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* Models

» Lattice Studies
» SU(2)f model
» SU(3)s model
» SU(2)a model

» (Partially gauged models...)

* Conclusions



Models of Composite Higgs



Parameters

» Gauge Group: SU, SO, SE, Exceptional
- Matter Representation

* # of Flavors per Representation

QCD-like IR fixed point No AF
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SU(N) phase diagram
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Minimal Walking Models

» Use the Lattice to Iinvestigate quantitatively models which can
feature the right dynamics:

B V=) Dirac Adjoint SU(2). - MWT
) Dirac symmetric SU(3)s - MWT
e Dirac Vector SO(4)y - MWT
e Dirac Fund. + Ungauged SU(3)s - pMWT

o) Dirac Fund. + ... (U - MWT) SU(2)r - MWT

Only one doublet gauged = small S parameter
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MW T @ LHC

May 2014, arXiv: 14054123
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SU(2)s

Ref:
R. Lewis, C. Pica, F. Sannino, Phys.Rev. D85 (2012) 014504 [arXiv:| 109.3513]

A. Hietanen, R. Lewis, C. Pica, F. Sannino, [arXiv: 1 308.41 30 [hep-ph]]
A. Hietanen, R. Lewis, C. Pica, F. Sannino, JHEP 1407 (2014) | 16 [arXiv:1404.2794 [hep-lat]]

A. Hietanen, R. Lewis, C.P, F. Sannino, in preparation



| attice conformal window
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SO(6)~SU(4) = Sp(4)~SO(5)

* Fundamental 4d underlying dynamics

« 5 Goldstone bosons
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Generic properties

« [C-Higgs and PGB Higgs mix

* Top reduces I C-Higgs mass .‘

* lop contributes to PGB Higgs mass W i

CH T
'\

For © near zero:

8v;/ﬂv;/h1 —1+co+0©% * Modified Higgs phenomenology
SWWh * a new leV scalar lighter than

gfst]@ 1+ DO+6 0% vectors?
S rth




SpIN oNe resonances

* SImply rescale TC limit

» Small coupling to SM fermions via GB mixing




Simulation detaills

* Wilson fermions
» 3 volumes: |6, 24, 32 (= infinite volume extrapolation)
» 6 different quark masses (= chiral extrapolation)

» ) lattice spacings (=> continuum extrapolation)

p  Volume my Therm. = SEwmis
20 16°x32  -0.85,-0.9, -0.94, -0.945, -0.947, -0.949 320 680
2.0 324 -0.947 500 680
22  16°x32 -0.60, -0.65, -0.68, -0.70, -0.72, -0.75 320 680
PR DA <32 -0.75 500 ~2000

Ly 2 -0.72,-0.735, -0.75 500 ~2000
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Chiral extrapolation

EESREINIEC P | we expect:
2

m
sl 5B [1+ Cxlogx+ Dx @’(xz)]
Mq
fm=F[1+ C'xlogx+D'x+@’(x2)]
2Bmyg
where: x =
1672 F?
. 1 1
In the continuum: C:—l :_§; C’:—Nle
2 oN: 2

on the lattice from Wilson ¥PT, C and C' are not determined



Chiral extrapolation
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Chiral extrapolation

i B F 7 7

2.0 2.52(12) 0.052(3) 0.85 0.0439(18)
22 i 26(05)  0.033(1) 0:860 " ().02851(08)




Vector Mesons
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Chiral extrapolation 2
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m (GeV)
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Physical Results: spin- |

« my = 2520(100)(240)(310) GeV / sin @

« ma = 3300(400)(510)(340) GeV / sin @

B N<ed Dy requiring Ty sin 8 = 246 GeV



Scalar o meson
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WWV scattering

» 3 GB are eaten by the W : Scattering properties of the longitudinal component
of the W are related to the scattering of the underlying GB. (Equivalence

Theorem) [Quigg & Thacker PRD [9/8 |

b c_d

+ the processis 74w~ — T

plRetircase GB belong to "> irrep of SP(4): 5 x b =1 + 105 14

There are 3 channels (like in QCD)
2
. L MS Mo
* For the scattering length the yPT LO prediction reads: miyaGg1o = 327 f2
7 7-‘— o

» General analysis in [Bijnens & Lu : 1 102.0172] results up to NNLO



WWV scattering - lattice

» Scattering phase extracted from energy shift of the two-particle state
(Finite size method)

AT Oy | Qg Grm\OR
(SEﬂ.ﬂ- = Eﬂ-ﬂ- s 2m7T == mﬂ_LB -1 -+ Cq T - C9o (—)

B e compute O (1)
(stocastically)

* and form the ratio:

Crn(t) — Crn(t + a)
C2(t) — C2(t + a)

R(t) = Wr [cosh((SEm (t — ) + sinh(8 Ext) coth(2ma (¢ — )
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WWV scattering
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SU(2)a MW T
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SU(2) + 2 Dirac Adjoint fermions

REEecied 5B pattern 3+6 GBs:

* glue-fermion composite states

SU(4) — SO

» small value of the naive S-parameter:
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QCD-like spectrum
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IR conformal spectrum
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| attice phase structure
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SU(2)a MW Spectrum
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String Tension vs mps
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Scaling of the string tension
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Anomalous dimension

Scaling of the eigenvalue density: [DeGrand 09, LDD & Zwicky |0, Patella |2]

(Gg) "N°mMe e p(X) "R Ame

Measure the mode number of

D'D+m?—— V(M,m):C—|—(M2—m2)2/(l+7*)
1e-01 : -
« 64x24° am =-1.15
1e-02 —

-2 1e-03

| [Patella '12]




Finite Size Scaling
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Non-perturbative S-function
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SU(3)s MWT "“Sextet”

1. DeGrand, Y. Shamir, B. Svetitsky, ‘08 - | 3
Lattice Higgs Collaboration ‘09 - | 3
J. B. Kogut, D. K. Sinclaif; S C7a=us
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SU(3) + 2 sextet fermions

» expected SB pattern with exactly 3 GBs: SU(2) x SU(2) — SU(2)

- only | doublet = naively small S parameter

* very close to the CW => Walking, light Higgs !
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Chiral Symmetry Breaking

Staggered Fermions

sextet model Goldstone pion in PCAC channel

007 T T T T T
quadratic fit =3.2
0.06 I
2 2 P
Mn =Cc,m +c,m 7
0.05 I 7/ y
c, = 6.35 + 0.21 .7
c,= -30.9+453 s
0.04} 2 7
gr x?/dof = 2.05 2
0.03F 2 o fitted
J not fitted
Y — — —linear part only
0.021 quadratic fit
0.01f . 3 3
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m fit range: 0.003 — 0.006
0 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01

m
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not fitted H
linear fit
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m fit range: 0.003 — 0.006

1
0.002 0.004 0.006
m

1
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LHC collaboration: Z. Fodor, K. Holland, J. Kuti, D. Nogradi, C. Schroeder; C. H. Wong,
Phys.Lett. B718 (2012) 657-666
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Chiral Symmetry Breaking

Staggered Fermions

chiral condensate and its subtracted form Vol=48%% 96 B=3.20 m=0.003 Neig=300

T T T T 0.02 T
B _ 2
0.07 . oorsl 2np(mA) =c +cA+CcA” N =2 condensate
(V) =co+c1-m
0.061 1 0.016 - > =0.0100 £ 0.0004 §
CO= 0.01037 + 0.00030
2
0.014F f=0. 7
0.05 ¢ .= 7.278 +0.048 i — x/dot = 0.89 == I%%
1 < =T 7
~ 0.012} an o I% 17+
g 0.04 X2/dof= 1.47 | % cogdensate o % %%I T %—}%
0.01} =
= Cﬁ sugtrac(ﬁej +H T En E
0.03 Il 0.008F
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0.006 -
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0.004 |-
0.01 -
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0 m range in fit: 0.003 — 0.008
| | | | 0 |
0 0.002 0.004 0.006 0.008 0.01 -05 0 0.5 1 1.5 2 2.5 3 35
m 7\‘ X 10_3

LHC collaboration: Z. Fodor, K. Holland, J. Kuti, D. Nogradi, C. Schroeder; C. H. Wong,
Phys.Lett. B718 (2012) 657-666



Vector Mesons

Staggered Fermions

sextet model A1 and Rho mesons split  linear chiral fit

MA1 = MO +C, m p=3.2
06- M= 0.264 0.01
C,= 30.6 £2
0.5 ,
w2/dof= 1.1
<
s 04f
©
C
© o A
< 0.3}
= A1 fit
O  Rho
0.2 Rho fit | _
ol input from volumes 24°x 48, 32°x 64, 48°x 96 |
m fit range: 0.003 - 0.010
0 | | | | |
0 0.002 0.004 0.006 0.008 0.01 0.012

m

LHC collaboration: Z. Fodor, K. Holland, J. Kuti, D. Nogradi, C. Schroeder; C. H. Wong,
Phys.Lett. B718 (2012) 657-666



Staggered Fermions

Triplet and singlet masses from 0" correlators
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Phys.Lett. B/18 (2012) 65/7-666
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Conclusions

» Lattice simulations yield first principle results on the NP
dynamics of strongly interacting theories

- Now trustable quantitative results on the spectrum are
possible and available

* Prediction: Next states in multi-TeV region

- Lattice input to BSM phenomenology: required to make
bredictions for strongly coupled models

- Many more models have been already Investigated

Thank you!



