o Electromagnetism is mediated by a massless photon,
coupled to the electric charge;

o Mediator of charged-current weak interaction acquires
a mass M%/ = 7rcy/GF\/§sin2 Ow,

o Mediator of (new!) neutral-current weak interaction
acquires mass M2 = M%//cos2 Ow:;

o Massive neutral scalar particle, the Higgs boson,
appears, but its mass is not predicted;

e Fermions can acquire mass—values not predicted.
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Expand about the vacuum state
0

Let ¢ = ( (v+1)/V2 ); in unitary gauge
Locatar = 3(0"0)(9un) — 1?0
S 15 [+ (8, g
+ interaction terms
“Higgs boson” 7 has acquired (mass)? M? = —2u2 > 0

Define Wt =
: V2

222
8

(WP + |Wo ) <= M = gv/2
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(v2/8)(g" A, — gbE)? ...

Now define orthogonal combinations

S _ —g' A, + gb} A gA,+g'b;

o Vetrer " Ve teR

Mz = \/g>+ g2 v/2 = My+\/1+ g?/g?

A, remains massless
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LYukawa - _geL\j_im(éReL‘FéLeR)

_SeVao Sella,

V2o W2

electron acquires m, = C.v/V/2

Higgs-boson coupling to electrons: m./v (o< mass)

Desired particle content ... plus a Higgs scalar

Values of couplings, electroweak scale v?

What about interactions?



Interactions . ..

g - _ _
Loy = —ﬁ[yq/“(l — ¥5)eW, + &y"(1 — ys5)r W]

+ similar terms for p and 7

A —ig
1_
2\/5’)/)\( ’75)

AU . _i(guu - kukl//MIgV)
- kK — M2, '
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Compute v e — pve

( ) g*m.E, [1 — (m’ — m2)/2m.E,J?
V€ — W) =
ONne T 1) = 162 ME (1 + 2maE, /M2,
Reproduces 4-fermion result at low energies if
4 2\ 3
g 2 g GFMW) 2
—— =2Gf = =
16 My, P72 < V2

Using My, = gv/2, determine the electroweak scale

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

= (%) = (GF\/é)—% ~ 174 GeV
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W-propagator modifies HE behavior

g*m.E, [1 — (m: — mZ)/2m.E,?
167M%, (1+2m.E,/MZ))

o(v,e — uve) =

4 2 N2
g GEMy,
pim o(ve — o) = 50 = =5

independent of energy!

Partial-wave unitarity respected for

s < M2 [exp (mv2/ GeMZ,) — 1]
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W-boson properties

No prediction yet for My, (haven't determined g)
Leptonic decay W™ — e 1,

My My sinf My cos 6
) pE( g 0
w-
~ My Myy sin Myy cos
l/e(q) q= 77 - 9 705 - 2

—_

2
M=—i (GFMW> ’ u(e, p)yu(l —s)v(v, q) e

V2
et = (0;€): W polarization vector in its rest frame
GFM?
2 F
IM™ = Ptr [7(1 —s)d(1 +5)7 P
V2
tr---] = [e-qe"-p—e-e"q-pte-pe"q+icupecq’e’p’]
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tr---] = [e-qe"-p—e-e"q-pte-pe"-q+icupec!q’e’p]

decay rate is independent of W polarization; look first at longitudinal pol.
et =(0;0,0,1) = *#, eliminate €,,p0

4GEMY, .
IM? = W sin2 g
NS
dfo M Si

Si2 = /[M3, — (me + m, 2IIM3, — (me — m,)?] = M3,

dfo _ GeM},

dlo GeMiy
dQ 16722

.2
sin“ 60 MW — ev) =
(W= ev) 6m\/2
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Other helicities: %, = (0; —1,Fi,0)/v2
dey  GeM3,
dQ 327m2./2

Extinctions at cos§ = +1 are consequences of angular momentum
conservation:

(1 F cos )?

w- TT U (0 = 0) forbidden 2 (0 = ) allowed

Ve e

(situation reversed for WT — etw,)
e follows polarization direction of W™
e~ avoids polarization direction of W™

important for discovery of W in pp (gg) C violation
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sl UA1 )
75 EVENTS
Background sublrached
and
seceptance correched
1k -
Iheos
&
§
i L1y 3 9
g
(Y -
=10 -ﬂll -; H ﬂ'i ﬂ" "W
ma:

Fig. 2. The W decay angulas distribution of the emimion angle
#* of the elecron (poritron) with respect to the proton (anth
proton) direction in the rest frame of the W. Only those
events for which the lepton charge and the decay kinematics
wre well determined have been used. The curve shows the (V'
- A) expectation of {1 +cor#*F,
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Interactions . ..

Define g’ = gtanfy, Oy : weak mixing angle

g = e/sinfy >e
g = e/cosOy >e

Z, = bz costw — A,sinfy A, = A, cosly + bi sin Oy

‘CZ—V = &

= —=_pyH(1 — Z
4c059Wwy ( 75)v "

Purely left-handed!



Interactions . ..

Lr-e= 2 &[Ley"(1—5) + Rey"(1 +15)] € Z,
4 cos Oy
Le = 2sin?0py —1=2xy +73
Re = 2sin®0y = 2xp

Z-decay calculation analogous to W*

GEM3
127v/2
[(Z—efe”) = I(Z—wvp)[L2+R?]

NZ—-vwvwv) =
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Neutral-current interactions

Vﬂ e
New ve reaction, not present in V — A
Vu
e
G,?-meE,, 2 2
o(vpe = vue) = ——— [Le+Re/3
GZm.E,
o(v.e — v.e) = % [L2/3 + R?]
GZm.E,
o(Vee — vee) = ,:277: [(Le + 2)2 =+ R§/3}
GZm.E,
o(Tee = Tee) = —F = [(Le+2)°/3+Re]
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Gargamelle 7, e event (1973)
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o Electromagnetism is mediated by a massless photon,
coupled to the electric charge;

o Mediator of charged-current weak interaction acquires
a mass M%/ = 7rcy/GF\/§sin2 Ow,

o Mediator of (new!) neutral-current weak interaction
acquires mass M2 = M%//cos2 Ow:

o Massive neutral scalar particle, the Higgs boson,
appears, but its mass is not predicted;

e Fermions can acquire mass—values not predicted.

Determine sin’ 6, to predict My, My
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“Model-independent” analysis

T T T T

r 7

e e—y &

Vo e— 7 €

o x(16eV/E, ), cm?

0.4 06 [o2:] 10
si n2 8

O|ll|
o
N

w

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

a=3(Lle—R) 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™ — putp~

M = —ieu(p, q- ) Quv(p, q+)g v(e, p4)ywu(e.p-)
> (Gfgz) (g, =) IRu(1 +5) + Lu(1 = vs)]v(k, g+)
Av
<o 7e P R(L+ 75) & Lell = 2s)]u(e, )

muon charge Q, = —1
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e — ptu

do To? Q]
E = 725 (1 + z )

 aQ,GeM3(s — M3)
8v2[(s — M2)2 + M2r?]
X [(Re + Le)(Ru + L) (1 + 2%) + 2(Re — Le)(Ry — Ly,)2]
GEMSs
6477[(5 — M2)2 + M212]
x[(R2+ L2)(R: + Lp)(1 + 2°) + 2(R2 — L2)(RZ — L})2]
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Measuring A resolves ambiguity

[y dzdo/dz — [°, dzdo/dz
[}, dzdo/dz

Forward-backward asymmetry A =

. 3GFS
im A = ——(Re—L)(R.—L
s/M2<1 167raQH\/§( e~ L)(Ry = L)
— 2
~ —67x107° (1 GeV2) (Re — Le)(R, — L) = —3Grsa’ J4man/2
® [ sPEAR  PEP PETRA  TRISTAN LEP
< 1 ; OMARK |+ HRS OCELLO mAMY elL3
075 ; #«MAC ~ DJADE  aTOPAZ
r *MARK || AMARK J YVENU!
05 [ ¢PLUTO
025 E #TASSO

e 'y

T L Ll o b b e b e by
0 20 40 60 80 100 120 140 160 180
Vs[GeV]
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Neutrino—electron scattering ete™ — putpu~

WN'\-%M. selufion

Validate EW theory, measure sin? 6y
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With a measurement of sin® 6y, predict

M2, = ma/GEV2sin? Oy ~ (37.28 GeV/c?)?/sin Oy M2 = M3,/ cos® Oy,

Mass, Gev/c?

Partial Width, MeV

L 1 ! L 1 1
0 0.2 0.4 06 0.8 1.0
2
sin” By
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First Z from UA1

5666 Intermedizte Vector Bosans W™, W™, and Z'

Boe 1 eV

Pia. e

CRUPDF - wwd fastio.com
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Electroweak interactions of quarks (one generation)

@ Left-handed doublet

I3 QR Y=2Q-h)
1 2
=\ 4 1 1 3
L 2 3
@ two right-handed singlets
I QR Y=2(Q-5hk)
Ry = ugr +% +%
Ri=dr 0 —3 -2
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Electroweak interactions of quarks

@ CC interaction

Ly-q = % [Defy“(l —5)d W; +dy" (1 —vs)u Wﬂ_]

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

@ NC interaction

Lz-q= Z gi" [Li(1 —5) + Ri(1 +5)] qi Z,

4cos(9
i=u,d

L,' =73 — 2Q,-sin2 QW R,’ = —2Qi5in2 0W

equivalent in form (not numbers) to £z,
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Trouble in Paradise
Universal u < d, ve <> e not quite right

u u
Good: (d)L—>Better. <d9 >L

dg =d cosfc +ssinfc  cosfc =0.9736 + 0.0010

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

—g )
y = Z HTL,(1 — R,(1
L7 Zcos Oy, A0V [Lu(1 —5) + Ru(1 +s)] u

+dy" [La(1 = 75) + Ra
+§’)’# [Ld(l - ’}/5) + Rd
+dy" [La(1 —75) + Ry
+ 57" [La(1 = 75) + R4

1+ 95)] d cos fc

1+ 7s)]s sin?O¢

1+ 5)] s sinf¢c cosbc
14 7s5)]d sinfccosbc}

—~~
—_— T~
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Strangeness-changing NC interactions highly suppressed!

v

vV  BNL E-787/E-949 has three
K+ — ntvi candidates, with
B(Kt — mtup) = 1.5753 x 10710

Phys. Rev. Lett. 93, 031801 (2004)
Tt

(SM: 0.78 £ 0.11: U. Haisch, hep-ph/0605170)
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Glashow-lliopoulos—Maiani

two LH doublets: ( Vf ) ( V’i ) ( Y ) ( ¢ )
e Jr \ K /g do ), \ S0 /|

(sp =s cosOc —d sinflc)
+ right-handed singlets, egr, pr, UR, dr, Cr, Sk
‘Required new charmed quark, c‘

Cross terms vanish in Lz_g,

qi

A —ig
Toos W =)L + (1 +)Ri]

qi
L,‘ = T3 — 2Q,’ sin2 HW R,' = —2Q,-sin2 9W

flavor-diagonal interaction!
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Straightforward generalization to n quark doublets

Lw-g = —& [U7"(1— 75)O0V W, +h.c)]

2v2
u
c
flavor structure O = ( 8 g >
composite W =
d U: unitary quark mixing matrix
s
. . i iso —& T T
Weak- t L55 = Wy (1 - []‘U
eak-isospin part: L7, ryr ] (1-7)|0,0

Since [O,OT] = ( (I) _OI >o<7'3

‘ = NC interaction is flavor-diagonal ‘

General n x n mixing matrix U: n(n—1)/2 real £, (n—1)(n — 2)/2 complex phases

3 x 3 (Cabibbo—Kobayashi-Maskawa): 3 £ + 1 phase = CP violation



Successful predictions of SU(2), ® U(1)y theory:

@ neutral-current interactions
@ necessity of charm

@ existence and properties of W= and Z°
+ a decade of precision EW tests (one-per-mille)

Mw 80398 + 25 MeV
Mw 2140 £ 60 MeV

Mz 91187.6 £ 2.1 MeV
Mz 2495.2 4 2.3 MeV
00 dromc  41.54140.037 nb
rhadronic 1744.4 :l: 2.0 Mev
Fleptonic ~ 83.984 + 0.086 MeV

F;m,is;b|e 499.0+1.5 MeV

rinvisible = rZ - rhadronic - 3r|eptonic
light v = Ny, = Tinvisible/T>M(Z — vi7;) = 2.994 + 0.012  (ve, vy, vr)
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Three light neutrinos

a (nb)

S T S E S AR BRI AR

88 B89 90 91 92 93 94 95

Energy {GeV)

Neutrinos in Electroweak Theory



v,N — p~ + anything: influence of W propagator

d? 2G2ME, M2 2
o _ 26k ( w )[xq(x,o2)+xa(x,o2)<1—y)ﬂ

dxdy T Q2 + I\/Ia/
oy Uv(X’ Qz) + dv(X’ Qz) us(Xa Qz) + ds(X’ Qz)
q(X’ Q ) - 2 + 2
+55(x, Q%) + bs(x, Q%)
2 2
a(x’ Q2) _ US(X7 Q ) + ds(Xa Q ) + Cs(X, QZ) + tS(X, Q2)’

2

.. .Isoscalar nucleon
x=Q*12Mv y=v/E, v= E, —E,
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Occ [em®]

10—36 10—35 10—34 10—33 10—32 10—31

b

i

AR

PRI RTTIT EERETTT BRI EEWTTT BT B
10* 10° 10°® 107 108 10°
E, [GeV]

10

FRTTTTY T
1010111012

Occ [em?]

10—36 10—35 10—34 10—33 10—32 10—31

AR

F/
r
-.......I PETTTY EETRETTT EEWETIT R TTTT BRI EEWTTT BT R
10* 10% 10° 107 108 102 10% 011017
E, [GeV]
M. H. Reno
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Ve cross sections . . .

LRALLL BRI BRI B RALL R AL R T T T T

10%

1 0-33

o [cm?]

1 0-35
1 0-37

1039: ,"”

y“ 1l H‘ LIl \H‘ L1 H‘ LU
100 10t 100 10° 109 107
E, [GeV]
At low energies: o(7.e — hadrons) > o(ve — pve) > o(vee — vee) > o((vee —

Dyupt) > o(Vee — Uee) > o(vue — vye) > o(vue — vye)
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Measurement

Fit

|omeas_o1i1| /omeas
3

Z

Ao (m,) 0.02758 +0.00035 0.02768

m, [GeV] 91.1875+0.0021 91.1875
I,[GeV]  2.4952+0.0023  2.4957
ohgnbl  41.540£0.037  41.477
R, 20.767+0.025  20.744
Ag 0.01714 +0.00095 0.01645
A(P) 0.1465+0.0032  0.1481
Ry 0.21629 +0.00066 0.21586
R, 0.1721£0.0030  0.1722

o 0.0992+0.0016  0.1038

e 0.0707£0.0035  0.0742
A, 0.923 +0.020 0.935
A, 0.670 £ 0.027 0.668
A(SLD) 0.1513£0.0021  0.1481
sin6 Q) 0.2324:0.0012  0.2314
my[GeVl  80.398+0.025  80.374
I [GeV]  2.1400.060 2.091
m, [GeV] 170.9+1.8 171.3

o
-
N
w

LEP Electroweak Working Group, Winter 2007
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Why a Higgs boson must exist

> Role in canceling high-energy divergences
S-matrix analysis of ete™ — WTW™

w- wt

(@)

W wt
w- wt 157\[{9:(
L
v I
© @

Individual J = 1 partial-wave amplitudes ./\/lgl), M(Zl), ./\/l,(,l) have
unacceptable high-energy behavior (o s)
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... But sum is well-behaved

“Gauge cancellation” observed at LEP2 (Tevatron)

30 | . | |17/02/?—o‘9§ —~ 30 | . | - I17/(
LEP , = LEP
| PRELIMINARY | ‘é | PRELIMINARY
o]
20+
104
= YFSWW/RacoonWw = YFSWW/RacoonWw
_...no ZWW vertex (Gentle) E 1 _...no ZWW vertex (Gentle)
/, ....only v, exchange (Gentle) /, ....only v, exchange (Gentle)
T T T T T O i T T T T T
160 180 200 160 180 200
Vs (GeV) Vs (G
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J = 0 amplitude exists because electrons have mass, and can be
found in “wrong” helicity state

M,(jo) x s? unacceptable HE behavior

(no contributions from ~ and 2)

This divergence is canceled by the Higgs-boson contribution

‘:> Heé coupling must be o me,

because “wrong-helicity” amplitudes o< m,

. |
______ me_ /
H = img(Ge V)2

If the Higgs boson did not exist, something else would have
to cure divergent behavior
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If gauge symmetry were unbroken . ..

@ no Higgs boson

@ no longitudinal gauge bosons
@ no extreme divergences

@ no wrong-helicity amplitudes

...and no viable low-energy phenomenology

In spontaneously broken theory ...

@ gauge structure of couplings eliminates the most severe
divergences

@ lesser—but potentially fatal—divergence arises because the
electron has mass ... due to the Higgs mechanism

@ SSB provides its own cure—the Higgs boson
Similar interplay & compensation must exist in any acceptable theory
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