QCD - introduction

lagrangian, symmetries, running coupling, Coulomb
gauge
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Quantum Chromodynamics

we require a theory which

A

¢ has approximate chiral symmetry

3

 has approximate SU(3) flavour symmetry

.
—

¢ accounts for the parton model

Al

w has COIOUI’

3

s¢and colour confinement

P
—

$1s renormalizable



QCD

gauge SU.(3)

local gauge invariance (QED):

A— A+ VA b — d— A

impose local gauge symmetry:
Y(z) — e M y(a)

and get an interacting field theory:

/107“(9 ¢—>/¢7 . +ieA),) A, — A, +0,A



Quantum Chromodynamics
local gauge invariance (QCD):

impose local gauge symmetry: W(2)q — Uapth ()

for invariance of L.

L= / a0 yH 8, 1by — / Ya (09°9"0, +i971(Au)ail) by

A, — UA U + 2U9,UT
g ‘eight gluons ‘

Fyy o< Dy, D)) qig(0uAy — 0L Ay) — QQ[AWAV]
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Symmetries



symmetries in (classical) field theory

q— f@9) — Ju — 9,jt =

d s . d_ 3 >
o dw]()_dtQ—/de 7 =0




symmetries in QCD
ULy

q — e_ieq Jpu = qYuq = Uy,u + CZ”de Q) = /dgm (uTu + de)
symmetry current charge

- -
‘baryon number conservation’ p ey

in full SM need 1-gamma_5, which

[ViOlated by EW anomaIY] intrduces anomaly, 't Hooft efff L has a

prefactor of exp(-2 pi/alpha_2) ~ 10A-70



symmetries in QCD

U(].)A mu:md:()

g — e 0 jus = uyuysu + dyysd Qs = /dsﬂ? (uTysu + dTy5d)
symmetry current charge

this symmetry does not exist in the quantum theory

30, -~
Vs pE

0H 9,5 =
Jub Xl



symmetries in QCD

scale invariance M, =mgq=20

T — AT

q — X*2q(\x) |

A — MA(\x) Ju = x,0"
symmetry current

D", = O =0
this symmetry does not exist in the quantum theory

g
12

O = maqq -

2
y F




symmetries in QCD

SU(3), m.=mq  1SOSpin

q — e"Trq jb =y Tiy Q" = [ dPxyTTiy
symmetry current charge
QF|r™) = 75 [z (01(x)77b(x) — d'(x)77d(x)) |7~) = |n°)

Hln™) = E;-|n7); QVH|n™)=E;-|n°); H|n") = E.-|n")

this symmetry is explicitly broken by
quark mass and EW eftfects



symmetries in QCD

SU(3)A My, = Mg = 0

q—e g i =T Q= [ dPrdlysT)

symmetry current charge

This symmetry is realised in the Goldstone mode.

transform the vacuum:

R0 =10)
} Wigner mode
Q5]0) =0



symmetries in QCD

HFM: spin direction is signalled out
(NOT by an external field) it could be
any direction, so small fluctutatiopns (or
large) do not cost energy -> gapless
dispersion relationship, E ~ k or kA2.

SU(3),
e’ ©310) = |0) # |0) }Goldstone mode

H|f) = He" 95 |0) = "% H|0) = Ey|6)

so there is a continuum of states degenerate
with the vacuum

Excitations of the vacuum may be interpreted as
a particle. In this case fluctuations in theta are
massless particles called Goldstone bosons.



symmetries in QCD

SU(3)a

Goldstone boson quantum numbers:

06) = 0°Q50)
~ Ha/d?’asz(X)ngT(X)\O}

spin singlet, spatial singlet, flavour octet = the pion octet



Chiral ngmetrg Breaking

SUL(Q) X SUR(Z) X UA(l) X Uv(l)



lsosl:)in Invariance

W — e T equal quark masses
].?/M — %E%TW
Qy = [ dauiry

H,Qy) =0



lsospin Invariance
H, Q%] =0

H(Qy|M)) = Ex(Qy|M))

5= [ lin-sera

£10%) = @‘i%auw ~dd))
_ ;§< ud) — |ud))

Q¥ 1p”) x [pT)




Axial ngmetrg
w N eify59-7'¢
jglu — QL%%TW

Q4 = [ davinsry

H, Q4] =0



Axial Symmetrg

) Bk
(gAlzzjf(zﬁyﬂn;PﬁAQAbkA——d_kAQAdEkA}

Qu(++H)+[==)=>(++)—1--))

Qa([+=)+|-+)=0

JI({J)(J) N (CL2YC)



Axial Symmetrg

. d’k f _a gt a
Qo = (277)3Sk [ka d . +d_xT bk}

Pion RFPA creation operatorl

Q| M) = |M7*)



Goldstone’s theorem says nothing about

the excited Pion sPectrum.

7' (1300) ~ p'(1450)



gluons



Quantum Chromodynamics

Q: are these peculiar gluons real?

There was indirect evidence from deviation from
DIS scalang. Direct evidence was achieved at
DESY with three jet events.
REF:http://cerncourier.com/cws/article/cern/
39747

A three jet event at DESY. August, 1979

John Ellis, Mary Gaillard, Graham Ross


http://cerncourier.com/cws/article/cern/39747

Running Coupling



running coupling

Khriplovich Yad. F. 10, 409 (69)

56O

2
SN —3Ne 3Ny

dQ(/’L) /80 3 2\ 47T
oy (47)2 2 @ (17) = (11 = 2np)Inp2 /A% 0



do
#%dﬂgs = B(as) = —(boag + blag + b2a§ 4+
R

bo = (11C4 — 4nsTg)/(127) = (33 — 2ny)/(127)

by = (17C2 — nsTr(10C4 + 6CF))/(2472) = (153 — 19n;)/(24n2)

by = (2857 — 5¢Bn; + 322n2)/(12873)



THE RUNNING
COUPLING ...

UV stable fixed point a =0
IR stable fixed point a=1, a —
makes the IR limit stable...
fx) ——




Walking Technicolour
The Conformal Window

alpha* may be small enough for pert
to be always valid!

For N < NAF 3 Ol y

.
In the infrared hmit a(u) — ay; there is no scale dependence.

Thus the theory 1s conformal and chiral symmetry
breaking and confinement are lost.



aks conformal window (of interest for walking TC
models)

More specifically, suppose that we find that the beta function of a theory up to two loops has the form

B(g) = —bog® + brg’ + O(g")

where by and b, are positive constants. Then there exists a value g = g, such that ﬁ(g,) == {):

the theory flows to this conformal pt in the IR

For QCD this happens when

11 682
_NC > Nf > -
2 (16 + 20N,)

16.5 > Nf > 8.05

re generally, since we really need the full form of beta.



Walking Technicolour
The Conformal Window

Banks and Zaks, NPB196, 189 (82)

For N < Ny < N4*
ha'ad -

the conformal window




Walking Technicolour
The Conformal Window

For walking TC we want to oit just below the
conformal window.




running coupling
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running coupling

QED & charge screening
04
o & .
o~
@ 03
©

01




running coupling

QCD & charge antiscreening
04 T T T T )

@j@ c
@ o,
@
q
0l
00 - t.—l—d—hﬁ.l -
L 2 3 i N M 0



Properties: Asymptotic Freedom

QCD and anti-screening

a‘(Q) \ ' T deg a9y ~.. \ { "
' ’ 1010 % - l"( P2 INS
\' l’:\ LS (NLD

[. OO LSRN S P JIR. l Heavy Quarkoma (NLO (1951-)

) '
60 I= a] !(I‘L) _: ..' . o “: & -‘.l‘ ”“‘_- X (#ex NNI DO
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| <"4 i ‘
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| | 4
Model _‘ A

Standard

QCD a(M,) = 0.1185 + 0.0006

" o) | ———— i,
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Coulomb Gauge



» Hamiltonian approach 1s similar to CQM

» all degrees of freedom are physical, no constraints need be
imposed

* [degree of freedom counting 1s important for T>0]

* T>0 chooses a special frame anyway

* no spurious retardation effects

* 1s renormalizable (Zwanziger)

* 1s 1deal for the bound state problem

* very good for examining gluodynamics



Derivation

) ] |
L =PQf— mipp —gpT A, — —F,, F*

g

minimal coupling: d, — D, = J, +19A, A, =T"A}

gauge group: T T = i f**T°
|

g 4y
<D D]

gauge (Faraday) tensor: T'¢ FSV —

F!, =0,At —9,A% — gf*™ A AC

%



Coulomb Gauge

define the chromoelectric field: E@ _ F@'O
Ele — _ Ara _ VAOCL 1+ gfabcA()bAzc

define the chromomagnetic field:



Coulomb Gauge

ps_ 0L oL
D(0F Aver) — ) Aae

Equations of motion:

0°F§, = gja + gf* " F. A%
Gauss’s Law (o =0 ):

a abc xb 1c __ a
Introduce the adjoint covariant derivative
[)'a,b _ 5abv B gfabcgc

_~ab 1Tb a
L N 40)



Coulomb Gauge

_ab b a
D™ B = gp(g)

resolve Gauss’s Law:

—

define the full colour charge density:

p* = pl,y + [OE, - A

Use this in Gauss’s Law to get:

—

—(D* - V)¢ = gp*



Coulomb Gauge

—

—(D* - V)¢ = gp°

Solve for ¢:

a _— g a . . . .
¢ — = P notice that this 1s a “formal” solution

V-D

We have two expressions for the divergence of E

—

v.Ea:_v.DabAOb:_v2¢a

I 1
A= 5 YVIT




Coulomb Gauge

H= (B + B) = o (B} — 6V’ + B?)

N o/

1

HC — 5 /dgxdgypa($)Kab($aQQA)Pb(y)

g 2y 9
Koz, y; A) = (x, a = (—V ~ |y, b
(o.:4) = (2,0 = (V) L=y




Coulomb Gauge

A complication due to the curved gauge manifold

N 1 Y o
H = 2_9 1/4]?759 jgl/ijg 1/4
T

g =metric =) j — det(v . D) Faddeev-Popov determinant

1 S Lo
H:§/d3x(j_1ﬂj-H+B-B)

Inner product:

(U] D) = /DAJ\IJ*CD H— JY2H T/



Coulomb Gauge

Schwinger, Kriplovich
Christ and Lee

H, = / Pyt (@) (—ia -V + Bm)y ()
Hyur :tr/de(j_lﬁ-jﬁ+_§-§)

Hyg = _g/dgx W(l‘)a ' fm(f)

1

He =3 /d%dgy T p™(2)Kap(z,y; A) T p°(y)

p*(z) = Y1 (2)T*(z) + foI°(z) - A(x)

K®(x,y: A) = (z,a g_, V& g_} b
(2,95 4) = (@0l L= (V) =)




The Gribov Ambiguity

—

-V -A=0 does not uniquely specify the gauge field.

FA [g] — tI. / dBZL‘ (IAYQ)Q Zwanziger

A9 = gAg" — gVyg'

* The absolute minimum of F[g] fixes one field configuration on the
gauge orbit. The set of such minima is the Fundamental Modular Region.

* The Faddeev Popov operator 1s positive definite in the FMR



The Gribov Ambiguity

Coulomb gauge and the Gribov problem
det(V-D) =0

At V- A% =0




The Gribov Ambiguity

Coulomb gauge and the Gribov problem
det(V-D) =0

Fundamental modular
region

Gribov region




The Gribov Ambiguity

Coulomb gauge and the Gribov problem

Fundamental modular region

— Gribov region det(V -D) =0

EMR 1s convex
GR contains the FMR

icjenti‘zg bounclarg
FMR contains A=0

con‘ﬂgu rations

physics lies at the intersection
Of the FMR and GR Zwanziger; van Baal



Feynman Rules

+ L A'()
K—m + 2 . t9 |
ail 0] § ,}j( k)5, la
N - /f;-—"f-—
£ 4 16
b _‘ _\'I. !
ail .] k)(),(l )(s} 1.(/' I
+ —AI-T ————— — :
-+ 26 ai
a b .
i e el
k2"

8T (k) = 8, kK,




Feynman Rules

\},—f — g [8:i(p = K)m + Gim(q — P)i + Sim(k — q);]
1 2
>-< —1(] ( + 1)'23 + 1)21) [‘/-121)4.]1‘3-'1‘"1 (-41'211(.'3:1(1.]
4 3
a
k1 | .
10 M\ il . e ~ : A')l — l‘.jn
W 12 (’) (“ + 1).‘/ ./'Jl,‘g.'lg./-'!“‘)r.'z s ‘I'l,,__ln,,l) k-~’ k-;'
I . 7 Rt
kn+1 I 'n



Coulomb Gauge

H = %/dx (E2—I—Bz)—%/dxdyf“bch(x)Ac(

an instantaneous potential that depends on the gauge potential

K generates the beta function

50 ——"—— 77— 77—

Kis renormalization group invariant

K is an upper limit to the Wilson loop potential 5 o

K is infrared enhanced at the Gribov boundary s, - o o o

Szczenaniak & Swanson



Coulomb Gauge

running coupling

56O

12 1 2
5N —gNe  —5Ny
dg (i) Bo 3

Khriplovich Yad. F. 10, 409 (69)

47

Qg (N2) = (

11— %nf)ln;ﬂ/AQQCD



QCD - lattice gauge
theory

lattice intro, Monte Carlo, SU(2)-Higgs



Lattice Gauge Theory — Review

Wegner (1971): gauged Z(2) spin model

Wilson (1974): lattice gauge theory

Creutz (1980): numerical lattice gauge theory

F. Wegner, J. Math. Phys. 12, 2259 (1971)
K. Wilson, PRD10, 2445 (1974)
M. Creutz, PRD21, 2308 (1980)



extra - in SE from d/dtA2 - DA2 -.> -(d/

Lattice Gauge Theory — Review

Fuchdean field theory with a spacetime regu

Ty — —1T4 S — 15g

/D¢ei5[¢] _>/D¢E o SE(PE]

O(zn) — dlany) — o, D¢ — quin,u

Maps quantum field theory to a statistical mechanics problem



Lattice Gauge Theory — Review

Complex scalar field:

Sp = / d'z [(0,0)" (Oud) + mgd o + Xo(¢79)?]  —

2

n L

&Lén =+ A(&L&n o 1)2 — K Z($L$n+u + éjq,—kuén)
7! _

1 —2A

X & 2d + a?m




" " umklapp (over turn) is when the sum of
attice Gauge Theory — Review  wrmiimah i
outside of teh BZ (and then gets

mapped back into it)

lattice symmetries

¢ discrete translation: momentum conservation up to 27/a

This 1s ok since the IR EFT only deals with p < 1/a

¢ hypercubic symmetry: a subgroup of O(4).

This 1s potentially a problem, but all hypercubic operators
that are also not O(4) symmetric are irrelevant = no

problem for the IR EFT, 1.e., O(4) symmetry 1s recovered

as an accidental symmetry.

ex. hypercubic, not O(4), symmetric; dim 6: Z ¢T8ﬁ¢
[



Lattice Gauge Theory — Review

Gauge Fields

Consider the gauge covariant laplacian

5020 — A% - ia, Bt ue | oy,

discrete derivative ruins the gauge transformation



Lattice Gauge Theory — Review

Gauge Fields

one could press ahead and obtain gauge invariance up to O(a”)

but terms like A% and A" A* A* A" are induced in the IR

effective hield theory — which 1s a disaster: the first 1s

dimension 2; the second 1s not O(4) invariant; and tuning
1s required to eliminate these.

we should build 1n gauge Invariance from the start!



Lattice Gauge Theory — Review

Gauge Fields

Think of the covariant derivative as a connection 1n an internal
space. Then 1t 1s natural to regard the gauge field as a link
variable.

Uz, 1) ~ Pe' ST AL (z)dzH




Lattice Gauge Theory — Review

Gauge Fields

Gauge transformation:
d(x) — Al (z)(x)
Uz, ) — A (@)U (x, ) Az + p)

Thus the gauge covariant derivative 1s

%( D,¢)% — %22[2¢T(a;)¢(x)—¢f (2) Uz, 1) () =" (x+p) UT (2, p) ¢()]

T,



Lattice Gauge Theory — Review

Gauge Fields
‘_Ln

Closed loops of link varables form gauge invariant objects

The most local pure gauge object 1s a plaguette

N
l/lj
T

v ()




Lattice Gauge Theory — Review

Gauge Fields

4

. a a a a a
w(@) =1—1ia’F},T > F$E), TT + ...

S=5 3 (1- O (@)



Lattice Gauge Theory — Review

Fermions

¢ Represented as Grassmann fields, which must be explicitly
integrated

/ DU Dt Dipe=57 — / DU det(ID[U]) =5

(evaluating this determinant is extremely expensivel)

/ D Dip DA, SIA [ d e —m—g f)v-+i [ i [

— /DAM det (29 — m — gA)eiS[A]_ifﬁ(ié_m_gﬁ{)_l”



Lattice Gauge Theory — Review

Fermions

¢ Attempts to simulate directly lead to the fermion sign problem.

(cf. flipping rows or columns in the determinant)



Latti Ce G a u g e T h eO ry —_— ReVi eW these zeroes are IN the Brillouin zone!

Fermions

¢ ftermion doubler problem

Yy Dup — a* Yy (@) (Ulz, ) (z + p) — Ul (@ — p, pw)p(x — ) /(2a)

NB WIllson fermionds break chiral

1 symmetry (hence multiplicative mass
_ 1 . o renormalization) and recovering it in the
S (p) — m _|_ /) /ylu’ — S1n ( a/p'u ) IR requires careful tuning

L

ZeI‘OS at p,u — (07 07 O) O) p,u — (07 7T/a’7 07 O)

: A : :
1.e., there are 2" ‘species’ of fermions.



Lattice Gauge Theory — Review

Fermions

¢ massless fermion problem

(removing the doublers necessarily breaks chiral symmetry)

¢ chiral fermion problem

Weyl spinor => 8 LH + 8 RH Weyl spinors.

(chiral gauge theories cannot be placed on the lattice)



Lattice Gauge Theory — ReVIEW ..o oo

invariant and integrates over the gauge
manifold

Gauge Fields — the measure

Z = /DUe_SE DU = HdU(x,,u)
z,
U(l) SU(2)
Uz, ) = ed@H) Uz, p) =e@92 =ag+id - d
1
dU = a0 dU = —4(1 — a?)d*a

s (s



Lattice Gauge Theory — Review

Gauge Fields — the measure

dU = |detg|'/? da

g 1s the metric on the group manitold

gap = tr[UT (04U) UT(05U)]



Lattice Gauge Theory — Review
Gauge Fields — the Wilson loop

R
| |

Ag(z) =

Work 1n axial gauge:

0, U(x,t) =1

(te0(R, T)) = 7 / DUTH (R, T)U(0 — R.T)T(0,T) - U (R.0)U(0 — R,0)T(0,0)e=5%

Make the spectral decomposition

(trlI( Z‘ |2 —h (R)Tf

(tr

.




Lattice Gauge Theory — Review
Gauge Fields — the Wilson loop

(tr

(R, 7) = (

Evaluate 1n the strong
coupling (small beta) limit

‘*/dUU(fE,u) =0

1
¢ /dU(l“a ) [U(z, )]s [UT (Y, V)] ke = N%y%véiﬁéjk
RT
&) _ o~ log(g5/2N)RT
2
90

This 1s an area law — colour confinement!



Lattice Gauge Theory — Review

Note that by the same argument (compact) QED 1s
also confining, but it 1s separated from the continuum
by a first order phase transition (to the massless

photon phase).

There 1s a line of phase transitions in 4d SU(N), but 1t
ends, and the strong coupling and weak coupling regimes
are smoothly connected. Thus SU(N) gauge theory 1s

conﬁning.



1.5

0.5

...........................................................................................

| i |

m pure linear behavior

fit with O

® fit without O

small § expansion: -In

By

0900000000

0.5 0.75

string tension U(1) 4d

B

1
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Lattice Gauge Theory

Monte Carlo evaluation of the integral

(0) = %/DAMO[A,M_l]det(M[A])e—SE[A]

important shift to Euclidean space!

(0)=> O[A,M™]
{A}

/ det(M[A])e=>=!Al
1A - [ DA, det(M][A])e=SslAl

warnings: autocorrelation, critical slowing down, determinant




Lattice Gauge Theory

compute a hadron mass...

C(t) = (0[ST(t)S(0)/0) S = pys¢(,0)
C(t) = (0[e"*ST(0)e~"'S(0)|0)
C(t) = (0]e*HtST(0) ’HtZ\n (n|S(0)

Ct)y=) e ' EO)tKnlS( 0)0)[°

o)
Clt+1)

Meff — log



Meff

1.10¢
1.085-
1.065-
1.045-
1.025~

1.00}

Lattice Gauge Theory

AAAAAAAAAAAAAAAAAAAAAAAAA

0.98\
0

Mef f

1.15¢
1.10}
1.05}
1.00f
0.95}
0.90}

0.85!
0

one seeks ‘plateaus’

warnings: how are these
defined?, close levels

....................




Lattice Gauge Theory

renormalise

(for m=0) select the coupling, ¢
work in units of the lattice spacing, a

compute a physical quantity, such as mn.
Set a such that mn = 0.94 GeV.

This gives a(g) for one point. Repeat to
trace out a(g), or g(a). Attempt to take
limit 4->0 and V->infinity.



Lattice Gauge Theory

more warnings:

e signal/noise: good interpolators!
o finite density

e light cone correlations

e systems with many scales (Ds)

e statistics/operators/correlators
e highly excited states

e unstable states



warnings:

how is a plateau
defined?

closely spaced
levels?

My

0.5

| a,m=0.25; 242x48 Laltlice
A=0.000. ¢=1.00
100000 configs

. 4 # 0.883(2)
0.887(1)

ey 0.717(1)
- ’],} 0.720(1)

b e e e e e (e e e —5:4,—+
0.499(1)

0.2495(4)

lll'lllllll'lllllljl

Illllllllllllllllllll

l 4

p—

0 2 4 6 8

time separation

10



umklapp (over turn) is when the sum of

Lattice Gauge Theory — Review &

outside of teh BZ (and then gets
mapped back into it)

continuum limit

¢ The lattice spacing has been scaled out of the problem. It 1s
recovered upon renormalisation.

of. m(B) =a(B)mpnys — B(a) [go(a)]

Or can extract ratios as 3(a) — o0

¢ There should be no phase transition if one wants to obtain
strong coupling continuum physics.

¢ The system correlation length should be large wrt the lattice
spacing
Ela > 1 AMgap <K 1



Lattice Gauge Theory — Review
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1 . o ETMC'IO (2+1+1)
attices o MILC '10
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. . e QCDSF-UKQCD '10
600 S T : > BMWc'10
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e o et o o HSC'08
— | ® - o, o, !
= - qg £ ] BGR '10
200 2 g | N . l [
X . 6 -
o 1 ] S 0.1:/0 . .
0.05 0.1 0 [
alim] 4 08%50w gooo -
E | °
:3— 50 o og® @ o © o o o a o -
C Hoelbling, | T CTRARG et o o o
PoS (LATTICE2010) 011, 21 °o o ™o P W F®og Lo ™
arXiv:1102.0410. - ° % %% %
1= 8
100 2(1)0 3(I)O 4(I)O 560 6(I)O
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Lattice Gauge Theory — Review

unquenching
DL L LR R B R LR R
- N A . -
. [ [ A T -
n C ead m, L o |
- i_._{ -l 2’”3._”’&'— FE_._{ —
s .l ~W(1P-18) - . -
L e {y(p-18) |- +§o{ -
= m - Y(2P-18) |- }—lo—l —~
= e+ - Y(35-18) |- —o— —~
- . - Y(1P-18) |- o —~
09 10 1.1 09 10 L1
quenched/experiment (n = 2+1)/experiment

C. T. H. Davies et al., PRL 92, 022001, (2004)

(iIlPut= My, ME, MY(28) — MY18) — B, (mu + md)/Q, ms)



SU(2)-Higgs

Monte Carlo

the importance of importance sampling!

V_n (R=1) is rapidly driven to zero!

n/2

I'(5 +1)

Vi, =

importance sampling




" detailed balance guarantees the fiixed
- I g g S point exists:

P(U -> U’) C(U) = P(U’ -> U) G(U)

Monte Carlo

To “throw darts” one generates a Markov chain of field

configurations:
{U(z,p), o(x)}1 = {U(z, 1), 0(x)}2 = ...
P P
= /DU’ P(U — U/) — 1 (& memoryless stochastic process)

2 C [U] — / DU/ P(U/ — U) C [U/] (a fixed point probability density exists)

exp(—5|U])

ClU} = | DU’ exp(—S[U’])

¢ ergodicity



S U (2 )_ H I g g S b is the su(2) four vector representing B
(actually, not normalized)

Monte Carlo — scalar field

Form B(x —%Z (x+p) + UMz — p) p(z — )]

Then Sy = Z[(gb(x) —b(z))? + Mo(z)? —1)% B2l

T thus local actions are important!

heat bath
Seek a new configuration via P ~ dP(¢) ~ e °E(?) g4¢

Metropolis

Propose a new conhiguration; accept 1t if the action 1s lowered;
otherwise accept it conditionally with probability min(1, exp[V (¢) — V(¢)]



SU(2)-Higgs

Monte Carlo — gauge hield
heat bath

Consider a single link S|z, = —gtr Uz, )W (x, 1)

Wiz, p) = ¢( )6 (z + p)+
ZU e )U(x 4+ v, 1), U (2 + p, )+

Y Ul —v,)U(z — v, 1), Ul (@ — v + p,v)
VL



SU(2)-Higgs

Monte Carlo — gauge hield

heat bath
And update:

W = rW
W e SU(2)

dP(a,) ~ \/ 1 — a2ePreo §(1 — @) dag da



SU(2)-Higgs

Monte Carlo — autocorrelation
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SU(2)-Higgs

Results

need Higgs in the fundamental for no phase trans
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ABELIAN GAUGE THEORY

E. Fradkin and S. Shenker, PRD19, 3682 (1979)
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B=2.4, k=0.2759, A=0.7
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