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Field Theory and EW Standard Model SM: a la CERN T shirt
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Field Theory and EW Standard Model Plan of the Three Lectures!

Lectures 1 and part of Lecture 2:

Mainly Physics of the Weak Bosons:

a) Setting up the notation of the SM Lagrangian, including
Higgs mechanism

b) How one can understand the development of the SM also in
terms of taming the bad high energy behavior of the scattering
amplitudes!

c)The miracles of the particle spectrum of the SM: Anomaly cancel-
lation and the Custodial symmetry!
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Field Theory and EW Standard Model Plan Further

Lecture 2 : Prediction of new particles and their masses in the SM.
Fermions, their couplings to W/Z in the SM and testing the SM at
tree level.

a) Flavour mixing, CKM matrix
b) Flavour changing neutral current, GIM and all that

Prediction of M. from the observed mass difference K;—Kg. The
'first’ use of an indirect effect to predict a mass!

c) Test of EW unification with the determination of sin6, and re-
sultant test of a unified gauge field theoretic description of Electro
Weak interactions.
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Field Theory and EW Standard Model My . 1967

"Model of Leptons” : 1967 Weinberg Paper.

Number of parameters of the EW sector of the SM:
SU(2) coupling g, U(1) couplings g1, vev v , A and u2.
EW symmetry breaking condition relates v, A\ and u2.
The parameters are then g->,g1,v and A.

Masses of all the bosons in the theory controlled by these four.

v v [ 5 > My,
My = —g>, My, = — = My = V2.
W= 592 Z 2\/91 + 95 cosoy
where
tan@w:g—l,e: 92192 5 Sin Oy = 291 5
g2 \/91 ‘|‘92 \/91 ‘|‘92
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Field Theory and EW Standard Model My . 1967
Gp— 9 _ 2= _1 _ ,~250GeV
V2 8ME, V2G, - '

We can trade gp,91,v for Gp(Gp),sinéy, and e.
We get

_ ~-5/4/~—1/2 e 37
My = 2 /GF sinGW—sinHWGeV

This gives us the prediction:
My > 37 GeV , My > My

At this stage My, M; depend on G,sinf, and e.
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Field Theory and EW Standard Model SM predictions

1) Couplings of the gauge bosons with fermions are dictated by the
gauge group Symmetry.

2)Couplings of the gauge bosons with each other are also dictated by
the gauge group Symmetry.

3)Couplings of the fermions and gauge bosons with the higgs are
of course decided by the SSB, essentially the representation of the
Higgs.Symmetry breaking
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Field Theory and EW Standard Model First steps in verification

Even though the SM was put forward in 1967 (with quarks in 1971)
it was begun to be taken seriously only in 1974!

Theory reason: Renormalisability was proved by 't Hooft and Veltman.

Observational: The expected W, Z masses were way above the en-
ergies available then. So there was no hope of finding evidence for
them ’'directly’. Was it possible to find this evidence 'indirectly?’

Of course one could look for processes which can take place via
mediation of a Z boson.

vu+e —v,+e,vu+e —v+e (only via NC)

v,+e — ve+ = (only via CC)

ve+e —vete ,ve+e =+ e . (both via CC and NC)
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Field Theory and EW Standard Model November Revolution

In 1974 two things happened:

1)Evidence for neutral current interactions in v, +e~ — v, + e~ scat-
tering in the BEBC.

2) Discovery of the charmonium, a bound state of ¢ and ¢ in November
1974 where the mass M. seemed to be consistent with that expected
from a gauge theory of weak interactions, viz. 1.6 GeV.

Followed by results on v, scattering off the nuclei also gave evidence
for p = 1 ie interaction responsible for the charged current and neutral
current processes were of the same strength.
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Field Theory and EW Standard Model Further..

Both the discovery of the ¢ quark with the mass it had and p ~ 1
were indications that weak interactions were described by a gauge
theory based on SU(2); x U(1)y where the symmetry was broken
spontaneously by a Higgs doublet.

To discuss these we need to write down the interactions of the quarks
and leptons with W/Z bosons.
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Field Theory and EW Standard Model Couplings of fermions to W/Z

Consider the kinetic term for fermions in the Lagrangian, iy d v, +
ivr & Yvr Where 9, has been replaced by D,. W is a doublet of two
fermions like (u,d) or (ve,e™) etc.

OV, — DWW = 9V — TV B W —igoWI T W,

91Yy

Dufr =0ufr—1

This will lead to terms in addition to the regular Lim and those are
the interaction terms. Starting from

Y3y [ilh DY LY +iely D) €y +iQ) IY QF +iuf I ufy + id} IY df]

we get: ALine = (39171Y By + g2 4+ JH3W )+ (JM+WJ + JEW)
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Field Theory and EW Standard Model Couplings of fermions to W/Z

Where,
JHT = 2(T4 yHel + ul yﬂvijdi) ,JHT = (JHT)T same as JG©
I = uYp Pl with f' = fr, fr and JH3 =¥ T fraufr

B couples to both f7, fr, W3 couples to both fr,- Rewrite the terms
involving neutral current in terms of mass eigenstates Z,,, A,.

291 cos Oy JHY + gosin Oy J“3} AM—I—[—%gl sin Oy JHY + go cos Oy JH3| Z,

: - - Yy /
Since Ji™ = Yrar(frwfr + frwfr) and ¢ = -+ TgfL, we must
identify e = g1 COS 6Oy = goSinOy.
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Field Theory and EW Standard Model Weak NC

LNC = gZJMZ

Ji = Q{f YufL + g};fwf}z = %géfwf — %gﬁ;fw%f
Important thing:

g} and g}, decided by ¢ and Tsy of the fermions.

R

This means it is exactly the same for all the fermions of a given charge
qr and a given T3y, independent of the generation.

g} = T3(fr) —sin0w a5, g{, = T3(f1) + T3(fr) — 2 45 Sin? by
gl = T3(fr) —sin20u a5, ¢’ = T3(f1) — T3(fR)
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Field Theory and EW Standard Model NC couplings

f v e U d

gl | 3] =3 4sin20y |- Zsin26y | -1+ Lsin20y
gk | 0 sin2 Oy —2sin? 0y Lsin? oy,
f1 _1 1 _1

9ga | 2 2 2 2

gl, | 31 =L +2sin20y | 3 —4sin?0y | -3+ Zsin?oy

gy ~ 0 for sin 6,, = 0.25.
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Field Theory and EW Standard Model CC vs NC

Charged current couplings include V;;, ie the W couples flavours
across generations.

Weak neutral current couples fermions of the same charge and always
of the same generation. NoO cross-generational or flavour changing
weak neutral current.

We will take this up later when we discuss quark phenomenology
further.
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Field Theory and EW Standard Model Effective weak interaction

The W and Z exchange generate effective interaction Hamiltonian

which can describe various charged current and neutral current pro-
cesses.

Consider: e~ + v, — pu~ + ve a charged current process

— 92
2
cc _ 9 W+ W —
= \/EJ“ J
with J}/ T = 71 (1 —y5)p etc
Gp _ 9y _ %
V2 Mg 8ME,
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Field Theory and EW Standard Model Effective weak interaction

The Z exchange generates effective interaction Hamiltonian for neu-
tral current processes such as: e” +v, = v,+e ORe 4y — vy+e

- g2
97 — Cos 0,

NC _— 9% Z A
MG = iz T

p\/—JMZJ“’

M§;>>q . 7 . fz
with  Ji = gpfwfL
g{gfwfR
where
o= 9z My My

292, M2~ Mz cos? Oy
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Field Theory and EW Standard Model Effective weak interaction

2 2 2
292, M2~ Mz cos? Oy cc

p measures the ratio of strengths of the coupling in My and Mgc.

For the WS model p = 1 and Only if we choose doublet for the
Higgs representation.

Initially measurements of neutral current processes gave p~ 1 and in-
dicated correctness of this picture! Before the experimental discovery
of the W/Z.
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Field Theory and EW Standard Model Couplings of particles with h

The couplings with the h depend on the representation to which ®
pbelongs. For the doublet,

_ h\ 2
£<D|umjtarygauge = Ly, + M{%VWJW m 4 1/2M§Z“ZM} (1 -+ ;)

Not just the mass but the coupling of a Higgs to a gauge boson pair
also comes from the Covariant Derivative term.

M?2 .
ghvy = —-(—214).
Thus AVV coupling is proportional to the gauge boson masses!

What about couplings of fermions to A7
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Field Theory and EW Standard Model Fermion masses: leptons

It was really Weinberg’s genius that he saw that exactly the same
mechanism can be used to give masses to the fermions by postulating
a gauge invariant term for interaction between the fermionic matter
fields and the Higgs field!

e — —f*ezchbelR + h.c.

yukawa

with €1R — €R and ZlL — ( gf >
L

Check this by working out Y and 17}, for this Lagrangian. It should be
a singlet under SU(2);, and U(1)y.

In the unitary gauge then with the choice of

;o O
P = ( 1/v2(v + h(z)) )
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Field Theory and EW Standard Model Fermion masses: leptons

we get

¢ hawa = —L2 @Erer) (1 + h/v) + hec.

Thus we have me = —|—f*€fu/\/§ and the hee coupling is proportional
tO me.

Thus the leptons now have a nonzero mass. it is generated from a
term which is gauge invariant. Just like the vector boson masses this

mMass issue too is sorted out in a gauge invariant way

The couplings of a fermion to the h is then proportional to me
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Field Theory and EW Standard Model Masses for quarks!

Some extra work is needed for the case of quarks:
[’yukawa — f*dQZLCDd;R f*uQZLCDU]R + h.c.
where ® = iord*.

Note : Both the terms are SU(2); invariant (by construction). What
abut U(1)y? Recall the gauge transformation ea:p(—zozYz)

One term involves ® and the other ® because we want the £ to be
invariant under U(1)y also.

With, Yo, = +1/3, Yy, = —2/3, Y,gp = +4/3 the first term has
Y = 0 with @&, the second term has Y = 0 only with an SU(2);
doublet which has Y = —1. & most economic choice!
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Field Theory and EW Standard Model Mass matrices!

In the unitary gauge then with the choice of

; 0
v ( 1/V2(0 + h(z)) )

we then get

*d *U
fz] fii

Lyukawa = 5V d,(1+ h/v) — 5V w;r (1 + h/v)u;R + h.c.

The mass matrices are:

*d

d——l—f—vandmd’——l—\/—
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Field Theory and EW Standard Model Mass matrices!

In general f;}d,f;;“ are completely arbitrary matrices in the generation
space.

The mass matrices are not diagonal in the basis dg,ug, in the most
general case.

The states d,u.,t = 1 — 3 are clearly not mass eigenstates.

So this means that mass eigenstates d;,u;,7 = 1,3 are linear combi-
nations of d;, u;.
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Field Theory and EW Standard Model Charged current interaction : Quarks

Recall that interaction is always given by the covariant derivative term.

/ . = — .
For example D, Q,; = |0y — 150 - Wy, — z%lBM] Q1

The charged current interaction term written using the covariant
derivative is for example:

L = 2goulpy*dj Wi+ h.c
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Field Theory and EW Standard Model Charged current interaction : Quarks

One can prove that in the most general case, after diagonalisation of
both the m% m¥% matrices this becomes

£ = Vagouytdi, x VEEM 4+ hee.

VOEM js the Cabibbo-Kobayashi-Masakawa mixing matrix.
In your flavor physics course you will hear much more about it!

In fact for two generation case this is just the Cabibbo mixing matrix.
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Field Theory and EW Standard Model What was Cabbibo mixing?

Step back to pre gauge theory days:

V-A theory had told that the basic unit of charged current weak
interactions is a doublet of left handed fermions.

Wy

er(fr)
J/L = Gueak 1;’7/1(1 - %)W

AS=AQif f=sf =u
f and f’ differ in charge by one unit. For strange quark case AS =1

Called Charged Current J7C.
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Field Theory and EW Standard Model Cabbibo mixing

Cabbibo’s important observation phys. rev. Lett. 10, 531 (1963)

The strength of all the three types of weak transitions AS =0, AS =
1 and pure leptonic was equal iff appropriate doublet was

u — u
dcosf.+ ssinb. | — \ d

0. called Cabbibo angle, experimentally determined value : ~ 12°.

Interaction eignestate: d' = dcosé. + ssinf.. Bjorken and Glashow
(1964) postulated a new quark ¢, with same quantum numbers as
the u quark, which forms a doublet with orthogonal combination s’ =
scosf.—dsinf.. The correct charged current coupling to W is then

uyu(1 — v5)(dcosbe + scosb:) = uvy, (1 — vs)d'.
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Field Theory and EW Standard Model Generation mixing!

Thus phenomenologically generation mixing was observed even before
the Weinberg model was postulated.

The mass generation mechanism for quarks seems to naturally ac-
commodate the quark mixing!

If VOEM nhas to accommodate CP violation then it needs to be com-
plex matrix. This needs three generations.

So this was the prediction of of Kobayashi and Maskawa that if the
SM has to ‘describe’ the observed CP violation in terms of quark
Mixing one needs three generations!
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Field Theory and EW Standard Model FCNC

We already noticed that in the SM the way we have constructed it
there are NO generation changing couplings of the Z boson

Recall J7 = g1 Pyt + ghFvufr

Now you can check easily for example, dyudy +5vusy = d'vud; +5yus)

Recall also g£ and g£ are the same for d,s. Hence JE IS the same
whether expressed in terms of the interaction eigenstates or the mass
eigenstates.

This happens because the left handed quark fields in the successive
generations belong to exactly the same representation of the EW
gauge group.

This was a theorem proved by Glashow and Weinberg.
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Field Theory and EW Standard Model FCNC

The next point we wish to discuss is how the SM 'naturally’ accom-
modates the observed suppression of the flavour changing neutral
current processes: FCNC at loop level as well. Before we engage
with that, let us discuss a bit more about Cabibbo mixing again.
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Field Theory and EW Standard Model Reminder of Cabbibo mixing

Current eigenstates that couple to the W are two doublets:

u C
(dcosec—kssinec) <—dsin90—|—scosec>

Quark mixing in two generations can then be represented by

d\ [ cos6. sin O, d
s ]\ —sinf. CcOS O, s

JTC = dvu(1 = y5)u + (1 — y5)c

(recall the ff'W vertices we saw yesterday )

Charm was postulated. EXxistence of the charm does the trick of
making Flavor Changing Neutral Current vanish at least at tree level
by making sure that a vertex dsZ does not exist. What would have
gone wrong if it had existed?
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Field Theory and EW Standard Model Tree level FCNC

K+

Weak C'C Weak NC

v

KT, su bound state. K™ — uTv, : weak charged current decay, AS = 1. Happens
at usual weak rates.

KO is a 5d bound state. If a weak neutral current with AS %= 0 (Flavor Changing
Neutral Current: FCNC) were to exist with the same strength as the weak charged
current. It does not happen in practice.

Because Kg — ,uﬂr happens very rarely (one part in 108 among all K; decays)
Once we have two quark doublets, tree level FCNC vanishes auto-

matically. ©
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Field Theory and EW Standard Model An aside : Rabi Who ordered muon?

Is Rabi’'s question answered?” We somehow show that we need a new
quark.

Still no answer to Rabi's question 'who ordered the u the second
generation of leptons?

Bute can we say FCNC ordered a new quark?

What this tells is that all the left handed fermions have to appear as
SM doublets.

Second point : Quantum properties of the SU(2); xU(1) gauge theory
imply that the number of generations should be equal for quarks and
leptons. (Anomaly cancellation!) (Will mention in the end if possible)
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Field Theory and EW Standard Model Loops and GIM.

What happens to FCNC with loops?

If charm contribution in the second diagram is not included the pre-
diction for this flavour changing decay will be much too big compared
to data.

Absence of Flavour Changing Neutral Currents is granted in the EW
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Field Theory and EW Standard Model Loops and GIM.

theory ONLY IF CHARM exists. FCNC prediction will be exactly zero

iIT me = my,.

Of course in real life me #= my. SO the FCNC exists but depends on

m2 —m?2. Observed FCNC can then constrain me

For any physics beyond SM this is always a constraint that HAS to
be satisfied.

This cancellation is an example of the Glashow-Iliopoulos-Maiani (GIM)
cancellation mechanism.

A very simplistic presentation given here.
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Field Theory and EW Standard Model

Predicting scales!

Loop vyields a finite result only in
the four quark picture the result
of the calculation and is

AMg __ G% 2

Mp — 4rx'Mc
= 7 x 10715
Predicts m¢c ~ 1.6 GeV.

The November revolution: Dis-
covery of Charmonium at 3.1 GeV
was the first step in validation of
the SM as a renormalisable Gauge
theory!

NEEDS GIM cancellation!

cos? 0.sin? . f2

October 6-8, 2022. 2022 AEPSHEP school, Pyeongchang, Korea. 37



Field Theory and EW Standard Model Importance of p being unity!

2

Value of p = nggfg%w depends on the representation of the Higgs.

Consider a real SU(2), triplet (I' = 1,Y = 0), scalar : = = | ¢0
e
Here, Q = T3, + % Only ¢9 can develop nonzero vev. We then have
0
(Z)o = vz
0

Calculate again (D,£)T(DHE). We find Z now remains massless. Thus
the desired symmetry breaking is not brought about by this scalar
field. Only three scalar fields and one field develops the nonzero vev.
We dont have enough Goldstone degrees of freedom to give mass to
all the gauge bosons.

October 6-8, 2022. 2022 AEPSHEP school, Pyeongchang, Korea. 38



Field Theory and EW Standard Model Importance of p being unity!

On the other hand if one uses a complex SU(2); triplet with T =
1,Y =2, then

Only Rex® can develop nonzero vev.

o~

0
(X)o=1| O

V3¢

Now we have 6 scalar fields and enough Goldstone modes are available
to give masses to both W and Z. Calulating (DM)A(/)T(D“)A(/) gives us
p = 2. The model also has two doubly charged Higgses.
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Field Theory and EW Standard Model Custodial Symmetry

For a Higgs doublet we can trace p = 1 to an accidental symmetry of
the Higgs potential.

V(P) = p?dTd + A\(dTd)?
PTd = Re(¢1)? 4+ Sm(¢1)? + Re(¢2)? + Sm(¢2)?

Has an SO(4) symmetry for the rotation of a vector

%8(@2))
_ | Sm(¢2
=1 Re(o1)

SIm(¢1)

Of course after the SSB this symmetry is lost as ONLY one field gets
NnoONnzero vev.
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Field Theory and EW Standard Model Custodial Symmetry

However an SO(3) symmetry is still retained as the remaining all three
have a zero vev. This is reflected in the equality of mass term for all
W. This guarantees that p =1

Remember the discussion of last lecture of Glashow paper. In that
matrix if one puts Mg, = M3,, one gets p = 1.

Thus whatever may be the mass generation mechanism as long as one
respects this symmetry p = 1. However, this symmetry is broken, e.g.,
from mass splitting between the two members of T; = 1/2 doublet
of SU(2);. In the limit of these being small, p will remain close to
one in the SM even after radiative corrections! Will come to this in
the last lecture.

Of course if we find evidence of p differing from the value predicted
even after including radiative corrections then we start looking for
contributions from additional Higgs multiplets! Can be relevant for
possible My, discrepancy.
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Field Theory and EW Standard Model Early tests of EW unification

Determination of Neutral Current couplings and hence Sin2 Oy (circa
1981). Also gave p ~ 1.

So how were the weak neutral current couplings were measured? Re-
call they were all given in terms of just sin 6.

This is independent of M. At low energies analyse the processes in
the language of contact interaction. At high energies include the Z
mass.
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Field Theory and EW Standard Model Weak neutral current couplings

f v e U d

gl 5 —3+sin?0y | 5 —3sin?0y | -3+ Lsin20y,

gk | 0 sin? Oy —Zsin? 0y Lsin? oy,
fl1 1 1 1

ga | 2 2 2 2

g, | 3 L4 2sin26y | 3 —4sin20y | -1 + 2sin20y,
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Field Theory and EW Standard Model Cross-sections

Process do /dy o
vpte = pu e A s(g7)%(g5)? A s (97)%(97)?
vute = vuten A s(97)? [(90)? + (1 = v)?(95)?] A s (97)%[(95)2 + 5(953)7]
Dute = bute | As (972 [(97)° + (1 —v)?(95)?] A s (97)? [5(95) + (97)?]

ve+e s vete | As (g9)? (97 +1)2 4+ (1 —)2(9%)?] | A s (g7)? [5(95)% + (g + 1)?]

Uete = vete | As (g9)?[(93)2+ (1 =297 +1)2] | A s (g9)? 5095 + 12 + (95)?]
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Field Theory and EW Standard Model In addition

In addition ete™ — p~pt process involves the same neutral current
couplings.

~v interactions are parity conserving and Z interactions are parity vio-
lating.

Hence the interference as well as pure Z contribution will cause asym-
metric emission of =~ wrt the (say) e~ emission. A forward-backward
asymmetry
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Field Theory and EW Standard Model

In addition
One can calculate the FFB asymmetry

JU- o(cosO* > 0) — o(cosb* < 0)
FBY ™ 5(cosor > 0) + o(cos 6+ < 0)

2 2

ALplocnz = —i—Gﬂsgi é : Al gl 2 ~ L

5K 2 A4Gys ! S= 2°
7 V2 e 1A% 7 (9124 -+ 9‘2/)

where s is the square of the c.m. energy. In the 80's one had

PEP/PETRA going upto /s = 30 GeV and the TRISTAN upto

Vs = 60 GeV. Universality of all the lepton couplings with the Z
IS assumed here.
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Field Theory and EW Standard Model MW -1979

El 51"' lay 7 e
3 " b, + ‘‘‘‘‘‘‘‘‘ o
Z| a B ik i T
I E ﬂ s o= ":".'_-:_,_ .
= Z =
- . g
= 5% lc -1 1 A
- - ete —|*|~
-10% ¢ (95% C.L.)
L | | 1 1 i ]

0 02 04 06 08 10
cos B

sin2 @y, = 0.27 + 0.08. Validated the EW unification idea. This gave
GSW their Nobel Prize already in 1979 but the measurement of
sin? @y was poor and precision for predicted My, My was ~ 10 GeV.

Note our energies were way below the My, Mz. 'indirect’ effects can
give us information about the physics at much higher scales.

This is the reason for pushing for precision calculations and precision
measurements.
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Field Theory and EW Standard Model MW-1983

A better measurement of sinf,, came from v N scattering experiments
and polarised e -Deuterium scattering experiments, assuming the SM:
sin2 6, = 0.229 + 0.009 (One assumed doublet Higgs)

This gave a SM prediction (indirect) for the masses :
My, ~78.154+ 1.5 GeV; My ~ 89+ 1.3 GeV.

The UA-1/UA-2 measurement was

My =804+10—-6 GeV ,M7;=919+1.3+1.4 GeV,

SM prediction agreed within errors with the measured values. (Rub-
bia and Van der Meer got their Nobel prize for this).
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Field Theory and EW Standard Model Intermediate flutters

1) Evidence of right handed charged currents!

2)Disagreement with the SM prediction of polarisation asymmetry of
DIS cross-section.

But both vanished soon (as Mark Twain said the rumours of the death
were highly exagirated). The DIS gave one of the most accurate
determination of sin?#6,, at that time, because the effect was linearly
dependent on gy, .

/
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Field Theory and EW Standard Model Anomalies

I already mentioned constraints implied by anomaly cancellations.
Anomalies direct us to the correct particle content of the theory!

What are anomalies? Gauge invariance of axial current JB = Yy 5’
IS not preserved in a quantum theory in not preserved by dimensional
regularisation due to the presence of ~5. Ie. even if we start with
OuJE = 0 at loop level the RHS develops a nonzero value.

For renormalisbility of the theory gauge invariance has to be pre-
served. But such nonzero value will break it and hence spoil the
renormalisability.
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Field Theory and EW Standard Model Anomalies

Following triangle diagrams can give nonzero contribution to the ('BMJg.

Jia Bu B
aﬂ J au J5 au J5

wh wy B,

Luckily these contributions, are independent of the mass of the fermion
in the loop except for a coefficient decided by the representation to
which the fermion belongs. Hence way to handle this is if the sum
over all fermions in the loop vanishes. Anomaly cancellation

The requirement then predicts that SM must have equal number of
quark and lepton generations.
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Field Theory and EW Standard Model Accurate measurements
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Solid line is the SM fit. Phys. Rept. 427, 257 (2006). Large
electromagnetic and QCD radiative corrections. Initial state radiation
makes the curve asymmetric near the resonance.
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Field Theory and EW Standard Model SU(2) x U(1) directly tested!

Direct 'Proof’ of Symmetry and Symmetry breaking!!

Vs > 189 GeV: preliminary

| . P

LEP B 1 Proof that electroweak symmetry
20 o 1 exists and that it is broken.

' | 1 The triple gauge boson ZWW
coupling tames the bad high
energy behaviour of the cross-
section caused by the t-channel
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