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Background:

@ The Higgs field is special in the standard model:
> it has not been found
> it is scalar
= theoretical problems: hierarchy problem, vacuum stability, unitarity
bound ...
» Higgs is the linchpin of the standard model: mechanism for the
electroweak symmetry breaking
@ Can we do without a scalar?

@ Yes: consider the standard EW symmetry breaking and xSB in QCD:

EWSB xSB
d te (Break . -
o .ensa ¢ (Breaks Higgs vev v 1) chiral condensate
EW):
eaten by W,Z
goldstone bosons: m-mesons
(gauged)
radial excitation: Higgs particle scalar meson
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Technicolor

Technicolor (TC): Electroweak symmetry breaking — chiral symmetry
breaking of “Techni-QCD", (technigauge + massless techniquarks Q),
with Arc =~ Agpw.
@ Techniquarks have both technicolor and EW charge
@ After chiral symmetry breaking:
= scalar QQ -meson: Higgs

= pseudoscalars — W,Z -longitudinal modes
= exotic technihadrons (observable!)

@ Elegant, “proven” mechanism (xSB in QCD; superconductivity)
@ Works well for the Higgs-gauge sector

@ However, the Yukawa sector is messy in the SM — messy solutions in
Technicolor

@ Typically TC has too many Goldstone bosons
— Break TC chiral symmetry explicitly, with extended technicolor —
“walking” coupling

K. Rummukainen (Helsinki) Lattice technicolor Odense 09 3/28



Extended technicolor
= Extended technicolor (ETC): new gauge interaction coupling
normal quarks and techniquarks.
o At low energy, these give mg ~ V}—(@Q)ETC
ETC

o Experimental constraint: Mgrc > Agw = At1c, due to FCNC's
and precision tests.

@ Typically must require Agr¢ ~ 100-1000 X Agyy

MEgrc >> Arc

ar gerc ~p N\ 157 9ETC an

2
g —
mg ((Mprco) ~ M%TC (IT'T)YETC
Bre
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ETC and walking

@ Quark mass

o Evolution of <C_)Q>:

(QQ)erc = (QQ)TC exp [//::TC #dﬂ}

with anomalous dimension v(u) o< apc(p) + ...

o For QCD-like a(p1), mq becomes too small (for heavy quarks): need
(QQ)ETc enhancement.

@ Enhancement maximised if a(u) remains large over the p-range:
walking coupling
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Walking coupling

To make this work in ..
practice, the coupling
constant of the theory

should evolve very

slowly over a wide

range of energy:

AN

/\EW /\ETC E
B-function 8 IR fixed point ,
g N\
8= —M_g i 5
dl,L Y walking 9
is almost zero at QCD-like
moderately strong

coupling
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Perturbative 3-function

3

5

dg
B(g) _IU/d _ﬂo 16 2 /81

where the coefficients are

11 4
/80 = ?Cr_ §Ter7

(167r2)

34 20
ﬁl = ?Crz - ?CrTer - 4'CrTera

When Nfr is varied, generically 3 different behaviours seen:

@ confinement and xSB at small B
N¢

@ IR fixed point (scaling window)
at medium N¢

@ Asymptotic freedom lost at
large N¢
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| @ confined, <Dy>:0 [0 asym. freedom lost

@ conformal, <fiy>=0 @ @ attice simulation
B @® unknown, <iiy>=?
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Symmetric representation

@ Experimental constraints are difficult to satisfy using fundamental rep.
quarks. (Need large N¢ — difficult to avoid FCNC's.)

@ However, for SU(N) with 2-index symmetric representation quarks
(C13) N¢ <5 is sufficient to reach conformal behaviour for any N, (at
least in perturbative analysis).

@ Works also in adjoint rep quarks (equivalent with symmetric rep for
su(2))

@ There 3 “conformal window” with IR fixed point

[Dietrich, Sannino, Tuominen; Dietrich, Sannino]
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Conformal window

no asymptotic freedom

Within the conformal window ar
there 3 IR fixed point

5 / N 3

conformal window

confinement ang(SB |

4
NC

Lattice simulations have been done at N. =2, Nf =2 and N, = 3,

Nf =2

W
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Why lattice simulations?

@ XSB is essentially non-perturbative: lattice simulations are needed to
check whether the scenario works.
@ Conformal point is at non-zero coupling.

@ We study here N. =2, Nf = 2 -case; the simplest model in this class:
“Minimal technicolor”.

@ Also studied by [ Catterall, Sannino; Del Debbio, Patella, Pical.
@ N. =3, Nf = 2 has been studied by [ DeGrand, Shamir, Svetitsky].

What is studied?

@ Particle spectrum: do we observe chiral symmetry breaking (QCD) or
do all modes become massless as mg — 0 (no xSB, possibly
conformal)

@ Measure the evolution of the coupling directly using “Schrodinger
functional” method
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Model:

@ SU(2) gauge action in fundamental rep.

@ massless fermions in symmetric (= adjoint for SU(2)) rep.

1 7.
L= ZFWFW + iy, Dy

@ On the lattice:

» gauge fields U in the fundamental rep.
» For the fermion action, these transformed into adjoint rep

Ve = 2 Tr[UTAZ U]

a,b=1,223.
» We use standard Wilson action
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Results: lattice phase diagre

Lattice parameters:

4 1
ﬁ = — rR= ——
g2 8 + 2mq,barc

Quark mass is determined from the
axial Ward identity

. 1 8thS(t = L/2)
T2 Vpp(t=L/2)

me

mq (B, k) = 0 defines the critical
line k()

T T T
Aoki phase
B=0 ¥
0.25F—-=------ ] -
—0- - _ . m =0
™ — .s y a 7
—y -~ <
1st order ~
1 \
0.15- iy > @ -
B = infinity
1 ] 1 | 1 ]
O'll 15 2 25

At <2 there appears an unphysical 1st order phase transition at mg > 0,
preventing the mg — 0 limit. Strong coupling lattice artifact!
At 32>2, mg — 0 limit is possible. This is the relevant region for us.
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1st order transition

The 1st order transition is cleary visible in the plaquette (o Fﬁ,j)
expectation value (on small volumes)

SU(2)-adjoint
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| Particle spectrum

SU(2) + fundamental quarks:

@ 2-quark and quark-antiquark states gq, qq (degenerate except in
isoscalar channel)

@ glueballs
SU(2) + adjoint quarks:
° QQ, QQ 2-quark states — “7"", “p" ...
o QQQ "proton”
@ Qg quark-gluon state

o glueballs
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What to expect for the spectrum:
o If QCD-like xSB: as mga — 0,

1/2
> myoxm
» other states have finite mass.

o If IR fixed conformal point: mga — 0, all states become massless.
@ If walking behaviour: at high energy ~ conformal, at small xSB.

@ On the lattice extrapolation mga — 0 is required. Too large mg or
too small V' can lead to misleading results.
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Results

Pseudoscalar (“7"") and vector (“p") masses

Pseudoscalar mass SU(2)-adjoint Vector mass SU(2)-adjoint
3 S R B e — 3 T T T T
L ' @ L @
251~ : = 251 : s
s
2k — 21 2 -
- .t
[ : & 1 r l‘ ]
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15 : - =15 : S
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R Lost
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N - A : =
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At small 3, looks like xSB. However, we cannot go to mg — 0 because of
the 1st order transition.
At large 8 masses — 07
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Results

Mass ratio m,/m,

m jm, SU(2)-aci
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At large (3 looks like ~ massless, possibly conformal.
However, ...
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Compare with fundamental rep.

m"/m'J SU(2)-adj

m'{mp SU(2)-fundamental
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Fundamental rep looks also ~ massless at large 3!
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What does this imply?

In fundamental rep we know what happens:
@ There is xSB, observed at small 3 = 4/g?

@ At large [ lattice spacing is small, and lattice size
L < 1/N\ ~ hadron size. Thus, system looks like ~ conformal.

@ This is a finite resolution issue; at large enough volume and high
enough numerical accuracy xSB is again observed at any

In adjoint rep:
@ Theory compatible with conformal at large 5 (small coupling), but
could be also finite volume/resolution issue as in fundamental rep.
@ Mass spectrum not sufficient to tell the difference!

@ Direct evaluation of -function required!
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Il Evolution of the coupling

Schradinger functional: Generate a background chromoelectric field
using non-trivial boundary conditions, parametrised by angle n

At the classical level, we have

dsclass. _ A
dnp g
where A(7) is a known constant.
At the quantum level, we measure the E
coupling through “
1 1dS
g2 Ady

= const. x ((boundary plaq.))

@ Evaluates 1/g2 at length scale L, the lattice size

t=T

special fixed
boundaries

=0

@ This has been used very succesfully in QCD by Alpha collaboration
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Evolution of the coupling

Measure g2 at different 3, (lattice spacing a) and lattice sizes
R ‘

!
fundamental rep.

Testing with fundamental o B22
. 12~ m B=25

representation: o Fo28
r A B=31 A

@ L/agrows, k~a/L < B35

decreases, g2(L) increases:
asymptotic freedom, OK! é |

@ Large B, — small lattice 6~ ]
spacing — small volume L

@ Continuous line: coupling 3 L//////i//i
evaluated from 2-loop | ¥ |

perturbative [S-function (fixed |
to measurement at L/a = 16) % 5 1 5 2
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Evolution of the coupling

Measure g2 at different 3, (lattice spacing a) and lattice sizes

Testing with fundamental
representation:

o L/agrows, k ~a/L
decreases, g2(L) increases:
asymptotic freedom, OK!

@ Large 8, — small lattice
spacing — small volume

@ Continuous line: coupling
evaluated from 2-loop
perturbative 3-function (fixed
to measurement at L/a = 16)
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Evolution of the coupling
In adjoint representation:

@ At small g2(L): increases with
L (asymptotic freedom) 6
@ At large g?(L): decreases as L I
increases
= (-function positive here!

@ As L/a — oo, apparently , f
g (L) —» g2~2...3. 950
= conformal behaviour!? -

@ In continuum, curves must be
monotonic: cutoff effects at
small L/a.

@ Continuous line: coupling ol 1 \ \ \ \ \
evaluated with fitted L/a
[-function ansatz (to be
described)
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Step scaling function

Step scaling function

Ba(l) = 1

g%(2L/a)  g%(L/a)
shown as a function of
1/g2(L/a), for
(L,2L) = (4,8),(6,12), (8, 16).
@ J IR fixed point
@ Large finite L/a effects!

@ Useonly L/a>12in
subsequent analysis
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(-function

It is difficult to quantify the
behaviour of the g-function
without further assumptions. To
proceed, we assume that a
(B-function ansatz

B=- % = —b1g>—bg°—bsg’
where by, by are perturbative
constants and bz and ¢ are fit
parameters. (Parametrising the
location of the fixed point and
the slope of the 3-function
there).

The ansatz is fitted to the data
at L/a=12,16,20:
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(-function

Fit result: — fit(gi2=2.2,‘61=.7)
g "o e
B= _blg bzg b3g .. 3-loopMS
dL .—. 4loopMS 1
FP is at substantially smaller oo} -
coupling than indicated by 2-loop _,_'.I-"
P.T. p ’
0 o £ 7
In MS-schema, S-function is I \\ yd /,/'7
known to 4-loop order: S L L
[Ritbergen, Vermaseren, Larin] 0041 \\\'Z'\""‘"” //’ _
Not directly comparable to lattice ‘ \“ ----- /‘
(beyond 2 loops), because of 0 2 4 6 8

different schemal!
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Coupling constant

Integrating the (-function we
obtain the coupling:
Asymptotically free branch at
g2 < g2, non-free branch at
g2 > g2. These are
disconnected!

Error bands are large.
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Conclusions

)

)

)

SU(2)+2 adjoint fermions appears to have an IR fixed point.

No xSB, no "walking".

Can we deform this to walking? Yes, for example by giving small mass
to techniquarks:

— when 1 > mg, we are flowing towards the IR fixed point

— when p<mg, quarks decouple and pure SU(2) gauge theory
dominates: confinement, (xSB?)

Measure anomalous dimensions / (QQ) directly (Del Debbio et al;
Catterall et al; de Grand)

Other work to be done: walking (with mg), finite T, different groups
and reps ...

Important to do analysis using other discretisations (improved
fermions, in progress).

Status of the field still somewhat rudimentary, lots of new activity and
novel (to us lattice people) physics!
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