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@ Outline - you are here

@ SM Higgs

© Composite Higgs

© SU(2) with 2 fundamental flavours

@ SU(4) with multiple representations of fermions
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Standard Model Higgs

Mass terms incompatible with electroweak symmetry

m(i g + Plir)

not invariant under SU(2),. Electroweak symmetry breaking due
to potential

LD (D,®) D' — 12 dTd — \(dTp)?

If u2 <0, (¢3) = % < 8 ) which breaks the EW symmetry

SU(2); x U(1)y — U(1)em This gives masses to W* and Z
bosons. Fermion masses generated by Yukawa interactions

LD Y] H g+ YU (i0®)H W + h.c.
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Problems with SM Higgs

SM Higgs mass quadratically sensitive to the cutoff (i.e. new

physics scale) of the theory.

Let A be the scale up to which SM is valid.

miy = m(A) — Z(A)
with
om?; oc N2

But m?, = 126GeV — large cancellation between UV (m%) and IR
(X) contributions?
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Motivation - Composite Higgs

Why is the Higgs so light?

@ Could be a composite particle - either a bound state
(technicolor) or a pseudo-Goldstone boson ( “composite
Higgs")

e Standard model Higgs doublet transforms as (2,2) under
SU(2)L x SU(2)r ~ SO(4) global custodial symmetry

@ Symmetry breaking at A1¢ creates Goldstone bosons which
form a Higgs doublet.

o After EW symmetry breaking, Higgs doublet becomes the
Higgs boson + 3 longitudal polarisations of W and Z bosons
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Possible symmetry breaking patterns

@ Minimal composite Higgs model SO(5) — SO(4), but no
known UV completion with fermions

@ Next-to-minimal composite Higgs SO(6) — SO(5). This
creates 5 Goldstone bosons in (2,2) and (1,1) representations
of SO(4).

@ SO(6) — SO(4) - 9 Goldstone bosons all in (3,3) rep of
SO(4). Not a viable composite Higgs model, but can be a
viable technicolor model (Minimal Walking Technicolor)

e SU(5) — SO(5) - 14 Goldstone bosons

@ For other, less minimal patterns see Mrazek et. al. 1105.5403,
table 1
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Symmetry breaking patterns

On a fundamental level, all quark multiplets will exhibit SU(Nf)
symmetry. Formation of the condensate breaks the symmetry
depending on the representation:

@ Real-q—gq, g=¢g"
o7 =(a Cqr)
SU(2Nf) — SO(2Nf)
o Pseudo-real - g — gq, g* = S71gS
v =(q CSqp)
SU(2Nf) — Sp(2Ny)

e Complex - g — gq, g and g* independent
Separate left and right-handed multiplets

SU(Nf) X SU(Nf) — SU(Nf)



Symmetry breaking patterns

Using SO(4) ~ SU(2) x SU(2), SO(5) ~ Sp(4), SO(6) ~ SU(4)
e S0(6) — SO(5) ~ SU(4) — Sp(4) - 2 flavours in pseudo-real
representation

@ SO(6) — SO(4) ~ SU(4) — SO(4) - 2 flavours in real
representation

e SU(5) — SO(5) 5 Weyl fermions (2.5 Dirac) in real
representation
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Vacuum alignment

In G — H symmetry breaking, some generators of G € SU(2)
electroweak group. These are gauged, so that

g =exp(T?0%(x) + X)) € G

where T € su(2) and X ¢ su(2)
But also
g = exp(Tga’(x) + THA%(x))
where Ty € hand T € h.
Q@ if {T?} C{T7} - G — H does not break EW symmetry
(composite Goldstone Higgs limit)

Q if {T?} C {TZ&}- G — H breaks EW symmetry completely
(technicolor limit)

© In general T2 =sin0TZ + cosO TS where ¢ is a vacuum
(mis)alignment angle.
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Phenomenology

| 0=0 0=m/2
EW symmetry unbroken broken
model composite Higgs Technicolor
pions W=, Z, H + others W=, Z + others
Higgs pion scalar resonance

In general, Higgs is a superposition of a Goldstone boson and a
o-like resonance.
Connection to electroweak physics:

fpssinf = v = 246GeV

246GeV
Arc ~ fps = “and

In isolation 6 can be an arbitrary angle. SM interactions will tend
to push 6 towards Technicolor limit.
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Phenomenological constraints - S and T parameters

An important phenomenological constraint comes from
Peskin-Takeuchi parameters. They are defined using W and Z

vacuum polarisation functions:

o _4cts? (Nyg(m3) — Ny (0) -2 ME(mY) Mg (m3)
T« m2 cs m? m?

O
T« m‘z/v m%

o 4 (M () — Mg (0) e NZEY(m)  Masv(m)\
o« m\2/v s m% m2Z
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Peskin-Takeuchi parameters - phenomenological values

+ 05 e e T T
E Fit contours for U=0 (SM_: M,=125 GeV, m =173 GeV) E
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-0.1F =
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Constraints from EW precision observables

@ U does not give strong constraints on BSM physics

@ T can be set to 0 by imposing global
SU(2). x SU(2)gr ~ SO(4) symmetry ( “custodial symmetry”)

@ S provides the strongest constraints on new physics. We can
see that at 1-loop the contribution of new particles goes as

S x N¢d(R)

where Ny is the number of new quark flavours and d(R) is the
dimension of the representation of the gauge group they are
in.

@ In composite Higgs models S o sin 6.
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Quark masses

Fermion masses generated via a 4-quark operator
c - —
S—U1RQQ
uv

where 1) are SM fermions and Q are the technifermions.

The fermion masses are generated dynamically when
technifermions condense (QQ) ~ A3

The same processes that generate these 4-quark operators at Ayy
also generate FCNC operators, e.g. 5d5d, which are constrained by
neutral meson mixing

2

govfiemk

AMKNU‘//@*K
uv

gives Ayy ~ 103TeV.
Problem with making quark masses large enough.

T. Janowski Scattering and resonances in composite Higgs models 14 /37



Partial compositeness

Generation of fermion masses in composite models:

o Higgs-like

> 00U = oy D(0)6 +

uv uv

what we discussed so far with O = QQ.
Difficult to produce the top quark mass.

@ Partial compositeness

AL AR
Ad—5/2 QuOg + Ad—5/2 trOL
uv uv

like W and Z bosons in SM
‘physical’ quark (mass eigenstate) becomes a superposition of
fundamental field g and composite operator O.
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Scattering in composite Higgs models

@ We can predict the resonance spectrum in vector boson
scattering

@ This follows from Goldstone boson equivalence theorem: at
large energies, external vector boson states equivalent to
Goldstone boson states

@ e.g. p— mhw~ corresponds to vector resonance in W W™
scattering

Effective Lagrangian:
Lef = gpﬂwpﬁj]auﬁiﬂj

In QCD pﬁab] = fabeph.
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Example: Minimal walking technicolor.

o 10

ATLAS I Dilepton 95% Exclusion

Vs =8TeV - - Dilepton 95% Expected limi
Theory Inconsistent

Ry, Rz -1 I Running regime

ee_J' Lt =203 1" EW precision test

pp:_[ Ldt=205f"

25
M, [TeV]
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SU(2)
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SU(2) with 2 fundamental flavours

SU(2) model, 2 Dirac fermions in fundamental representantion
[1402.0233].
SU(2) = Sp(2) ~ SO(3) smallest non-abelian Lie group.

1 . A
L= _ZFaWF;u +iUy"D,U + iD¥"D,,D

Fundamental representation of SU(2) is pseudo-real — we can
construct a flavour multiplet

up

dp
71'0'2CL_I,7?—
—ig? Cd_RT

Q=

L is symmetric under SU(4) flavour group (locally isomorphic to
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SU(2) with 2 fundamental flavours

SU(4) symmetry is broken spontaneously by a fermion condensate
Y2 = (Q?(ic?)CQP) [1109.3513] to the subgroup which leaves it
invariant:

UTSU=X U € Sp(4) ~ SO(5).

This produces 5 Goldstone bosons ( “pions™).

In full theory (+SM), interactions with SM particles give the
vacuum a preferred direction.

On the lattice we add an explicit mass term:

—m(du + dd) = gQT(—iaz)CEQ + h.c.
(0 1,
(% %)
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Some phenomenology

@ top quark interaction will tend to align the vacuum with TC
vacuum 6 = 7 /2 [1402.0233]

@ In TC limit Goldstone bosons can combine to produce a DM
candidate [1511.04370]

@ No DM candidate outside of TC limit - n decays to gauge
bosons via anomaly.

@ Consistent with LHC measurements even in TC limit
[1502.04718]

@ No partial compositeness in this model :(
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Ensemble parameters

Wilson clover + Symanzik gauge generated using HiRep
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Phase space diagram
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GEVP

We follow the PACS-CS procedure in 1106.5365.
The correlation functions are given by

Ci(t) = (010} (£)0;(0) [0) = > (0] Of [ n)(e Ermn)(m | O} | 0)

n,m

U and V are square matrices assuming higher-energy states don't

contribute.
Then
Cgl(tO)C}k(t) — \/I;ldlag (e—En(t—to))nm Vm'

The spectrum can be extracted from the eigenvalues of
CY(to)C(t).
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Interpolating operators

We use singlet representations - A5 in MF1 and B;” in MF2. We
use the following two interpolating operators

Zw V() (y)r e (y)e™™
=Z¢x v p)(x)eP*

e p=(0,0,1) in MF1 and p = (1,1,0) in MF2
@ O;(t) is by itself not in an irreducible representation,
projection is done by choosing the contractions the same way

as for 7j(p)m;(0) — m;(p)mi(0).
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PQP on P 0
Ci1 ( t) = — +
OQO OQP 0 p
p 0o P P P p
+ — —
0 P 0 o o )

Cua(t) = ~Ca(t) = D - D

ng(t) = P<:>P
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Phase shift formula depends on the frame and the representation:

frame | representation tan &1
P
COM T S
1 Zoo(1;9?)
2 Z0o(1:6%)+ % 2 Z20
MF2 By g
Zoo(l;q2)—ﬁzzo—i-i%(222(1;q2)—22(,2)(1;q2))

Zlm(sa q2) - Z Y/m(n)

neZ3 (q2 B n2)5

2 3
tanélzgmmT p 7P:\/E%M/4—m72r
67 Ecm(mg — E%M)
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Our ensemble

Wilson clover fermions + Symanzik improved gauge action

B 1.45
mo -0.6050
Csw 1.0
am; 0.2114(8)
ampaive 0.444(9)
am) . 0.01110(7)
af. 0.0564(3)
# trajectories 1600
# analysed 140
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Effective mass plots

Eigenvalue \;j(t) = Aexp (—Ei(t — to)), to = 4.
Effective mass E;(t) = In X\;(t)/\i(t + 1)

0.70 q

0.65 q

0.60 + +

o 055 I I | } ’ |
|

0.50 q —T% T ¢

E; = 0.50(2) £, = 0.57(2) AE; = —0.048(26) AE, = 0.019(23)



Extracting g, and M,

P2 cot(6)/Ecm

0.00 0.05 0.10 0.15 0.20 0.25

ELZM
Fitting central values only (for now) PRELIMINARY:
8pnr = 5.84

aM, =0.437  m)*"° = 0.444(9)
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SU(4)

SU(4)
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Ferretti's model

Gauge group SU(4)
Fermions 3 Dirac in fundamental representation
5 Weyl 2AS

Symmetry breaking F condensate: SU(3) x SU(3)" — SU(3)
2AS condensate SU(5) — SO(5)
full: SU(5) x SU(3) x SU(3)" xU(1)x x U(1)
— S0(5) x SU(3)c x U(1)x
Described by G. Ferretti [1404.7137]
Features:
@ Asymptotic freedom
@ Anomaly free

@ Goldstone bosons contain Higgs doublet

Top (and bottom) partners (partial compositeness)
@ No coloured triplet and sextet states

@ Only SU(N) model with the above properties
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Toy model

2.5 Dirac fermions requires rooting
Can be achieved using RHMC algorithm (expensive)
Instead we use SU(4) with 3 fundamental and 2 2AS fermions
Symmetry breaking containing electroweak group
SU(4) — SO(4)
Not a composite Higgs model - pGBs all in (3,3) irrep of
custodial group - toy model only
First studied by Ayyar et. al. in " Spectroscopy of SU(4)
composite Higgs theory with two distinct fermion
representations”, 1710.00806
Phase space analysis has not yet been studied - underway
Since pNGBs transform as (1,1) of SO(4) ~ SU(2) x SU(2)
2
(17 1) ® (17 1) = @ (j17j2)
J1,2=0
with (1,1), (1,0), (0,1) and (0,0) containing resonances
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https://github.com/paboyle/Grid

Features:
@ Modular - easy to extend
@ Works with arbitrary number of colours
@ Multiple representations of fermions implemented
@ Low mode deflation

@ (In the near future) distillation
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SU(4) phase diagram
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Conclusions

@ Composite Higgs models, which address the naturalness
problem can be studied using lattice gauge theory techniques

o 7 scattering = W and Z scattering at high energies

@ Techniques from lattice QCD can be applied directly, only
flavour structure different

e Main difficulty - generating ensembles in the correct phase
space region with m, > 2m;

@ First result for the phase shift in the SU(2) model with 2
fundamental flavours

@ Still exploring the phase space of the SU(4) model

@ In both cases: more work needs to be done - stay tuned!
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