Interactions ...

Ly-p = —%[57“(1—75)61/1/; +evH(1—5)v W, ]

+ similar terms for 4 and 7

Feynman rule:

e

ﬁ%(l —s)

gauge-boson propagator:

%4
_ —ilgu — kMkV/MI%V)
k2 — M2, '
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Compute v,e — pur,

( ) g4meE1/ [1 o (m/% o mg)/QmGEV]Z
Ve — V) =
o\ B 167ME — (1+2m.E,/MZ,)

Reproduces 4-fermion result at low energies if

g° 2
= 2G
16 M, o

GFMgv)2

= g* =32(GpM2)? =64 ( 7

’—l

Using My = gv/2, determine

1
v = (GpV?2) 2 ~ 246 GeV

the electroweak scale

= (¢")o = (GF\/§)‘% ~ 174 GeV
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IV -propagator modifies HE behavior

( ) g*meE, 1 - (mi — mg)/QmeE,,]Q
Ve — V) =
T\t H 167ME ~ (1+2m.E,/MZ,)

4 2 2
: B g o Gy My,
plim oWe = pve) = oo e = = 7

independent of energy!

partial-wave unitarity respected for

s < M2 [exp (7v/2/GpM3,) — 1]
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1V -boson properties

No prediction yet for My, (haven't determined g)

Leptonic decay W~ — e e

My My sinf® My cos 6
e(p) p= : 0,
| 2 2 >
W- @
' My My sin My cos 6
Ve(q) q= ) — 0, — ———
2 2 2

V2

et = (0;€): W polarization vector in its rest frame

2 2
M= i (%) a(e, p)yu (1 — 75)v(v, q)

M| = ———tr[¢(1 —vs)d(1 +5)7 P ;
V2
tr[--:] = [e-qe"-p—e-e"q-pte-pe”-q+icuvpoctq e p7]

decay rate is independent of W polarization; look first at
longitudinal pol. e# = (0;0,0,1) = &*#, eliminate €, o

M? = 4G p My,
V2

sinZ 0
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dro _ M Sis
dQ  64w2 M3,

S12 = \/[M‘%V — (me + my)2][M‘%V — (Mme —my)?| = MX%V

GprM?3
dlo — W 29
dQ 16722

and
GrM3,

(W —ev)= -~

Other helicities: €'/ ; = (0; —1, F4, 0)/v2

dl’ GrM;
L u(1 T cos f)?
dQ 32722

Extinctions at cos@ = +1 are consequences of angular

momentum conservation:

€

o
I (0 =0) forbidden I (0 = ) allowed

De (4

(situation reversed for W1 — eTv,)
et follows polarization direction of W+
e~ avoids polarization direction of W —

important for discovery of W= in pp (gq) C violation
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16 b UA1
75 EVENTS

Background subtracted
and
acceptance corrected

12 F

{1vtosB:Iz\

#*
e

1/N. dN/dcos B

0.4

L el 1

-10 =06 =02 0.2 0.6 1.0

&
cos Q¢

Fig. 2. The W decay angular distribution of the emission angle
6* of the electron (positron) with respect to the proton (anti-
proton) direction in the rest frame of the W. Only those
events for which the lepton charge and the decay kinematics
are well determined have been used. The curve shows the (V
~ A) expectation of (1 + cos 0*)3.
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Interactions ...

/

Ly = 99 ey'eA,

C Vg

... vector interaction; = A, as 7y, provided

Define ¢’ = g tan Oy, Oy - weak mixing angle
g = e/sinfy >e
g = e/cosby >e

Z, = bi costy — A, sinfy A, = A, cosOy + bi sin Oy

_g _
£ — — M 1 - Z
_g B
E —e Le M 1 - Re M 1 Z
Z 4cos9W€[ V(1 —v5) + ReYH (1 +75)] €2,
L. = 2sin?fy —1=2xw + 73
R. = 2sin?0w = 2zw
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Z-boson properties

Decay calculation analogous to W+

3
N7 vy = 2Pz
127/2

[(Z—ete”) = I(Z—vp)[L2+ R
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Z-boson properties

Decay calculation analogous to W+

3
N7 vy = 2Pz
127/2

[(Z—ete”) = I(Z—vp)[L2+ R

Neutral-current interactions

New ve reaction, not present in V — A

m (&
Y
(&
G2meE,
o(vpe —vpe) = F27: [Lg + Rg/3]
G2m.E,
o(v,e — pye) = F27: [Lg/3 + Rg]
G2meE,
(Ve — Vee) = F27: [(Le +2)° + RZ/3]
G2meE,
o(Uee — Dee) = F27: [(Le + 2)2/3 + Rg]
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cw'x(IGeV/Ey),cm2

“Model-independent” analysis

Measure all cross sections to determine chiral couplings L,
and R. or traditional vector and axial couplings v and a

a = z(Le — Re) v=2(Le — Re)

Le =v+a Re =v—a

model-independent in V, A framework
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Neutrino—electron scattering

\/
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Twofold ambiguity remains even after measuring all four

cross sections: same cross sections result if we interchange

Re < —Re (v <> a) Consider eTe™ — putpu™

AV
.2 g _
M = —ie’u(p, g ) aQuu(p, q) . v(e, p+)vvu(e.p—)
i [ GFRM2\ _
t3 ( \/§Z> w(p, =) VA[Ru (1 +v5) + L (1 — vs)]v(p, g4)
g>\1/
x —L (e, p ) [Re (1 +75) + Le(1 — v5)]ule, p_)
s — Mz
muon charge @, = —1
do 7'('()&2@/% 5
_ — 1
dz 2s (1+27)

B aQuGrMz(s — Mz)
8v2(s — M2)? + M2I2]

X[(Re + Le)(Ry + L) (1 + 22) +2(Re — Le)(Ry — L)z
G%M%s
64m[(s — M%)2 + M%PQ]

<[(RZ+ L2)(R2 + L2)(1 + 2°) + 2(R? — L2)(R? — L?)Z]

_|_
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Y dzdo/dz — E dzdo/dz
0 1

F-B asymmetry A =
fil dzdo/dz

3G s
s/M2 <1 16maQ V2
S
~ —6.7x107° Re — L)(R, — L
(1) (e — LBy — L)
= —3Gpsa?/4maV/2
m - SPEAR  PEP PETRA  TRISTAN LEP
< ! - OMARKI BAMY  eL3 ‘
075 :_ » MAC OJADE ATOPAZ
E *MARK II AMARKJ YVENU
0.5 F o PLUTO
E +TASSO
0.25 I
0F
-0.25 E—
05 [ _ _
; e'e > u'n
-0.75 F
_1 :I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0 20 40 60 80 100 120 140 160 180

Vs [GeV]
J. Mnich Phys. Rep. 271, 181-266 (1996)

Measuring A resolves ambiguity

Validate EW theory, measure sin? O
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Neutrino—electron scattering

N/

M'l%wt Seluhon
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With a measurement of sin? 6y, predict

M3z, = g*v? /4 = €% /4G pV/2sin? Oy ~ (37.3 GeV/c?)? /sin? Oy,

M% = M3,/ cos® Oy

Mass, GeV/c?

Partial Width, MeV
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BEE  Intermediste Vector Bosons W=, W=, and 2°

ChbPDF m'.r'ir.i..'lsl.ln Com Fig. 1888

UA1
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HH

10"

1 0-33

1 0-35

c [cm?]

10

1 0-39 g /,,, N\

\ IHHH‘ | HIHH‘ | I\IHH‘ | IHHH‘ | HIHH‘ | \II\HI| | II\IIH‘ | \HHH| | \IHHI| [ LI
100 10 10%  10® 10" 10"
EV [GeV]

At low energies: o(Dee — hadrons) > o(v,e — pve) >

o(Vee — vee) > o((vee — Tup) > 0(Dee — Dee) >

o(vue — vye) > o(Uye — Uye)
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EW interactions of quarks

> Left-handed doublet

1 2
| — u 2 +3 1
a7 3
d 1 _1
L 2 3

> two right-handed singlets

I3 Q Y = 2(Q_I3)

Ry = ugr 0 —|—% —|—%
Rqy = dg 0 —1 —2
> CC interaction
Lw-q = —2 [y (1 — v5)d W +dy* (1 —vs5)u W]

2v/2

identical in form to Ly -¢: universality < weak isospin

> NC interaction

> @y [Li(1—75) 4+ Ri(1+75) 42y
=u,d

Lo _J
Zma — 4(:080W

Lq; = T3 — 2@7; Sin2 0W Rq; == —2Q7; Sin2 0W

equivalent in form (not numbers) to L
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Trouble in Paradise
Universal u < d, ve < € not quite right

U U

Good: — Better:
d dg

L L

dg =d cosOc + ssinfo  cosfc = 0.9736 & 0.0010

“Cabibbo-rotated” doublet perfects CC interaction (up to
small third-generation effects) but = serious trouble for NC

Lgq = —9— Z,{a7v" [Lu(l —75) + Ru(l +75)] u
4 cos Oy

+dy* [La(1 —75) + Ra(1+ v5)] d cos” O

+5v" [La(1 —5) + Ra(1 +5)] s sin” ¢

+dy* [Lg(1 = v5) + Ry(1 4 v5)] s sin 6 cos b
+ 57" [La(1 —v5) + Ra(1 + 5)] d sinO¢ cosOc }

Strangeness-changing NC interactions highly suppressed!

%
1%

- _ BNL E-787/E-949 has three
S ) ) d n KT — 7tup candidates,
KT @ with B(KT — 7wtup) =
> —

u 1477520 x 10710

(SM: 0.8 +£0.3) Phys. Rev. Lett. 93, 031801 (2004)
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Glashow-lliopoulos—Maiani

two left-handed doublets

Ve v, u c
e~ [ dg So
L L L L
(sg = s cosbc — d sinfe)

+ right-handed singlets, er, g, ur, dr, cr, Sr

Required new charmed quark, c

Cross terms vanish in Lz,

qi

Toos 0 W =) Li + (1 +95)Ri]

qi

Lz’ — T3 — QQz’ sin2 HW Rz = —QQZ' sin2 HW

flavor-diagonal interaction!
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Straightforward generalization to n quark doublets

c
flavor structure O =
composite ¥ = 0O O
d U: unitary quark mixing matrix
S

\ )

Weak-isospin part: iZSC_’ — _—glfffy“(l—fyg,) [O,OT] \J
9 4cosbw
_ ; I 0
Since 0,01 = & T3
0o -1

= NC interaction is flavor-diagonal

General n X n quark-mixing matrix U
n(n —1)/2real £, (n — 1)(n — 2)/2 complex phases
3 x 3 (Cabibbo—Kobayashi-Maskawa): 3 £ + 1 phase

= CP violation
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Qualitative successes of SU(2)r ® U(1)y theory:

> neutral-current interactions
> necessity of charm

> existence and properties of W* and Z°

Decade of precision tests EW (one-per-mille)

My 91 187.6 4= 2.1 MeV/c?

Iy 2495.2 + 2.3 MeV
oD drome  41.541 4 0.037 nb
Dhadronic  1744.4 £2.0 MeV
Dleptonic  83.984 4= 0.086 MeV
Dinvisible 499.0 + 1.5 MeV

where Finvisib|e = FZ - Fhadronic - 3FIeptonic

light neutrinos N, = Finvisib|e/FSM(Z — V)

Current value: | N, = 2.994 4+ 0.012

... excellent agreement with v, v,, and v,
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Three light neutrinos

35 —
: ALEPH
30 ‘

25

20

g (nb)

15

10

Energy {(GeV)

Chris Quigg  Electroweak Theory - Fermilab Academic Lectures 2005 100



The top quark must exist

(), (),

don't account for CP violation. Need a third

> Two families

family ... or another answer.
Given the existence of b, (7)

> top is needed for an anomaly-free EW theory
> absence of FCNC in b decay (b s{T{~, etc.)

> b has weak isospin I3, = —%; needs partner

(%),

Ly=131, — Qbsin2 VANt
ZO
Rp= I3 — Qupsin® by
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Measure 1.2 = —0.49079:91% 1{") — _0.028 + 0.056

1

Acgle*eobb)  CONTINULM

0.4

0.2

0.0

-@.2

-1 / 0.5 ' .
Lb - R.b

M(Eobp) T —

(L Qb)/[ +Ry )

Needed: top with I3, = ++

D. Schaile & P. Zerwas, Phys. Rev. D45, 3262 (1992)
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