2 2 2 2 2 4m-B
e B{1+ s 1 ) (103, )= 10 )+ 4 (10m3 ) =L, )) |+ a*Cy + =2

B
2 2
_N_F (5(77%27{/) — E(miv)) — N—F (f(m%h) — f(miﬁ)
164 811 ,
2 (4Npm) Ly + F(2m)L5 +a F}
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rsChiPT analysis of Mpi and Fpi

rooted staggered chiral perturbation theory

3.5 T T T T T T
aal N;=2 sextetrep f=3.20 |
' 323« 64 to 56°x 96 volumes (extrapolated)
331 i
3.2 T
31F -
3 B=1.06+0.29 ]
A, = 0.4085 = 0.0096 >
o gl % ~/dof = 0.86 i
' A, = 0.578 £ 0.043
Q=0.53
27+ C,, = 2.597 £0.97 ’
o6l C. = -0.644 = 0.044 ]
m fit range: 0.001 — 0.005
% 0001 0002 0003 0004 0005 0006 0007 0008 0009 001
rooted staggered chiral perturbation theory
35 T T T T T T T T
wal \ N;=2 sextetrep p=3.20 |
' \ 32%x 64 to 56°x 96 volumes
3.3F i
3.2 .
3.1F .
3r B=1.78+0.73 .
2ol F = 0.021 = 0.0043 A = 0.005 input |
A3 = 0.4318 £ 0.015 5
gl ¥ /dof =1.2 1
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Q=03
27+ C,, = 1.203+0.87 i
i C.= -0.6320.019 1
m fit range: 0.0015 - 0.005
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rooted staggered chiral perturbation theory

fitting results

- B=1.06+0.29 .
. F=0.0165 = 0.0024 i
Ay = 0.4085 + 0.0096
A, = 0.578:x0.043 1
u CM = 2.597 £ 0.97 .
i CF = -0.644 + 0.044 i
B A = 0.005 input Xz/dOf =0.86 _
i Q=0.53 )
i N;=2 sextetrep p=3.20 i
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m fit range: 0.001 — 0.005
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m x107°

rooted staggered chiral perturbation theory
i B = 1.06=x0.29 )
F = 0.017 £0.002
i Ay = 0.4085 = 0.0096 ]
A, = 0578=0.04
L CF = -0.644 + 0.044 )
CM = 2.597 + 0.97
I A = 0.005 input |
I »2/dof = 0.855 |
Q=0.53

0.02

0.015

0.01

N;=2 sextetrep p=3.20

m fit range: 0.001 — 0.005

323x 64 — 56°x 96 volumes (extrapolated)

0 1 2 3

m
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rsChiPT analysis taste breaking

from LO taste breaking ops

B in our notation
/ in chiral Lagrangian
m; + m; /
2

(m2)Lo = 21 + a’ Ay (Yo = 1, (fo = mf

(m2)nLo = (m7)Lo + (5m%r)1—100p + (6m2),, (8m %T)I‘IOOP ~ [0nZ)io + a’F In(mZ)po,

2 2
+ (3m77)a2m + (amw)a“' (5fA’P)1_100p ~ [(m%T)LO + Clz] ln(m%T)Lo.

(Om%)ye ~m?,  (8m7) g2y, ~ a’m,

(6mZ) 4 ~ a*,

NLO analytic terms from NLO taste

(5fA,P)m2 ~m, (5fA,P)a2m N Cl2 breaklng operators

responsible for fan-out?




rsChiPT analysis taste breaking
a*(‘U+ U

—U = C\Te(€"SEPSY) + Co Y Tr(€ S €S T)

L<v

+ CAN[Tr(€l3¢0)S) + Hel]

LO SO(4) symmetric

+ CAY [Tr(eWSeWS) + He]

—U' = Cod Y [Tr(€)3)Tr(£0"S) + He]
+ ol [Tr(EWS)Tr(¢)S) + Hee.]
+ Csyd Y [Tr(ES)Tr(€)S ]

+ Csa S [Tr(€3)Tr (£ 3 1)),

azz Z{CZStr(GMETEWGMEE,,M) + C7Str(28MET§W)Str(ETaﬂEfw) + ClO[Str(EGMET§M,,28MET§W) + p.c.]

MoVER

+ C3[Str(20,2T¢,,,)Str(2,3T€,,) + pe]t + azz{C%VStr(E&METfMETaﬂifﬂ)
7

+ C36AStr(28M2T§M5ETGME&M) + C41VStr(8METfM)Str(GMEé:M)
+ C41AStr(8M2T§M5)Str(8ME§5M)}. |
NLO SO(4) non-symmetric




rsChiPT analysis

B=3.2, Volume = 32°X64, 48’X96 and 56’ X96

taste breaking

T | J | ’ | !

Fit st M_"=2Bm,

0.08 -

LI MR o m, b ATV

o A : )

e T 2B=6. | RO23), ¥ Aood=1.12, .;

Y 8, =0.004803), € =B4(5), X Mok=32,

o | A, #0.0083(5), C o9 K1), x Mofel 4, >
0.06 [~ A, =00045(5), C_=10N1) ) Mof=3.25, / 'f

A=000S520), C,=11.01), Lidel=011 -

//
/ -
-
0.02 ) -
: i /‘
O - 3 | 3 ] 1 | 1
0 0.002 0.004 0.006 0.008
m
0.% L 4 l L4 ]’ | I L | ]’
o p] B=330 Volume= 32°X64, 48°X96 , 56'X96 and 64 'X96
- oA - .
o T .
DY/
L |
0.04 |- . «
¢
= ‘ =
Almost no taste violation '
=
0.02+ —
! Y -
- =
0 . | . L ) ] . 1
0 0.002 0.004 0.006 0.008

B=3.25, Volume = 32°X64, 48'X96 and 56 X96

0-08 L l ] l ] ] ] ]
Fitamsatz: M "=2Bm,
« P M, =A +C,m, b={A.T.V.I}.
. % 2B=8 K1), Mof=2.5, ’
0.06 - Y A =0.00180(27), C,=6.2(6), % Mdof=4.6, .
e 1 A=0.00170(65), C,=7.43(12),  /dot=16, .
! A #0.00061(140), €, w7.88(25), 1 Adofed 4, s
A=0.0018(24), C;=8.15(43),  /dof=215, "
= -
0.04 -
= &
/ //‘ |
0.02 -
0 A l L 1 L 1 ' 1
0 0.002 0.004 0.006 0.008

M?.,  =2B(m,+ mgy)+a*A(&p) taste label b € {5,u5,uv,u,l}
b

n

C=C=C=Co=4E

The SxPT prediction for taste breaking of Goldstone and
non-Goldstone pion masses at NLO can be expressed as,

M2, o = M25(1+ 8y) taste label b' € {5,i5,45,ij,i4,i,4,1},
and 8, ~ O(a?).



rsChiPT analysis

Data show three almost degenerate pairs, {i5,45}, {ij, i4}, {i,4}
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§Ii4 ﬁis §|45

B=3.2, Volume=32"X64, m=0.006

Sample size: 200 cfg for ﬁu, €8 and 7

117 cfg for the rest
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|

SO(4) taste symmetry is approximate
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0.02 . §i4 |
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I | I | . |
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two outstanding spectroscopy problems:

1. effective low energy theory for Goldstone
dynamics coupled to the low mass scalar
nonlinear sigma model or dilaton?

2. effect of slow topology on the analysis



Goldstone dynamics coupled to low mass scalar

work in progress
L
ﬂ ‘s ". G
"""" """""" --.---:\-‘...-.-. "Teseseee ---—---- SRS

_1 2 '02 By’ h h
£ =7 (8uh) —V(h)+ZTr(D,L2 D z:) [1+2a;+bv—2+...

_Loopg o 1(3mY g o 1 (3mp
V(h) = 2mhh +d36 ( ” )h -’:—d424 2 h*+...
M_,E_,M_ are calculated now to 1-loop: extended chiral SU(2) flavor dynamics
We are analyzing the small pion mass region in the M_=0.07- 0.013 range

of the p-regime, and lower in the RMT regime

To reach the nonlinear sigma model range requires very small pion masses

cutoft effects from taste breaking?



pion mass and decay constant

slow topology

m72r(9)|rmNL0 — myzt(e)

() (o)1)
f2(0)|rmvro = f [1 -2 (m4n7$>)2 (m (’:%@)2 - th)] |

m%(0) = 2Bym,, cos (1%)

toZO
me (MO =0\ (O =0\ o
mz(0 =0) 16V x; Acf s 3 :

to =0 r .
an p =1+ 1 mgl'ee(e :O) ? In mgree<9 :0) 2_l—phys_|_1
fz(6=0) 4V x; Amf m];)rhys 4 3

m?;ee(e)z _— Q,B()mq COS(O/Nf)




taste breaking and mixed action

0.08 -

0.06 -

> 004

0.02

°
—“<H»

T ' T '
B=3.2, Volume = 32°X64, 48 X96 and 56°X96

decreasing |
lattice spacing

1|

staggered eigenvalue spectrum

x107°

0.006

0.008

p=3.20

T T T T T

32% 64 m=0.004
- 120 eigenvalues

1 1 1
20 40 60 80
eigenvalue multiplets

100

staggered quartet eigenvalue spectrum

06

04

02

idea for improvement:
e use the gauge configurations

B=3.30, Volume = 32°X64, 48°X96 , 56" X96 and 64°X96

generated with sea fermions

taste breaking makes chiPT analysis

complicated

* in the analysis use valence Dirac

{ operator with gauge links on the
gradient flow

* taste symmetry is restored in

| valence spectrum

Mixed Action analysis should agree

e P
A =
e T
e V
o |
L . . _|
I N
Almost no taste violation
=
newiruns
F 3
* =
; =
-
| | | | | | | |
0.002 0.004 0.006 0.008
m

Quartets of Q=—1 Dirac spectrum on gradient flow

0.1

0.05

T

p=3.20

32%x 64 m=0.004
gradient flow time t=3
120 eigenvalues |

T T T T T T

degenerate quartets=valence
chiral symmetry restored

1 1 1
20 40 60 80
eigenvalue multiplets

100 120

27

with original standard analysis when
cutoff is removed: this is OK!

Ny =2,L[=2 fm, m =10 MeV

2 - ' 3 1 2 Y
s Damgaard and Fukaya
W
S
\5
a
=

0.5 new formula (V=0)) =—
p-expansion (6=0)
0 ~ g-expansion (v=0)
0 5 10 15 20 25 30
ALV

new analysis in crossover and
RMT regime opens up with
mixed action on gradient flow



taste breaking and

3.5
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)] N » w

spectral density 2xp(A,m)

—_

0.5

microscopic spectral density p(z,m)

spectral density

mixed action

x 10
Vol=64°x 96 p=3.25 m=0.001
I 40 configurations with Q=0
- direct eigenvalue spectrum: blue
I T+ 1
I
I
I T 11
THLT

Il T

- 1T
1T
- Chebyshev expansion 8K and 20 noise vectors: magenta
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flow time t=3
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RMT regime

sextet mixed action at flow time t=3 Fn (rwall pion channel)
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The chiral condensate new method

chiral condensate and RG: mode number distribution of Dirac spectrum

1 lim Lm 1 )\ _ = spectral density
p(Am) = = 3~ (6(A = ) Jim Nim Jimp(A,m) = 2 (Banks-Casher)
k=1
A
v(M,m) = V/ dA p(A,m), A=/ M2 —m2 mode number function
—A

renormalized and RG invariant

VR(MRamR) — V(Mam )
(Giusti and Luscher)

. N

spectral density p(t) from ensemble averages (1) = <%2 S(t— A‘i)>
i=1 gauge

ensemble

over the D'D matrix with dimension N

o5 x10°

delta-function resolution

LatHC publication SCGT15

for method and results:
Lattice 2015 Poster Session

1 oo
p(t)=——=) ¢, T,(t) expansion in Cebyshev polynomials
V1-17 Z& o

2 ¢ (2

Z1' 1,0p0) k=0 YT k=0 |

nu—l Nﬂ l:1 42\1.5
C, =3 = ¢, =1 2

1 ‘1T k O 1 5 2 § 1

L T0p@) ke Vg 2T AT k=0

o
)

N
ZTk(ﬂ,zi) is given by trace of T, (D" D) operator

Chebyshev polynoimial order: 8,000

i=1

-0.5

1 1
1 2

1 1 1 1 1 1 1
3 4 5 6 7 8 9 10
A eigenvalue scale x107®



2m-p(\) spectral density

N

w

N

The chiral condensate

spectral density at gradient flow time t=0

full spectrum

10 gauge configurations
Chebyshev order: T1 (t) - Ts,ooo(t)

- 20 noise vectors

64°x 96 p=3.25 m=0.001

1,50,994,944 eigenvalues in D'D

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

A\ eigenvalue scale

\V]

Mode Number

full spectrum t=0

N

w

x107

Mode number distribution flow time t=0

10 gauge configurations

Chebyshev order: T1 (t) - T8’000(t)
20 noise vectors

64°x 96 p=3.25 m=0.001

full spectrum counted correctly

0.2 0.4 0.6 0.8 1 1.2 1.4
A eigenvalue scale

* nf=2 sextet example illustrates results from the Chebyshev expansion

e full spectrum with 8,000 Chebyshev polynomials in the expansion

* the integrated spectral density counts the sum of all eigenmodes correctly

* Jackknife errors are so small that they are not visible in the plots.

1.6

1.8




The chiral condensate

- N
- o N 13

spectral density 27 p(\,m)

o
o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

RMT spectrum t=0

reached on original configurations without flow, or MA:

1073 spectral density 27p()\,m)

Vol=64°x 96 (3=3.25 m=0.001
40 configurations with Q=0

no gradient flow

jér I

eigenvalue scale \ %1073

Mode number v(\,m)

0.5 0.6
eigenvalue scale \ %1073




The chiral condensate mass anomalous dimension

Del Debbio and collaborators and Boulder group pioneered
fitting procedures

V(M ,,m,)=v(M,m)=const-M """
4
or equivalently, v(M ,m) = const - A" | with y () fitted

s anomalous mass dimension 10 Mode number distribution flow time t=0

4| 64°% 96 (magenta) p=3.25 m=0.001 L_HC 7 10 gauge configurations

cL Chebyshev order: T1(t) T, ®

1.2 anomalous mass dimension from full Dirac spectrum (sextet rep) . 20 noise vectors

64°x 96 p=3.25 mM=0.001

1 1 5
Qo
—_ £
€ sl | 3 41 full spectrum counted correctly
<
= o)
= 3. UV/scale
06f i S
2,
0.4f _
02t | .l

cale

0 ! ! ! ! ! !
0 0.2 0.4 0.6 0.8 1 1.2 1.4

A\ scale of spectrum

0 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2
)\ eigenvalue scale

How to match A scale and g2 ?



the running coupling and the 3 function finite volume

arXiv:1506.06599
The running coupling of the minimal sextet composite Higgs model
Zoltan Fodor, Kieran Holland, Julius Kuti, Santanu Mondal, Daniel Nogradi, Chik Him Wong

! L ! . no sign of IRFP zero in step beta
non-perturbative m— ,, - .
0.7 |- 1loop ~------ {1 function in explored range

os | LatHC Nf =2 sextet Control on systematics is important

(g°(sL) - g°(L) ) / log(s®)
o
NS

03 | .

0.2 + -

0.1 71 Two strategies to connect UV with IR:

0 -
0 1 2 3 , 4 5 6 7 1. push into RMT regime with the method
g-(L)

monotonic increase of beta function consistent with: 2. use mass deformation in chiSB phase
- mass deformed spectroscopy at low fermion mass to bridge UV and IR
- chiral condensate
- GMOR

- mass anomalous dimension
- connection with g?(t,m) in bulk with chiSB


http://arxiv.org/abs/1506.06599
http://arxiv.org/find/hep-lat/1/au:+Fodor_Z/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Holland_K/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Kuti_J/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Mondal_S/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Nogradi_D/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Wong_C/0/1/0/all/0/1
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very small sextet beta function!




scale-dependent coupling matching IR to UV

t, scale of g” in chiral limit

renormalized gauge coupling in chiral limit

t0 scale of selected g2 series in m=0 chiral limit
10

16 . . . . . . A\ 6/g> =3.25
. . . . 81 m=0.003-0.006,0.008 fitted
141 cubic spline interpolation =
g s Chiral PT fits
o
1oL _(c: 61 excellentx:2 fits
b,
10 5
@
S
sl _._,O
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8 ‘ ‘ ‘ ‘ ‘ ‘ ‘ w 1
Wilson flow, Symanzik action | ‘H'HH
2 - : K e - we| aresen the verge of rqﬁ p ‘ g't the two
renormalized gauge coupling g2 scale dependent cou p!lﬁ Q Wﬁlch will
[ " Il
. . . \
leading dependence of g”(t,m) on M_ is linear lea) fe no r|ofom<c1|:or s;g%u!ﬁations on.
: : . ¢onformal fixed poin o "
based on gradient flow chiPT Bér and Golterman £72 S md” °
© OO M‘d‘ \Hmwd‘i L H‘”O
works better than expected 7t 0 Ogd%,o ' i
o o 0 0 10"
. o o wo‘“,‘o‘ M‘HOH
chiral logs are not detectable . o8 6° o oare g
decoupling of the scalar has ' s R 48'%98m=0.002-0.004
32°x64 m = 0.005-0.006,0.008
to be better understood I T S 2T T

gradient flow time t



scale-dependent coupling matching IR to UV

t, scale of g” in chiral limit

16

14

12

renormalized gauge coupling in ch

iral limit

- cubic spline interpolation

7.2 7.4 7

.6 7.8

renormalized gauge coupling g2

leading dependence of g”(t,m) on M_ is linear

based on gradient flow chiPT Bar and Golterman

works better than expected

chiral logs are not detectable

;o

decoupling of the scalar has

to be better understood

we are on the verge of matching the two
scale dependent couplings which will

leave

no room for speculations on

conformal fixed points
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6.4

scale—dependent running coupling on gradient flow

721

6.6

Wilson flow, Symanzik action

|

6/g> = 3.25

48%x96 m = 0.002-0.004

323x64 m = 0.005-0.006,0.008

mm”“ _

! ! ! !
0 1 2 3 4 5 6 7 8 9

gradient flow time t
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scale-dependent coupling mass dependent tuning?

sextet running coupling from mass dependent £ function

in 1+2 freeze-out scenario
anything to learn about strong
08 one massless flavor 1 coupling dynamics of single
two flavors with mass m massless flavor?
05} a(m?/u?) runs with scale u -
& 04f {1 Similarly, in 2+1 freeze-out
QTE scenario anything to learn about
T oal | strong coupling dynamics of
o] ¢ : doublet massless flavor?
E O massive
ol -+ flavors freeze out |
| P2 Not likely that light scalar mass
/ can be tuned this way
0.1 7]
walking very close to
weak coupling Nf=3 IRFP
—10000 (I) 1 OIOO 20|00 30|OO 4OIOO 50IOO 6000

~log(m?/u?)



Early universe

Kogut-Sinclair EW phase transition
Relevance in early cosmology (order of the phase transition?)
LatHC is doing a new analysis using different methods

e Nf=2 Qu=2/3 Qd =-1/3 fundamental rep
udd neutral dark matter candidate

Three SU(3) sextet fermions can give rise to a color singlet.
The tensor product 6 ®6®6 can be decomposed into
irreducible representations of SU(3) as,

e dark matter candidate sextet Nf=2 6606102 x80100T0M3 x 272862 x 35
electroweak active in the application

where irreps are denoted by their dimensions and 10 is the
complex conjugate of 10.

* 1/2 unit of electric charge (anomalies)

Fermions in the 6-representation carry 2 indices, ¥,p, and
transform as

* rather subtle sextet baryon

. . . 23’ — Ua Ua/ / /
construction (symmetric in color) v, b Uzt Wb

and the singlet can be constructed explicitly as

e charged relics not expected? Eabe Exprer Wag Woy Wee-

38



Summary: model exhibits chiSB with a light composite scalar
(near-conformal?)

® no sign of IRFP close to conformal window?

® spectroscopy resonance spectrum ~ 2-3 TeV LHC!
e chiral condensate, large Y(A) Chebyshev expansion very promising
e RMT regime is being explored mixed action strategy is applied

e Fixed topology requires special analysis

* running (walking) coupling no IRFP Gradient Flow
e Electroweak phase transition and baryon intriguing

e Staggered fermion action is not the issue rooting works

e Analysis of low mass scalar coupled to
Goldstones remains a challenge



