8.324 Quantum Field Theory II

Problem Set 5 Solutions

1. We will use PS conventions in this Problem Set. We consider the scattering of high energy electrons from a
target, a process which can be described to leading order in a by the following generic diagram:

e~ X

The gray filled circle represents the coupling of the virtual photon to the target, taking the target from an
initial state X to some final state Y, which we incorporate into a scattering amplitude factor MY (q), where
q=p—p =k — k. The full matrix element for the process is:

M = @w)a@wu(m%w(q) (1)

Parts a) and b) of the problem analyze the structure of the 4(p’)y*u(p) piece, the results of which are used in
¢), d), and e) to find an expression for the cross-section.

(a)
a(p)y"u(p) = A¢" + Bg" + Cel + Dél (2)
Dotting with g,:
LHS = a(p’)gu(p) = a(p")(p' — p)u(p) = (m —m)a(p')u(p) =0

RHS = A¢®> + Bq - § (3)
where the last line follows from the fact that ¢ - ¢; = 0. Thus,
B q>
—=-L (4)
q-q

In the ultra relativistic limit for the electrons the kinematics for this problem are as follows:

p=(E,E3)

p' = (F',E'sin0,0, E' cos )

q=p-p =(E—E,~E'sing,0,E - E cos0)

§=(¢",—q) = (E— E',E'sin0,0,E' cosf — E). (5)
In the small # limit, we can calculate

¢* = —2FE'(1 — cos0) ~ —FEE'6?
¢ G=(E—E)?*+Esin® 0+ (E — E' cos0)* ~ 2(E — E')?. (6)

We see that % = _gj’i will be at most O (02), and so B can be neglected in the rest of the analysis.

As noted in the problem A is irrelevant because of the Ward identity q#/\;l“(q) = 0, which is just the
consequence of the gauge invariance of QED. We conclude that it is enough to determine C and D to solve
the forward scattering problem.



(b) We want to compute explicitly a(p')y - €;u(p) for massless electrons, where u(p) and u(p’) are spinors of
definite helicity. I will abbreviate u(p) as v and @(p’) as @' for rest of the problem. First, we will use
method of spinor products developed in Problem 5.3 of PS to evaluate @' ~'u for both left and right helicity.
For this we need to choose a light-like vector K which is independent of p and p’. An obvious choice for K
is (1,0, 1,0).
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@ vy = i /i
LY UL 2 K)(2p K) ROP Y PuRro
1 )
= Tr(P %
(20" - K)(2p- K) (Prkop'p)
! g i N
= @[(K-p’)p —(p- )K"+ (K -p)p'" — ie"" K,.pl,p,). (7)
Similarily,
U k ! i i i - Ui,
UpY'uR = \/ﬁ[(K'p')p —(p- )K" + (K -p)p" +ie""" K,p,,py)- (8)

Notice that only e-tensor term changes sign. Other helicity combinations 4} y'ur and ﬂ’Rviu 1 vanish either
by simple calculation or by the conservation of helicity for massless fermions. Applying kinematics to above
expressions we get

@ ytuy = VEE 0 @y up = +iVEE 0 @yytug = VEE' (2 —i0) )
ipylugr = VEE' 0 Wpy?up = —iVEE' 0 Wpylup = VEE'(2 +i0).

We can work out what €; and €3 need to be by requiring they be perpendicular to ¢ and ¢q. Requiring that
€1 be perpendicular to the plane of scattering and €2 to be in the plane of scattering gives

0 0
d=| o 4= (10)
= 0
Therefore
Uy - €qup, = UpY - €1uR = gi—g@ 9 (11)
Uy - €aur = —UpYy - €aup = iVEE' 0. (12)

Secondly, we will use a more direct approach to get the same result. With the basis choice of PS for the
Dirac matrices the definite helicity states of the electrons and photon are:

= (%) 13

0 0
uy = V2FE (1) URr = V2FE ? (14)
0 0
—sin § -g 0
uy = V2F' COS 2 |~ V2FE (1) Uy = V2E (1) (15)
0 0 4
0 0
1 1 1 1 1 1
el = — (¢ —ie)) = — . ey = — (et +ie)) = — . 16
L \/§ ( 1 2) \/§ —/Z R \/§ ( 1 2) 5 Z/ ( )
E'9 E'9
E—E E—E
Not forgetting that the photon is outgoing (in the subprocess) we get
2F'
Uy - €quL = Upy - €gur = L\/EE’ 6 (17)

E-F

2F
Uy - €pur = Up7Y - €LUR = %\/EE’ 6. (18)



This result makes the parity invariance of the theory manifest (i.e. flipping all the helicities doesn’t change
the result) and can be easly checked to agree with the result of the spinor product method.

The expansion of the spinor product
a(p' )" u(p) = Ag" + B3" + Cey + Dely (19)

works because @(p’)y*u(p) is a 4-vector, and ¢*, G, €}, and €} consitute a basis of four linearly independent
4-vectors. The coefficients are just the projection of u(p')y*u(p) onto each of the basis vectors. From the
argument in part (a) B = O(#?) and in the small @ limit can be neglected. Hence our scattering matrix
element M can be written:

a(p' )y u(p) M,u(q)

(Ce + Dey) Myu(q) - (20)

M:

e

T2

q
e

2

Q

Here the A term drops out because g"*M u = 0 by the Ward identity. The coeflicients C' and D are just
the projections

C=1iurv.€ u
D=1uveu (21)

S0 we can write:
M= =5 [0l v-exu(p)e M 0) + 0 Jr-eaup)s M, o)
= 3 [A0)v-eru(p) M + 50 y.e2u(p) A7) (22)

where we introduce the notation M; = €, M,,(¢) and My = 5 M,,(q). Using the results from part (b), we
can evaluate M for the various helicity cases:

M(es = ex) = = <E B JEmon, + w\/EE/M2>

E—-F
_ _ e (E+F 1 9
M(ep —ep) = ———VEEOM' —i0NVEE'M

E—-F
M(ei%eﬁ):M(eR%eL):(). (23)
The spin-averaged (or helicity-averaged) squared matrix element is given by
1 , € E+E\?, - .
= = —FEE'¢? 2 2. 24
P S M= ((E_E) X+ ) (24)

(Note that this result sums over the outgoing photon polarizations, as Ms themselves were sums over
photon polarizations.) The total scattering cross-section in the CM frame, using equation (4.79) from PS,
is:

g =

2
- P
2E2EX 1+ux) / / 27732E’ > M (25)

spins

where Ex and vy are the initial energy and velocity of the target, and [dIly = [ (‘fﬂk; 5 El, (2m)40%(p +

k —p’ — k) is a phase space integral over the final state Y of the target. For simplicity, let us 1ntroduce the

notation
1
d11; :7/dﬂ . 26
/ 2Ex(1+ux) ) O 26)

Rewriting the integral over p’, the cross-section becomes:

2mp’ dp' dp., 1 1
H/ I N e - 2 2
7= 2E/d / (2r)3  2E' 2 Z M| (27)

spins




where p,, = E’cosf and p/, = E’sinf. The cross section is dominated by forward scattering, it has a
collinear singularity that will be regulated in part (d). Hence the dominant contribution comes from the
domain, where 6 is between 0 and some small f,ax. In this limit p/, = E" and p/| = E'6, so dp’, ~ dE’ and
dp', = E’df. Our integral for o can be expressed as:

o e | )
o~ 4E/ / / d0E9§Z|M|

spins

e2 dE' [  p2Eres [ . E+FE\? .
_° I 22 112 9
L A +<E—EJ M (28)

e2 e E+E\? -
_ & I 1 22 12
4E2/d Y/(27r)2/0 ‘we('M' +<EE> M

where in the last step we used the fact that ¢* ~ (—EFE’6?)? in the small § limit. Notice that the integral
is logarithmically divergent for 8 — 0.

To treat the divergence we reintroduce the electron mass in the expression for ¢? just as we did for PS
Problem 5.5,

¢ =(p —p)* = —2(EE — pp cos) + 2m? (29)

where p = |p| and p’ = |p’|. Since E, E’ > m, we can approximate

2

—VEI-—m2~E- = =VE?-m2~FE — . 30
" 2F " 2E’ (30)
Plugging these into the expression for ¢ gives us, after some rearrangement,
~ EBE |0 +m?(~ L 2 (31)
E F ’

where we have kept only the leading terms. Substituting this ¢2 into the integral for o in Eq. (28), we find:

i o | g (e (R )

R

If we let + = (& — %)2, then the integral over  can be evaluated as:
Omax 3 2
0 1 1 0
L —— 2 Z1 nax 2 _ Vmax
L 0 G e = 5 o8 E) 4 o ) =
1
N log(m?/€) (33)

where we have approximated the integral by the dominant logarithmic singularity in the small m limit.
First, we argue hand-wavingy: since £ depends on the momentum transfer in the scattering process, and
has dimensions of energy squared, we can say that & ~ O(s), where the Mandelstam variable s = (p + k)?
is the total initial four-momentum of the system. Thus log(m?/€) ~ —log(s/m?), and we can write the
cross-section o as:

o~ SEZ/d / log( )(M“ (g*g;)QM”). (34)

We will establish this result with more rigor in part (e), where we take the difference between £ and s more
seriously.




(e)
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We assume the target cross-sections are independent of the photon polarization, which implies |./\;ll|2 =

|IM2|2 = |M|2. Let us introduce the variable # = (E — E’)/E, the fraction of the initial electron energy
carried off by the photon. Then

dE' E+E\> (2—2)?
de = — Z and <E—E’) =0 (35)

We can also express £ with x and s

s = (E+ Ex)? ~ 4E* + M% ~ 4F> (36)
2 2 2
S:<EE_E;?/> :(l;x) E2%<12—xa:> 5 (37)
where we assumed E > Mx. The cross-section of Eq. (34) with the proper treatment £ becomes:
o~ 87% Oldxlog (éZ) (1 + Q;ﬁ) /dan\?
mSﬂ_aE/Oldx [log (%)—Fﬂog (12_;6)} <1+(2;2x)2>/d1_[’yj\;l|2+...
~ MO‘E/; dz log (%) W/dH'YMF : (38)

where we dropped an O(1) term by neglecting 2 log (1;—11) in the integrand. Note that

1 ~
= [y =

1
2Ex 2(xF)(1 + vx)

/ ATy | M2 = 0. x () (39)

is the cross-section of a photon of incident energy xE hitting the target. Our total cross-section can be
written:

1 2
@ s\1+(1—2x)
= /0 delog () =~ (@)

1
= /0 dz Ny(z)oyx () (40)

where N, (z) = %M log (%2). Thus o effectively looks like the cross-section of a beam of photons

with energies *F and distribution N, (z) hitting the target. N, (z) is the probability to find a photon of
longitudinal fraction « in the incident electron, when probing it in a collision with CM energy squared s.

We will represent the vertex corresponding to Hin, = [ d3x %hl[}d), the coupling of the Higgs boson to the
electron, by:

To find the effect of the Higgs on the electron g — 2, we look at its contribution to the electron-photon
vertex,

We know that the total vertex has the form T*(p’, p) = v*Fi(¢?) + %FQ (¢°), and that g — 2 = 2F5(0).
At one loop we don’t have to worry about divergences for F5(0), hence we can do the Dirac algebra in 4
dimensions and forget about dimensional regularization. Thus to find the Higgs contribution to g — 2, we

need to rewrite a(p")dT#(p’, p)u(p) so as to extract the coefficient of 19 79v and evaluate it at ¢ = 0.




= —ieu(p )T, p)u(p) .

The full expression for @(p")oT*(p’, p)u(p) is:

d*k i ) A\ i +m
o i) (V) v
i m i
e ()
i / d*k a(p) (K +m)y" (k +m)u(p)
2 2m)4 [((p — k)2 — m3 +ie][k'® — m2 + i€|[k2 — m2 + ie]
N[ da(p) [k mP - m(E o+ y)u(p)
2 2m)4 [(p — k)2 — m3 + i€][k'® — m2 + i€|[k2 — m2 + i]

a(p)orH(p', p)u(p) = / (

(41)

The way we evaluate this expression is analogous to the algebra described in Section 6.3 of Peskin and
Schroeder. We look individually at the denominator and numerator of the integrand. For the denominator,
we let Ay = k2 — m2 +ie, Ay = kK'* — m?2 + e, A3 = (p — k)? — m? + ie, and rewrite it using Feynman
parameters as:

1

1
2
— = | drdydzd(zty+z—1)— 42
A /O ydzo(z+y ) (42)

D3
where
D =xA, +yAs + zA3
= 2(k* = m?) + y(K” —m®) + 2[(k = p)* = mi] + (2 +y + 2)ie
= k? 42k - (yq — 2p) + yq* + 2p° — (z + y)m® — zmj, + ie (43)

In the second line we have used the fact that x +y + 2z = 1 and ¥ = k + ¢. We shift k£ to complete the
square, introducing a new variable [ = k + yq — zp. With some work, using electron momenta that are on
shell, D simplifies to D = 2 — A +ie, where A = —zyq® + (1 — 2)?m? + zm3.

Turning to the numerator, we would like to express it in terms of [. To simplify the algebra, we recall the

useful results,
/ d*l Z—H—O / d*l v _/ d*l %g‘“’l2 (44)
(2m)t D3 7 (2m)* D3 ) (2n)4 D3

which allow our numerator to be written in the equivalent form

numerator = a(p') [ y* ¥ + m>+* + m(y* ¥ + ¥ +*)]u(p)
()|~ 5P+ (1= )+ P (g + 2p)
+mly* (—yg + 2p) + (1= ) + 29)7"] | ul) (45)
This can be further simplified using the identities

=2 =", pulp) =mulp),  a@)y =u@)m, ¢ =-2p"-p+2m>. (46)



The terms involving slashed variables can be rewritten:

a(p) " (¢Pzy — m?z(z = 2)) = 2mz(xp” + yp'™)]u(p)
a(p )" (gPzy — m?z(z = 2)) —mz(p + p)"(z +y)

+ mzq" (z — y)|u(p) (47)
() [2m>y" — 2m(axp” + yp™)]u(p)

u(p')[2m*y* — m(p + p')*(x + y) + mg" (x — y)]u(p) .

u(p") (1 = ) + 2p)7" (—yd + zp)u(p)

Il
Sl

a(p ymy" (—ygd + zp) + (1 — y)d + 2p)7y"]u(p)

(48)
Plugging Eqs. (47) and (48) into Eq. (45), our numerator becomes:
1
numerator = u(p’) {7“(—512 + ¢ry +m*(3+2z2 —22)) —m(p+p)(z +y)(1+ 2)

+mg" (@ — y)(1+2)] u(p)

1 johq,
= a(p) 7 (— 58 + oy + mA(1+ 2)?) + T Lam(1 - 22)

2 2m

+mg (e~ y)(1+2)]ulp) (49)

In the second line we have used the Gordon identity and the fact that x + y + z = 1. Note that the term
proportional to ¢ is odd under exchange of = and y and will integrate to zero, which is required by the
gauge invariance. The part we are interested in is the coefficient of ”;;q” , which gives us the contribution
to F5. Putting this together with the results for the denominator, we have:

[t 2m?(1 — 2?)
e 5 e
SF>(q%) = iA o /. dedydzd(z +y+ 2 )[12—A+ie]3
A2 ! 2m?(1 — 22)
72(4@2/0 dxdydz§(x+y+z—1)T
22 ! 2m2(1 — 2?)
= —— -1
()2 /0 dedydzd(x+y+2z—1) “oy T (L= 2)m? (50)
For ¢> = 0, we can evaluate the = and y integrals:
A2 ! 2m?(1 — 22)
0F5(0) = 2(477)2/0 dedydzé(x+y+2-—1) 0= 2?4 o2
2 1 1—2 2 2 1— 2
2(4m)2 J, 0 (1 —2)2m?2 4 zm;,
A2 /1 d 2m2(1 — 22)(1 — 2)
= z
2(4m)2 J, (1—2)?m?+ zm3
2 2 1 1—22)(1 =

(4m)2m3 Jo z+(1fz)2%§
h

This is a very ugly integral, although Mathematica can do it. Note that since m < myp, we might think
about expanding the integrand and integrating term by term. The leading order term in that expansion
is, however, singular (there is an IR divergence). It’s still much nicer, with very small loss in accuracy
to express the result as an expansion in m/my,. I find best way to do this is to evaluate the integral in
Mathematica with the assumptions M = m?/ m,% > 0 and 4M < 1. Then take the result and series expand
around M = 0. This gives

A2 m? m2 7 m?

This is the Higgs contribution to aj = % = F»(0).



(b) We need to check whether the values A = 3 x 107% and my, > 60 GeV are consistent with the experimental
constraint |an| < 1 x 10719, Plugging into Eq. (52), we find

lan| <9 %1072 for m = 0.5110 MeV, A = 3 x 1075, m;, > 60 GeV (53)

so these values for A and my, are not excluded. (Jay| is a monoton decreasing function of my,.)

For the muon, A = 6 x 1074, and the experimental constraint is |a,| < 3 x 1078, Plugging into Eq. (52),
we find

lan| < 8 x 1071 for m = 105.6 MeV, A =6 x 1074, my, > 60 GeV (54)

so these values for A and my, are also not excluded.

AN

(c) For the axion, which couples to the electron according to Hine = [ d3z m/)'ysw, we do a calculation

analogous to the one in part a). The axion contribution to the electron—photon vertex looks like:

d'k i (AN iR +m)

2m)4 (p — k)2 —mg—kieu(p) (ﬁ) k'? —m?2 + ie
i(f+m) AP

K2 —m2 + e (ﬁ) u(p)

Z/\2/ d'k —a(p')y° (K +m)y" (k +m)y u(p)

2 (2m)4 [(p — k)2 — m2 +i€][k'* — m2 + i€][k2 — m?2 + i€]

N[ d —a ) A+ mPt 4 m(E 4 E )y up)

T2 2m)* [(p — k)2 — m2 + i€][k'* — m2 + ie][k2 — m2 + ie] (55)

u(p’)oTH(p', p)u(p) = / (

The denominator is identical to the one from part a), but the numerator differs by a minus sign and extra
factors of 4°. Since 7° anticommutes with v#, and v°v° = 1, we can rewrite the numerator as:

numerator = —a(p' )y [Fy"f + m*y* + m(v"§ + K4")v u(p)
= a(p') K"K+ m*y* —m(y"k + K y*)]u(p)
S a(p) | 57+ (L= g+ 2P (g + )+ P
— mly(—yg + 2p) + (1 = ) + )] u(p). (56)

Plugging Eqgs. (47) and (48) into Eq. (56), our numerator becomes:

1
numerator = @(p’) {7”(—512 + Pay +m2(=1+22 - 22) —mp+p)*(x+y)(z — 1)

+mg (e~ y)(z = 1)]u(p)

io"q,

1
=u(p') [v“(—§l2 + ¢*zy + m?*(1 — 2)%) — - 2m?(1 — z)?

+mg" (@ —y)(z = 1)] u(p) (57)

As above, the part we are interested in is the coefficient of %, which gives us the contribution to F5.
Putting this together with the results for the denominator, we have:

[t 2m?(1 — 2)?
2\ _ 32 _

dF>(¢°) = —iA /( ) /dxdydzé(m+y+z 1) AT

201 _ )2

dzdydzéx—l—y—kz—l)w
2m?(1 — 2)?

-1
dxdydz&x—i—y—i—z ) "oy + (L= 2)°m? 4 2m2 (58)




For ¢> = 0, we can evaluate the = and y integrals:

A2 ! 2m?(1 — 2)?
—— [ dxdydzé -1
2(47r)2 / vdydzo(x+y+z-1) (1 —2)2m2 4+ zm?

1—z o
_ / dz/ m2(1 — z)?
47r (1—2)2m2 4+ zm2

) mi o
B (47r) /0 d (1 —2)2m?2 4+ zm2
=I(\,my) (59)

§F3(0) = —

We can numerically evaluate I(\,m,) to find the allowed region where |I(\,m,)| < 1071, The results are
shown below, as a log-log plot:

10* |
103 L
10° ¢
10" ¢

excluded region

e Y G /i
10° 1074 1020 10 106 )
1072 ¢
107

TO -

allowed region

Here is a sample Mathematica command to generate the plot:

table = Table[{Exp[M], A/.

NSolve[\"2/(4 x Pi)"2 x NIntegrate[(1 — x)"3/((1 — 2)"2 + Exp[2M] x x), {x, 0, 1}]
== 10"(=10), \][[2]]}, {M, —15, 15, 0.03}];

ListLogLogPlot[table, Joined — True, AxesOrigin — {1, 1}]

3. (a) The fermion self energy contribution due to Yukawa interaction is given by (we use dimensional regular-
ization)

Limt = (LAY [ Ak iErmo
EQ(P)_( \@) /(271-)D k2 —m2 (p—k)2—m3

B ,AQ/ dPlg /ld me + 2p

2 ) enP )y CZ+ A T2
where in the numerator we have dropped the linear term in | = k—zp and Ay = (1—2)m2+zmji —z(1—2)p?.
Performing the integral over [ gives

st = [ onevo (222) 1 (9

A2 1 2 A
= - - — I
327r2/ dz (me+zp)( v+ 0g( A ))
Then we have

dxg Azt 2 A 22(1 — 2)(1 4 2)m?
= —— — 1 e
0p Ly = o |l p=m. 39,2 /o dz {z (6 v+ og( A, )> + A, ] (62)

(60)

(61)
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where Ay = Aq(p? = m?2) = (1 — 2)?m?2 + zm3.

For Z;, we have to compute the contribution to the vertex with an exchange of a Higgs. Fortunately, we
have already done most of the work in Problem 2. Copying the numerator form (49), the denominator
from (50) and setting g = 0 we get

4

ar !

u(p)y* (=252 12 + m*(1 + 2)2) u(p)
12 — A3

a()ssru(p) = ~ix*

1 D 2 _
= a(p)y"u(p) /0 dz(1 — z)/ éﬁl)@ @ :A2)3 (DD 2 %4 (1+ z)2m§>

where once again Ay = (1—2)?m?2+ zmi and we payed attention to D when doing the Dirac algebra unlike
in Problem 2, where we were calculating a finite quantity. Performing the integral over {p and taking
D=4—c¢

A2 ! 2 47 p? (1+ 2)?m?
7y =——2— 1—2) |2 —1—y+1 ¢
B 3%2/0 dz(1 — z) L v+ og( A, ) A, } (63)
Then the difference is
A2t 2 A pi? o (14 2)(1 — 2)?
5¢(22721)—%\/0 dz[(l—Qz) L’erlog( A, ﬂ —(1fz)+meA—2] (64)

Integrating by parts (the boundary terms vanish), we get

/01 dz(1 - 22) log (ZZ) = /01 dz (1 - 2) 2= an = )

2 1
65(Z2 — Z1) = %/ dz [—22(1 = 2)°m2 + 2(1 — 2)m} — (1 — 2)As + m2(1 4+ 2)(1 — 2)?)] =0 (66)
327 0 AQ
We can easily see that this result combines to zero. The Ward identity will be true in this theory. This
can be seen in many different ways. Firstly, the Yukawa term behaves the same way as a fermion mass
term under gauge transformation (assuming that ¢ is not charged under U(1)), hence the gauge invariance
is maintained. The Ward identity is the consequence of gauge symmetry, hence it must be true with this
new interaction. Secondly, we note that the addition of a fermion-fermion-scalar vertex does not affect the
diagrammatic proof of the Ward identity at all, since the photon does not couple to ¢.

By analogy with the QED electron vertex I'“(p, k) we define the exact Yukawa vertex with two on-shell
electron lines and one off-shell scalar line as

a(y') [—'jimp',p)} u(p) (67)

and define the renormalization factor as Z, 1'=T(q =0). At tree level Z, = 1, at one loop level §Z~! gets
contributions from the diagrams with one virtual photon and scalar field:

p

’

I Se——

4 —1 v .
a0t (o = 00ur) = [ o [00) Gy e ien”)

i (_M) i(k+m) ik +m) (_M

i(f+m) i(f+m)

k2 —m?2 +iek? —m?2 +ie

(—iey")u(p)

) (k—p)? —m3 +ie k2 —m?2 +ie k2 — m? + ie \/§> u(p)} (%)

V2
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Making use of the Feynmann parameters

52, :/0 2201 _Z)/ (C;;)E‘* [2 27 (lzgjz/f:l)?) WA (l(fgizi;m) } (69)

where
Ay = (1= 2)*m? + z2p? (70)
Ay = (1—2)*m?* 4 zm3 (71)

We are instructed to calculate just the UV divergent parts, hence we only keep the [ terms in the
numerator. Hence, the integrals over the momenta and z give

A2\ 2
02, = (—S: + 327r2) - + finite terms. (72)
Using the result obtained for the electron self energy diagram in part (a) and the photon contribution from
class

o A2\ 2
0 Zy=—-—+-—=)-
2 <47r + 647r2> € (73)

Thus 67, # 6Z>. Note however, that by including a counter term for the Yukawa interaction (and for
every possible term in the Lagrangian allowed by symmetry) all the divergences can be made to cancel.
Zs # Z, has nothing to do with gauge symmetry, which is represented by Z; = Z and hence there is no
pathology (i.e. anomalous symmetry) in this theory.
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