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What is our composite Higgs paradigm??

the Higgs doublet field elementary scalar?
o1 (mim L oriz-)=M
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. . . T° (=
DM=9dM-igWM+ig'MB,, with W, = WZE’ B, :B”E
, . 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 =
L[—Iiggs — _ZLF‘UVFFW T ZQ)/“D‘LLQ ... light scalar separated from

has to be unlike QCD 2-3 TeV resonance spectrum
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has to be unlike QCD 2-3 TeV resonance spectrum

ves, | know, there is perhaps the diphoton bump at 750 GeV!




composite Higgs mechanism |
» m=0 fermion doublet SU(2) flavor sextet

rep in our proposal
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— » light scalar is the excitation of the chiral

condensate
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composite Higgs mechanism |
» m=0 fermion doublet SU(2) flavor sextet

rep in our proposal
’\/\/—’\/\/ CRAVAVAVAVAVIRE JEAVAVAVAV] \/\/\/\/ . . . . .
— » light scalar is the excitation of the chiral

. condensate
+ NN u\/\/ AR BN
» Goldstone particle important in

—t Quqv : . .
— =2~ composite Higgs mechanism ...

G;W(Q) = q2 . g2H(q2)/2 (PT);wa (PT)ﬂV = ym, q2

» frr sets the EW scale ~ 250 GeV and gauge

Mu(@) = [d'se QT (Ji @I 0)10)  coupling g
[ (9) = (Thw - %) [1(¢%) Higgs mechanism does not depend
f on hypercharge content of fermion
(O|JF |7~ (p)) = z‘T’;pﬂ multiplet after EW is gauged!

Goldstone content and
A = AP, (%) f2 hypercharge content are important
2 if model wants more than just to be
a gauge theory study.

2 | will discuss in this context the
BSM models in play with focus on
our sextet proposal.



light O++ scalar sextet doublet model
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rfimal realization of Higgs mechanism
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minimal composite near-
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USQCD White Paper
chiSB is driving it
two anomaly solutions

EW embedding understood

baryon does not violate dlrech_‘ 12
2

DM searches
750 GeV diphoton bump?

coupled scalar-goldstone
dynamics?

constraint effective potential of
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light O++ scalar  LatKMI and LatHC early history in 2013

test of technology:

o Lowest non-singlet scalar from connected correlator 1o°  N=12  Lowest 0++ scalar state from singlet correlator
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Cron-singlet(t): @  LatKMI and LatHC I Csinglet(t) ~ exp(-Mo++-t) fitting function:
25 technology: early 2013 T }: m
2 aMnon-Singlet — 0420(2) LatHC 2013. | i
\ USQCD white paper ! é aMo++=0.304(18)
15F B=2.2 am=0.025 1 r : : :
243x48 lattice simulation
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light O++ scalar  LatKMI and LatHC early history in 2013
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similar analysis in sextet model with N+=2 since 2013



light O++ scalar  LatKMI and LatHC early history in 2013

B | . L.tHC group focus on sextet model
Nf=12 fundamental rep from singlet 0" correlator

Triplet and singlet masses from 0" correlators
LatkKMI first result ' '
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light 0++ scalar
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LatkKMI and LatHC early history in 2013

L.tHC group focus on sextet model

Triplet and singlet masses from 0" correlators

06 From the composite Higgs mechanism:
8 Goldstone decay constant F is setting the EWSB scale
»n
é ** M /F~1-3range L..HC
D o4l .
= Lattice 2013
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S
[
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% 0.005 _ 001 0.015
running lafge volumes fermion mass m
m fit range 0.001 - 0.002

LSD 2016 Nf=8 2.0
scalar at 1 TeV with 63 goldstones

new nf=4+8 study scalar at 1 TeV

how do the scalars compare?



scale-dependent coupling of 4 lattice BSM models

gradient flow based method with high accuracy
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scale-dependent coupling of 4 lattice BSM models

gradient flow based method with high accuracy
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(g°(sL) - g*(L) ) / log(s®)

scale-dependent coupling of 4 lattice BSM models
gradient flow based method with high accuracy
2.5 | | | | | |
fund N;=4 ¢c=3/10 s =3/2 =
fund N;=8 ¢=3/10 s =3/2 s
sextet N;=2 ¢=7/20 s =3/2 e 4
2 fund N;=12 ¢c=1/6 s=2 s _
1.5 | 1
1  ® models behave differently but scalar mass l close to CW i
(nf=8 and nf=4+8 share this feature with sextet model)
IRFP used in 4+8 model I; ’l’llll
I' 500 GeV
0.5 / ‘II' sextet beta function! -
new analysis
T e
0 - _—
0 1 2 3 4 ) 6 IRFP? 7

Lin, Ramos
LatHC

Boulder group



scale-dependent coupling of the 3 lattice BSM models
bridge between UV scale and IR scale

t scale of 92 in chiral limit

renormalized gauge coupling in chiral limit
16 ' ' ' ' t0 scale of selected 92 series in m=0 chiral limit

10

14 cubic spline interpolation i ok 6/g> = 3.25
1 m=0.003-0.006,0.008 fitted -
7L Chiral PT fits
6 excellent X2 fits

t, scale of g? in chiral limit

0 1 1 1 1 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

! ! ! ! ! !
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renormalized gauge coupling g2 the two scale dependent couplings to be
leadine d q £ o2 M2 s I matched to leave no room for further
eading dependence of g*(t.m) on M is linear speculations on conformal fixed points

based on gradient flow chiPT Bar and Golterman

works better than expected
chiral logs are not detectable .

decoupling of the scalar has

topic: how to do this right in ChiPT
. o8 With low lying scalar coupled to
Goldstone dynamics?

to be better understood



scale-dependent coupling mass dependent tuning?

sextet running coupling from mass dependent £ function
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scale-dependent coupling mass dependent tuning?

sextet running coupling from mass dependent £ function

one massless flavor
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scale-dependent coupling mass dependent tuning?

sextet running coupling from mass dependent £ function

0.6 one massless flavor -
two flavors with mass m
0.5+ a(m2/u?) runs with scale u -
& 0.4 s
j‘ ing c g f
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(q\]
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S 03} i
It
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01 |
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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

06 one massless flavor | coupling dynamics of single
massless flavor?

two flavors with mass m

05} a(m?/u2) runs with scale -

Similarly, in 2+1 freeze-out
= 1 scenario anything to learn about
£ | strong coupling dynamics of

S oaf i | 1 doublet massless flavor?

a(m?/u?)

two massive

it {1 Not clear that light scalar mass
can be tuned effectively
LSD 4+8 model

0.2

walking very close t(\
weak coupling Nf=3 IRFP topic: reverse pulling from IRFP
~1000 0 1000 2000 3000 4000 5000 so00 With 4-fermion operator?

—log(m?/u?)






Important issues:

1. chiral symmetry breaking

2. mass anomalous dimension

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

4. SPC asked about the diphoton



mixed action added to our toolset
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staggered quartet eigenvalue spectrum
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Quartets of Q=—1 Dirac spectrum on gradient flow
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32« 64 m=0.004
gradient flow time t=3
120 eigenvalues

degenerate quartets=valence
chiral symmetry restored

1 1 1
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eigenvalue multiplets

120

idea for improvement:

use the gauge configurations
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
with original standard analysis when
cutoff is removed: this is OK!



mixed action added to our toolset

0.08

0.06

0.02

T I T I T I T
B=3.2, Volume = 32°X64, 48 X96 and 56°X96
3

o
—<H»

decreasing

lattice spacinc

staggered eigenvalue spectrum

0.006

<10 taste splitting of Q=—1 Dirac spectrum

B=3.20
323 64 m=0.004
- 120 eigenvalues

1 1
40 60 80 100
eigenvalue multiplets

120

staggered quartet eigenvalue spectrum

Nf= 2,m,~10 MeV, L=2 fm

06 : : : : : | . : 2 T . . .
5] P=330. Volume = 32°X64, 48°X96 , 56°X96 and 64°X96
R T list :
A
04 - - ~ -
O |
i L K = '@> iy
Almost no taste violation Y,
ol ) {05 ¢ new formula (v=0) 1
newlruns p-€xpansion (6=0) -~
- 0 | g-expansion (v=0) ——
+ 27 0 1 2 3 4
% ' o.(;oz ' o.(;o4 ' 0.(;06 ' o.olos M, L
m
Nf =2,L=2fm,m ~10 MeV
2 T T T T T
Quartets of Q=—1 Dirac spectrum on gradient flow
$=3.20 15 ¢ i
32% 64 M=0.004 A Damgaard and Fukaya
gradient flow time t=3 = _
0.1 120 eigenvalues ‘53— 1 r
a
B
05 r new formula (v=0) |
ool | p-expansion (6=0) -
degenerate quartets=valence 0 , _ g-expansion (v=0) ——
chiral symmetry restored 0 5 10 15 20 25 30
AXV

0 20

1 1
40 60 80
eigenvalue multiplets

100 120

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



mixed action
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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

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

al 643X 96 (magenta) p=3.25 m=0.001 LatHC 7 10 gauge configurations

cL Chebyshev order: T1(t) T, ®

1.21- 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)
a 3. UV/scale
06f i S
2,
0.4f _
02t | .l

cale
0 : ! ! . . . 0 : : : ' : ' ! ! '

0 0.2 0.4 0.6 0.8 1 10 14 0 0.2 0.4 0.6 08 1 1.2 1.4 1.6 1.8 2
A\ scale of spectrum A\ eigenvalue scale



Goldstone dynamics coupled to low mass scalar

work in progress
T
T L O
------- Sl a s P T S U
f ' QM
T """ %
"""" 2 AVAVAVAVY e AN NN cececacn """'W

=10 h)2—V(h)+fTr(D ETD”E) 1+2a" 46 4
2 K 4 a v vz

1 1 /3m? 1 /3m?
V(h) — §m%h2+d36 (Th) h3+d4ﬁ ('U_2h) h4+...

M_,F_,M, are calculated now to 1-loop: extended chiral SU(2) tlavor dynamics
We are analyzing the small pion mass region in the M_=0.07- 0.013 range

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

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

how to differentiate from effective dilaton action?

composite Vett(o)? Golterman-Shamir not applicable



diphoton bump? eta’ or scalar?

1 2
lim (p(X)p(©), = 5 (Q_ I ) +0(273)

|X|— 00
ca=—-((Q%)-3(Q*)%)/%
Ct1 —t2)=(QNQ ()= > (px1)p(x))

X1,X2

x107"

25

151

oo ‘ LatHC technology for
ol - visualizing topological density
sub-volume idea to explore
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diphoton bump? eta’ or scalar?
= OO+ = -

[ 2l @01 (0,0) = C(®) = NyDo(®) = Aye ™ 4,

2N P
mg = m%, — m127 — 2f Xtop Xt = ml\(}f + O(mg)
(@2,

lim (mP(x)mP(0)),
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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 sextet 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,

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

. . . 24’ — Ua Ua/ / /
construction (symmetric in color) v b Ya't Ybb

and the singlet can be constructed explicitly as

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




the model is worth studying
without resources => wrong results
growing list we need to do:

spectroscopy and S-parameter

eta’ or second scalar? Or bust?

EW phase transition

baryon size for better estimate of freeze-out

F from RMT with imaginary chemical potential on links

ight scalar coupled to photons and weak bosons






