QCD lecture 4

November 4



Infrared divergences
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Divergent for p?= 0. This is infrared divergence (from the lower int. limit).
It can be regularized by going to the number of dimensions higher than 4.
Before expansion, change ¢ — —K
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Infrared divergencies

time

Y

One cannot distinguish

a single electron from

an electron accompanied
by a zero energy foton

or a collinear foton (for
massless fermion).

One has to sum over such
degenerate states.



Infrared divergencies

Here IR singularities cancel out



Infrared singularities

IR singulariteis arise when the theory has massless particles (photon, gluon)

* when energy of photon (gluon) is small — soft singularity
 when for massless fermion photon (gluon) is parallel to that fermion
— collinear singularity

Bloch — Nordsieck theorem (baically derived for QED)
Kinoshita — Lee — Nauenberg theorem (generalized to QCD)

Kinoshita-Lee-Nauenberg (KLN) theorem assures that a summation
over degenerate initial and final states removes all infrared (IR) divergences
in QCD.

This very broad topic, beyond the scope of this lecture



QCD corrections to parton model

Leading corrections
not suppressed by 1/0?

photon scatters off the gluon



QCD corrections to parton model

Non-leading corrections
suppressed by 1/0?




QCD corrections to parton model
yp — E(170707 1)

d*k — dwd cos 6

k = w(1, sinfsin p, sin 6 cos ¢, cosb)

1 I 1
ZW_(yp—k)Q_Qypk_QEw(l—cosﬁ)



QCD corrections to parton model

dwd cos 0 * soft (cancel) g — i)
2FEw(1 — cos )

e collinear (remain) @ — ()

In dimensional regularization:

2y B 2
(%) l — — _|_ log (Q ) p'=z0p)/, |
pe) KR T . :

Poles can be absorbed into bare parton densities.
Logs can be summed up to all orders. Factrozation.
Coefficients of the poles are universal functions of z




Altarelli-Parisi probabilities

It turns out that potentially
large logs are multiplied by

Q2 universal functions of the
log (m Piy(2)

momentum fraction z
(with respect to the emitting parton)

Here qu(z) — Pq<_q(z) is a probability of “finding”

a quark of the longitudinal momentum fraction z in initial quark



Altarelli-Parisi probabilities

It turns out that potentially
5 large logs are multiplied by
P'=20P) /,\ I (Q) P ( ) universal functions of the
' S q9 < momentum fraction z
X (with respect to the emitting parton)

Here qu(z) — Pq<_q(z) is a probability of “finding”

a quark of the longitudinal momentum fraction z in initial quark

14 22
qu(z)sz< Z)
_I_

1 — 2
*




Altarelli-Parisi probabilities

N g

sample diagram
It turns out that potentially
large logs are multiplied by

p'=z01p)/, log <Q2> qu(Z) universal functions of the

momentum fraction z
(with respect to the emitting parton)

Here qu(z) — Pq<_q(2) is a probability of “finding”

a quark of the longitudinal momentum fraction z in initial quark

14 22 “Plus” distribution:
qu(z) = CF ( )
1—2z k) 1

t [ (.06 = [0 l) - o)

appears because of the virtual diagram for whichz =1



Altarelli-Parisi probabilities

. z=1
“Plus” distribution:

Different diagrams give extra contribution at z =1 in different gauges.
The result is the same: no singularity at z = 1.



Altarelli-Parisi probabilities

time

:Q%% p P, (z) 47 % p Pg2)
Zp “5s p Bs(2) Zp %% B L f2)

1+ 22 14 (1—2)2 1
Pul) =Cr (T5) |+ Pate) ==L, Poa) =3[+ - 2]
) :

1=~g2




Altarelli-Parisi probabilities

— time

:Q%% p P, (z) 47 % p Pg2)
Zp “5s p Bs(2) Zp %% B L f2)

Pia(2) = Pe(z),  Poy(z) = Pog(2),

Feq(2) = Pey(1 — 2), Pec(z) = Pec(l — 2), Fye(z) = Pie(l — 2



QCD corrections to parton model

on-shell condition

U= (zyp+q)2 = QZ‘ypq+q2 =2Mv zy — Q2

ZY = QQ =@
YT oMy |
\ g Recall F;:  Fi(z) = %Ze? filze)
I
2Fi(a) =€ [ dya(w)d(y - o

0



QCD corrections to parton model

g Recall F;:

yp

Q‘Z
Pl £ Ini 7z + C(2)




Correction to F; large logs

2
q(z, Q) = q(z, 1*) + 2—111 Q— / . — Py (%) q(y, 1) +

T U
I

2

= gz, 1*) + % ~In Q—Pq ® q(1?) -

Convolution:

1 1

P, ®q= / dz / dyb(zy — ) Py(2)aly) oo
0 0




DGLAP Evolution Equation

' :QQL m) q(z.Q) =4 2+ n QQP ® q(p?) +
danQ dQQ AL, a\r, U o 2 qq & g

Evolution eq. d

i 2 2
Dokshitzer, ‘ 2q<x ) =<—F ® G(6°)
Gribov, Lipatov d In Q
Altarelli, Parisi

QZ
Such equation sums up all powers — 111 :
2 P

Leading Log Approximation (LLA)



DGLAP Evolution Equations

Full set of DGLAP equations:

as(Q°)

( 7Q;): e

Q [Py ® 6i(Q°) + Pye ® G(Q)]

@2"’

o

6@ Q) = 2 | Poy @ Y a(@?) + oo G(@?

We need an input at one scale Qy? and then we can evolve them up to some other O3
note that index i runs over quarks and antiquarks
when we construct a difference, called non-singlet, gluons cancel

¢ (z, Q%) = qi(z, Q%) — G;(z, Q%)



DGLAP Evolution Equations

qS(x7 Q2> — Z (qi(x, QQ) _i_gi(xa QQ))

quS(mv QQ) — QZ<:E> Q2> i @(377 QQ)

— (i (CC, QQ) Q;qu(xa Qz)




DGLAP Evolution Equations

2 .
(@) = S, 0 (@)
d (0)?
QQTQQC]S(@“; Q2) — Ozéf ) [qu e QS<Q2) T anPqG & G(QQH
Qgi () = (&) [Pey ® ¢°(Q%) + Pac ® G(Q)]



DGLAP for Mellin moments

Moments of the convolution

1 1 1

4
Afﬁ: /daz =P f= O/dx:t = /dz/dycS(zy —z)P(2)f(y)

0 0

|

0
1
B / dz 2" P(z) / dyy" " f(y) = Pu fa=""fn
0

|

0

" anomalous dimension

convolution is replaced
by a product



DGLAP for Mellin moments

dg;jzvs(t) o a8<t> n NS

= L
7 5 Yagn (2)
- T T .8
t _ (.
i %7( ) _ @3(t> fqu anqu q ( )
dt i Gn(t) i 2T ! AYGq Tee | Gn (t)




Anomalous dimensions

. i 8 1 1
Yag = CF _Qk_1E+§ n n+1]|’
. 1 2+n+n?
TeG = 2n(n+1)(n +2)’

2+n+n’
n _C
Tcq Fn(nQ—l)

11 <=1 1 1 1 n




Valnce quark

. L @
/yqq — CF —2 E E I §
L k=1
dg, ° (t)
) n
Yo =V — At

conservation

Ill 1
n n4+1
=0



Momentum conservation

consider moment n = 2 for the singlet eqs.

d o 2 4CF S nf o _i
G50 =~ | S a0 - Y| = - 2510

g5 (t) + Ga(t) = const.

= /dm {Z (¢i(x, Q%) + Gi(z, Q%)) +G(a:,Q2)} =1

7

value of 1 is a requirement for a proper normalization



Gluon momentum

d = o 2 4CF S nf o 2
S50 =~ | a0 — Y Gat)| =~ 0
d B 2 |4CFr ¢ ny B 2
£Galt) =+ [ 450 - Haatn| =+ 500
Form a linear combination
41Cr d ¢ ny d o d 2 |4CF  ny
3 dt(b(t) BdtG‘?(t)_dtf(t)_ ﬁot[ 3 3]f(t)
since C:%+%>O

4 —2¢/ By
the solution is trivial and tendsto 0 f(¢) = f (o) (—) — 0



Gluon momentum

We have two asymptotic constraints:

4C n

f)=—~61) -5 Gt) =0  g(t)+Galt) =1
which give

S ny ny

= 7 | =1

T R KU

numerically we have
1 16

Ga(t) = - = = (.64, 0.87, 0.52, 0.47
2< ) 472{; S | 16 + Snf nf:?)7 'n,f:il) n,f:57 n=>6

asymptotically gluons carry around 50% of total momentum!



x f(x)

Numerical solutions

= i
14 = 14
MRST2006 (NNLO) e i MRST2006 (NNLO)
(2=20 GeV? - > 2=10,000 GeV?
12 DGLAP 12 |-

g/10

0.8
0.6
04

0.2




x f(x)

Numerical solutions

MRST2006 (NNLO)
> 12=10,000 GeV?

g/10

= i
14 = 14
MRST2006 (NNLO) | [
u'=20 GeV* i
12 DGLAP 12 |-
1
08
0.6
04
02
=
10
X <

BFKL Balitski, Fadin, Kuraey, Lipatov

BFKL



HERA F,: data vs. theory
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FIG. 2: Structure function F> as a function of Q* based on HERA-I
measurements of H1 [2, 3] and ZEUS [4] collaboration compared to
results from fixed target experiments BCDMS [5] and NMC [6).



small x
large W

W — gamma-+proton energy

large x
small W

DGLAP vs. BFKL

logl/x

ant (SL’)

dilute




AXI d | dnNomad |y pseudoscalar

density
Gauge invariance of QED (and QCD): q.7%(q) = a(p )yu(p) =0

divergence of axial-vector current: qugs (q) = a(P ) vsu(p) = 2ma(p’)ysu(p)
Axial current is conserved for massless fermions: chiral symmetry

It is not possible to maintain both symmetries when loop corrections
are included. This is called: AXIAL ANOMALY

photons are
bosons and they

are not distinguishable
hence

amplitude has to be
symmetrized




Naive current conservation

q=Fki+ ko

Skipping coupling constants (charges) the amplitude reads:

" B / d4p T 1 o 5
wh = T @mE T g —m M- c/)—m v - /fl)—m _

: d*p T )
—1 r | —7\Y
(27r)4 _1/—-772..f))‘/5(]/ ([) —m “ (f — A/ —m
Naively we expect:

J — LV _ A
kl /'TIW)\ — kQ TMV)\ =0 q Tu/)\ — 277171“,



Naive current conservation

Vector current, first diagram:

1 )

use trick: -

= (f—m) — ((F— Fy) — m)

(7 — (f)—m J—k’)—mllp(—m

- 7 2 T ) 4
= 3 Tr |9y vy — 11T [vy\Y =
IX TS N s 1P T—H)—m TAYs d—d) —m " —m
y / 11 : / /

|



Naive current conservation

Vector current, first diagram:

k il, T " > Tl, I:f), ~7 Z f}"u Z /.'l.‘:. l :|
. = —m G —m g—m

=(f—m)— ((F—H¥,) —m)

use trick: -

i ; )
— 3 T‘ — 7 Yy Y Y .
o [% 5 - f/) —m P g—¥,) 'm] 'S ['”'3 H—q)—m Vg- m]

same trick with the second diagram gives

T 1 1 T ) )
= 211 |v.\?Y = — 21T 77\ 7Y Yy
DY —g) —m"g—m NS —Hy) —m g m



Naive current conservation

5 d*p
Ky Tpon  ~ (27)4
-

i i i i
l [”’”’5 =) —m "= 1) - ] e [ (F—Fp) —m - ] }
change variable in the first integral p — p + £k

It seems we get zero



Naive current conservation

q=Fki+ ko

Skipping coupling constants (charges) the amplitude reads:

d*p i 7
Ty = —i Tr | ———y,\x s ¥
o | o E sy F—F)—m "
s , ; z

, d*p
i [ G

Naively we expect:

@

7 —m

~/

M=) —m (- Ha) —m b

)

[

A ,
q T,Lu/)\ = 277171;“/



q)\

Axial current

To calculate q’\Tm/)\

we use the following trick:
s = —7sq
= 5[ — ¢) —m] — 75 [f—m]
= 51— ) —m] + [ = m] 75 + 2mg

and for the first diagram we obtain

(

p(—m’y5 (¢ — q’)—m

1

= 2m

) )
d—m Y=g —m

it

s g

T



Axial current

Sum from the two diagrams qAT;w)\ — 2mT P AW aif A

L

A+ AL

[Nz

/ d*p T ! l
| i : Y'Y T e A’ . /
@2m)t T | f—-m P (G- ¥, ) —m 't }/ q’) —m ]/ /7/1 -y

/ 14k T 7 g N
o (o Ry = =g ey =




,Axial current

4 B i . . -
A(l) = - L iy : Ve . 4[. Y, = : TRECY , : Y
b 2m)t T | f—-m W =H)—-m"* (P-Ky)—m V(G —¢)—m *

ot

A(Q) _ / d4p Tr ; . 1 o 1 . 7 ’
W ot f—m Gy —m " —H)—m =) —m .

equal zero? ‘ ‘

The question is: are ALI,}Q)
Changing variables p—p+ko
seems to nullify Af,l,,’Q). p—p+k

% ~ / dpp are UV divergent

p

Due to the minus sign the divergence is only lineax

However, ASV’Q) ~ / dpp®




Mathematical diggression

Consider the integral that is naively zero:

/ dz [f(z +a) — f(z)]
However, if -
f(£o00) # 0.
we can calculate this integral by Taylor expansion:
[ @1 +a) - @) = alf(o) — F(=o0)] + 5 [F(00) — F(~o0) + .

—00
it may happen that 7 0



Mathematical diggression

Consider Euclidean integral: ~ A(d) = /d"f' f(F+a) — f(r)]
expand in a _ /dnf'a’ . ﬁf(f') e
apply Gauss theorem - = 5]

where 7= 7 and S,(R) isasurface of the n sphere, R is regulator.

9en/2 2rR for n=2
For evenn Sn(R) = 2 i -
(n/2=1)! 2R for n=14



Shift in full amphtude

, d*p
Thia. = _2/(271’) Tr
, d*p I
-i [ G T
define shift vector a = aky + (o — B)ky

and amplitude difference:

Strategy:

¢ Twi(a) = ¢ (Tu(a)

_p(—'mf} "5 — (/)—m (7 — I;f ) —m /“:

?

F—m = c/)—mw %)—m

A;u/)\(a) — 71“/)\ (P — P+ (L) — frm/)\

— Tu1(0) + ¢ Tu1(0)

= ¢ Apa(a) +2mT,, + Afjg 1 Ag}

k}lllTuul(”) = 'I”lli (Tuul(a)_

chose a in a way that vector current is conserved
and see what comes out for the axial current

Tpul (0)) + l‘\jlltT;wl (0)




Shift in full amplitude

d*p 1 | 1 , 1
Calcl:’ula.te Auala) = —/W{Tl []A+¢_,71 IATs7 P+d—g)— L YP+d—FK)—m "'}

(all i’s give - )
1 i 1
—Tl‘ [ YA Vs Yv u]}
p—m " (p—q) — m) Yp—k)—m

+(p— v,k k).




Shift in full amplitude

d*p il 1 1
Calculate Apilm) = _/‘_4{1}[ sy ., : ﬂ}
(all 's give - ) (2m) —m S prd—g) —m " Pri—F) —m

1 1 L
—Tr [p_m;’)\“/f)(p_ )_m (p — l()—m{]}

+(p+— v,k & ky).

. d'p , 0 1 . ]
Expandina Aua(a) = —/ et ap Tr [p—mﬁ’mlf’( m ! ? ,Vu]

+(pn+— v,k & ko).



Shift in full amplitude

d*p . 1 1 |
Calsulgte Aua(a) = —/W{TI [p+¢—m NS rd—g) —m "Prd—F)—m '”}

(all i’s give - ) - iy ) i i i
B 1[%—771”‘/5(1/)— )—m (p — l()—m ]}

+(p+— v,k & ko).

. dp _ 0 1 1 1
Expandina Aua(e) = —/ @i’ o Tr [p—m%%( L ? —nﬂ“]

+(pn+— v,k & ko).

large p limit — Tr [prayspru )



Shift in full amplitude

d'p .. | 1 ! ,
Calculate Ayi(am) = _/W{TI b+¢_m /"75(p+/{ q) L Y(p+d— k) —m “}

(all i’s give - )
P T 1 | 1 “1}
p—m . (p—q) — m (p— k) —m 'w

+ (= v,k < ko).

, _ d LB [ A 1 1
pandina S = — [ i T [ g g
+(pn+— v,k & ko).
o 1
large p limit - Tr [PYA7sPYo PVl
. ‘ i
go to Euclidean Aol lll) = —(2;) om2a’® 1;1-1330 P3 Tr [Pyavs Py, P, 5
apply Gauss th.
ro — 170 + (1 +— v, k1 o ky)

d*r = id*7



Shift in full amplitude

d*p { { 1 1 1 }
Calculat Ayi(e) = = [ —qTr ) L
(a?lci:’:gaivz-) s /(%)4 1 ptg—m /HS(PWL/{ 1) —m’ PR e i

1 1 A
—Tr !1" _—— /,\“/5(% — 91) . m.%(p - ;él) —m /"] }

+ (= v,k < ko).

, _ d LB [ A 1 1

Expanding Sua(0) = = [ G a5 | oy gy
+(pn+— v,k & ko).

o 1

large p limit - Tr [PYA7sPYo PVl
id '_on2? fim PSLeT :
go to Euclidean Aon) = ~ o) 2ma 1;1_13;0 il [Pyrvs Py, Pv,.] =
apply Gauss th.
+ ([l/ <—> Vv, kl & ATQ)

calculate Trace Tr [Pyavs Py, Pr,) = 4iP%apn P

Remember that qp,) = —c*#¥2



Shift in full amplitude

L o, T
B yine iy 1M

We arrive at: A = + (1 — v, k1 < ko)



Shift in full amplitude

| [ N o o
We arrive at: Al = (2ﬂ)487r25uw\a Q,, };51;0 P +(p+— v,k & ko)
C e P
take symmetric limit: lim = =T

recall: & — ot e — Ak,



Shift in full amplitude

. 1 i ) P P«
We arrive at: Apa(a) = (27T)487r2€,ul/)\a g im —5o—+ (4 = v, k1 > ky)
PP 1
take symmetric limit: lin _ _ o0
' L
recall: a = ak; + (a — B)ke
: 1 5

Final result: A (8) = S 3 Samd + (g +— v, k1 © k)

1 ; :
= @Saﬁwk (kT + (a — B)ky — aky — (a — B)kT)

o]

WEQ#UA (kl . l\?g)a 5

depends on £, there is an ambiguity, which we have to fix demanding that
vector current is conserved.



Axial current, cont.

Recall P Tun(@) = ¢ (Tua(a) = Tua(0)) + ¢ Tua(0)
- q’\AW,\(a) +2m1,, + AL L AGQ)

uv jnz

calculated finite needs to be computed



Axial current, cont.

Recall: PTun(a) = @ (Tur(a) = Tuwr(0)) + ¢ ua(0)
= (]/\A;u/,\(a) +2m1,, + AL L AGQ)

uv jnz

calculated finite needs to be computed
Let’s calculate

d*p i i i i
AL — / Tr | —— .~ N ey /
e (2ir)% . p—m '5/)”(]/) — k) —m'" (p—ky) —m 8% (p—q) — —



Axial current, cont.

Recall P Tun@) = ¢ (Tua(@) = Tua(0) + ¢ Tua(0)
- q)\A,Lw/\((l-) + 27nle -+ A;(}) + ALQV)

174

calculated finite needs to be computed
Let’s calculate

d*p [ g i i i
A(l) — / i vy / A — ~ Y
- et R —m T =) —m =g —m

B d*p T 1 - 1 ' [ 1 |
TSt ) -m K —F)-—m* p—m ) —m

We can use the same trick as previously p = p—Fk» where a= —ks



Axial current, cont.

Recall: qAT“,/)\(a) - q/\ (TM/A(“) - TMV)\(O)) + q/\T,uu)\(O)
- q)\A,ul//\((l-) + QmTW -+ ALI) + ALQV)

174

calculated finite needs to be computed
Let’s calculate

d'p [ i i i i
(1) — ~ ~/ A — A/ A
A/J,y /(271_)4 Tr _p—'"l /57u(p_kl)_7n I (p_kg)_ﬂl /Sly(p—g)—'ln/yul

B / d'p T 1 - 1 R . 1 |
a (2m)* 1 _(Z/j_k'z)_777")5“/(19_%2—%’1)_m/)# Zé_77l,)5/y(115_%1)_'77n“

We can use the same trick as previously p = p—Fk» where a= —ks

1 P ) .
Al = —WQWZ/C{? I_.lim F‘; Tr [Pvs7,(P — ¥1)v,]  keep ky, because Tr with 2 P’s is zero
—00



Axial current, cont.

iR~ . P
A= —27)42‘”2/“5 A FZ Tr [Pys7, (P — K1)7,]
We have
1 P TR Y
AE}V) - (2#)42‘2’71’2/{',2 kY ph_I};C ’1332 i [‘ e V5 VoY #]
| |
= (271_)42171- kgk'l 1(_)’\]:11 [ﬂ 57 p,)/l/f)/af)‘/ul
4i€:,,r,,m
1 a
= e kI

We obtain A,(LQ,,) by p <— v, k1 <> ko, hence

(1) — A®)
AW = Aw



Axial current, final

Aifuw\(”) = (1)‘ (ﬂbu)\((l) — T}LI/A(O)) = qAT,Lu/)\(O)
= @il + AV 3 KO 4 q’\AW)\(u)

v pv
= omT — e RORP 4 (k4 kL (ke — Ky
— mda,, — 472"/.“/0',0 1 v9 +( 1T 2) 87_:)‘*«&;“/)\( = 2)

/ e

1-8 ..,
— 277’2:7—;111/ T WEI_LI/UP k‘l ]\:2



Vector current

We shall use the same trick to calculate the divergence of a vecor current

K Tua(a) = K (Tua(a) — Twa(0)) + k3 T(0)

B .
= A?THV)\(O) + k??@é‘am,)\ (kl — AQ)

3 N
— kf'iLTHV)\(O) -+ gﬂ._igl//\ffpkl Ag

We ned the first piece



Vector current

We shall use the same trick to calculate the divergence of a vecor current

K Tux(a) = K (Tua(a) — T.a(0)) + kT (0)

5] a
= A?TMV)\(O) +- k?@gawx}\ (]171 - LQ)

b]

— kllLTp,V)\(O) i @gl//\(fp

KRS,
We ned the first piece

d4p
a0 .
o = — |

1 1 L 1
{Tl [’”W ) —m " (p—Fy) — m] —& ['Y“L”(p —Fy)—m - 'm} }




Vector current

We shall use the same trick to calculate the divergence of a vecor current

K Tux(a) = K (Tua(a) — T.a(0)) + kT (0)

5] o
= A?TMV)\(O) +- k?wgam/)\ (]171 - LQ)

b]

— kllLTuV/\(O) i @EV/\O'[)

KRS,
We ned the first piece

d4p
a0 .
o = — |

1 1 L 1
{Tl [’”5@ ) —m " (p—Fy) — m] —& lmf’(p —Fy)—m - m} }
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Vector current

We shall use the same trick to calculate the divergence of a vecor current

k1Twa(a) = ki (Tua(a) — Twa(0)) + k1T, (0)
B a
= I\J?TMV)\(O) +- k#@gam/)\ (]171 - LQ)
53

= K'T,A(0) + @sm,,k;’kg.

We ned the first piece

dp
1 _
HTon = = [ Gy

1 1 L 1
{Tl [’”5 B—a)—m " (Pp—Fy) — m] —& [m"’ P—F) —m "p— m} }




Vector current

- . P,
BT = _(%)42”( (=)k] Jim 22 Tr [ya75(P = ko)7, 7]
1 &
- —@11 Tr [a757,70 0] kTkS
1
= 8 2"1//\0'/)]‘1 AP
Recall ]
B lox(@) = ET.40 KOk — 1+p o1.p
14 prA (—1‘) - 1 uu)\( ) 8 o) Evdophy —QSV)\apklkg

We need to choose f = -1 to have vector current conserved!



Axial anomaly

Summarizing:

]. - 3
qATW,\(a) = 2mT — —— €wop fon ket
47
ki Twa(a) = Wgw\apkflfk‘g
Choose (= —1
I,
qA‘]ﬁ,‘Lu/)\ — 2777"‘Tp,1/ - ﬁg Urop AiTAS
Axial current is anomalous
This can be translated to the configurations space
1
PIH(x) = s oy P () PP () + O(m)

(47)2



Axial anomaly

Summarizing:  Anomaly is mass independent
e Adler-Bardeen theorem (69):
o no higher order correctoons
— 5 Ewap kTS s :
Am « name: Adler-Bardeen-Jackiw
143 anomaly
ki Twa(a) = L;gu)\apk‘ljkg * Fujikawa (79) path integral
87 formulation
* |n non-Abelian case one can

Choose [ = —1 nullify anomaly Tr(...)=0

Iy

.0 1.P
53 Snvap K5
/1

1 — f}
qATW,\(a) = 2mLy —

A .
q ]1“/)\ — 2772"T,u1/ -

Axial current is anomalous
This can be translated to the configurations space

P I (2) = s Epop P (2) PP () + O(m)

(4m)?



