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Interactions . ..

gg’'
/g2 + g12
... vector interaction; = A, as 7, provided we identify

gg'/Vg*+g”=e

Define g’ = gtanfy Ow: weak mixing angle

Lay = evl'eA,

g = e/sinfy>e

g = e/cosby >e

Z, = bi cosbyw — Ausinbw A, = A, cos by + bﬁ sin Oy

Lz, = £

= (1 — Z
4cos(9WW( V5)V Zy

Purely left-handed!



Interactions . ..

_g _
Lz-e = r st el (1= 8) + Ry (1 +5)] e 2,

L. = 2sin20W—1:2xW+7-3

Re = 2sin2 0W = 2XW

Z-decay calculation analogous to W+

GeM3
121v/2
N(Z—ete) = T(Z—vi)[L2+R?]

Nz —vwwv) =

The Standard Model ...



In the Electroweak Theory ...

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

o Mediator of charged-current weak interaction acquires
a mass M2, = ma,/ Gev/2sin? Oy,

o Mediator of (new!) neutral-current weak interaction
acquires mass M2 = Mﬁv/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® 6y to predict My, M,
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Neutral-current interactions

New re reaction, not in V — A

GEm.E,

o(v,e = v,e) = % (L2 + RZ/3]
GEm.E,

o(7ue = Tpe) = “[L2/3+ Y]
Ggm.E,

o(vee — vee) = % [(Le +2)? + R%/3]
Ggm.E,

o(Toe — Toe) = % [(Le +2)2/3 + R?]

The Standard Model ...



Gargamelle v,e event (1973)
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http://dx.doi.org/10.1016/0370-2693(73)90494-2

“Model-independent” analysis
5— . s .

o/E (cm?2 - GeV-")

10742

oo b e b b
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Measure all cross sections to determine chiral couplings L. and R, or
traditional vector and axial couplings v and a
a=13i(Lle—Re) v=3(Le+Re)

Le=v+a Re=v—a
model-independent in V, A framework

The Standard Model ...



Neutrino—electron scattering

xw = sin® Oy

The Standard Model ...



Twofold ambiguity remains even after measuring all four cross sections:
same cross sections result if we interchange Re <+ —Re (v <> a)
Consider ete™ — putp~

(@) (b)
AN AN
4 z°
) - o Py VA - ot Py
) g)\l/
M= —ieu(p, - ) Quv(p, a1 )=~ V(e p4 )y ule.p-)
i [ GEM32Y _
+5 ( Z> (s g )AIRu(1 +75) + Lu(1 = 3s)]v(ps g4)
2\ V2
Av
X~z V(e P+)1[Re(1+75) + Le(1 —5)]u(e, p-)
° z muon charge Q, = —1
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ete” — putu ...

do T’ Qh
= - —_Trn1 2
dz 2s (1+2)

0.Q, Gr M3 (s — M3)
 8V2[(s — M2)? + M2
*[(Re + Le)(Ru + Lu)(1 + 2%) + 2(Re — Le)(Ry — Ly)2]
N G2M%s
647[(s — M2)? + M2I?]
X[(RZ+ L2)(RA + L2)(1+ 2°) + 2(RZ — L2)(R? — L2)Z]
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Measuring F-B asymmetry resolves ambiguity
= (fol dz dcr/dz—fi)1 dz da/dz) /f_l1 dzdo/dz

. 3G|:S
lim A = —L
oy 1670Q, \f( Le)(R. — Ly)
s 3Ggsa’
~ —67x107° [ —— | (2a.)(2a,) = —
(1 GeV2> (22c)(2a,) dran/2
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Neutrino—electron scattering + e"e™ — utpu~

Validate EW theory, measure sin? vy

The Standard Model ...



With a measurement of sin® fy = a/agp, predict

M2, = ma/ GEV2sin® By ~ (37.28 GeV)?/sin® by M2 = M3,/ cos? by
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First Z from UA1
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http://dx.doi.org/10.1016/0370-2693(83)90188-0

Ve cross sections . ..
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At low energies: o(Dee — hadrons) > o(v,e — pve) > o(vee — vee) >
o(Vee = Dup) > o(Vee — Uee) > o(vpe — vye) > o(vue — vue)
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http://lss.fnal.gov/archive/1995/pub/Pub-95-221-T.pdf

Electroweak interactions of quarks

o Left-handed doublet
I3 R Y= 2(Q - /3)

1 2
o=l g4 ) 1 _1 3
L 2 3

e two right-handed singlets

E Q Y=2Q-kh)
Ri=wr 0 +3 +3
Ri=dr 0 -

Wl
wIN

The Standard Model ...



Electroweak interactions of quarks

e CC interaction

Lw-q = [Ue’7 (1 —s)d W+ + d’Y (1 —s)u W ]

2\/_

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

e NC interaction

L7-q

> G [Li(1 = vs) + R(1+ )] 4iZ

i=u,

4 cos 9W

L,' = T3 — 2Q, sin2 QW R,' = —2Q,' sin2 Qw

equivalent in form (not numbers) to Lz,

The Standard Model ...



Trouble in Paradise
Universal u <> d, ve <+ e not quite right

u u
Good: (d>L—>Better. (de )L

dg = d cosfc + ssinflc  cosfc = 0.9736 + 0.0010

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

—g B

Lz.q = 4 cos Oy Zy {uy" [Ly(1 = v5) + Ru(1 +7s)] u
+dy* [Lg(1 — 75) + Ry(1 +75)] d cos? Oc
457" [Lg(1 — 75) 4+ Ra(1 +75)] s sin? ¢
+dv" [La(1 — 75) + Ra(L + v5)] s sinfc cos Oc

(
+ 59" [La(1 — v5) + Ra(1 4+ 75)] d sinfc cosOc}
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Strangeness-changing NC highly suppressed!

v

v BNL E-787/E-949 has three

K+ — 7tvi candidates, with

B(Kt — mtup) = 1.737 118 x 10710
Phys. Rev. Lett. 101, 191802 (2008)

K+ ™t
Uu
(SM: = 0.85: Brod-Gorbahn, Phys. Rev. D78, 034008 (2008)

\
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Glashow-lliopoulos—Maiani

two LH doublets: ( Vf) ( Y > ( u ) ( c )
€ L H L d0 L Sp L

(sp = s cosfOc — d sinfc)
+ right-handed singlets, er, ugr, Ugr, dr, Cr, SR

‘ Required new charmed quark, c‘

Cross terms vanish in L7,

qi

A —ig
4 cos Oy

WA =)L + (1 +s)Ri]

L,' =73 — 2Q,' Sil'l2 ew R,‘ = —2Qi Sil'l2 9W

flavor-diagonal interaction!

The Standard Model ...



Straightforward generalization to n quark doublets

Lw-q = _£ [UA*(1 —45)OV W, +h.c]

2v2
u
c
flavor structure O = ( 8 g )
composite ¥ =
d U: unitary quark mixing matrix
s
. . A iso __ —8 T
Weak-isospin part: L7, = 2 cos Ow WAk (1 — 7s) [O, (’)T] \J

Since [O,OT] = ( (l) _OI > X T3

‘ = 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



Family patterns among quarks
100

* u—d'
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Family patterns among neutrinos
Q

The Standard Model ...




Problem 9

Refer to the master formula for v-Z interference given in
the expression for ete™ — utp.

(a) In the y-Z interference regime, show that the
asymmetries for heavy-quark production are

A(ct) = JA(n 1),
A(bb) = 3A(pt ).

(b) What values would you expect for these asymmetries
at /s = 40 GeV?

The Standard Model ...



Problem 10

Three observables concerning the b quark are sensitive to
different combinations of the chiral couplings:

[(Z° — bb) is determined by (L2 + R?), Aézf)k is sensitive
to (L2 — R?)/(L% + R?), and the low-energy
forward-backward asymmetry A(bb) is proportional to
(R, — Lp). Generalize the standard SU(2). ® U(1),
electroweak theory to include right-handed
charged-current interactions of b, so that

Ly = 131 — 2Qpxw and Rp = m3r — 2Q@pxw. Working to
leading order, display allowed regions in the /5 -hg plane
and determine the weak-isospin quantum numbers of b.

For a thorough analysis and useful compendium of data, see
D. Schaile and P. M. Zerwas, Phys. Rev. D45, 3262 (1992).
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http://dx.doi.org/10.1103/PhysRevD.45.3262

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

@ neutral-current interactions
@ necessity of charm
@ existence and properties of W* and Z°

+ a decade of precision EW tests (one-per-mille)

Mz 91187.6 +£ 2.1 MeV

Iz 2495.2 + 2.3 MeV
02 gomic  41.540 £0.037 nb
[Madronic 1744.4 + 2.0 MeV
lMeptonic  83.984 £ 0.086 MeV
I';m,;sib|e 499.0 + 1.5 MeV

Finvisible = 'z — Mhadronic — 3r|eptonic
light v: N, = I‘invisib|e/l‘SM(Z — l/,'l7,') =2.92+0.05 (l/e, Vy, I/T)

The Standard Model ...


http://pdg.lbl.gov/2013/tables/rpp2013-sum-gauge-higgs-bosons.pdf

Three light neutrinos

ohad (nb)

Vs (GeV)
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Electroweak theory tests: tree level

HERATand II
E T T T TT T T T T

F¢ H1e*p 1994-2007 (preliminary)
A H1 e p 1994-2007 (preliminary)
O ZEUS e*p 2006 -07 (preliminary) |
O ZEUSep2005-06
T~ SMe~p (HERAPDF 0.1) =
_ SMe*p (HERAPDF 0.1)

do/dQ? (pb GeV?)

*  H1e*p2003-04 (preliminary)
A H1ep 2005 (preliminary)

® ZEUS e*p 2006 - 07 (preliminary)

® ZEUSep2004-06

[ = SMep (HERAPDF 0.1) y<09
" SMe*p (HERAPDF 0.1) =

\\\\\\‘ 1 \\\\\\‘
10 10*

Q*(GeV?)
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Electroweak theory tests: tree level

S-matrix analysis of ete™ — WTW~

(a) V (b)
= A
Individual J = 1 partial-wave amplitudes M, M%),
M have unacceptable high-energy behavior (o s)

The Standard Model ...



Electroweak theory tests

30

. tree level
[ T [

------ No ZWW vertex
------ Only v, exchange

20—

o, (pb)

e LEPdata
— Standard model

| | 02/17/2005
200

180
Vs (GeV)

...sum is well-behaved; gauge symmetry!


http://lepewwg.web.cern.ch/LEPEWWG/

Why a Higgs boson “must” exist

J = 0 amplitude exists because electrons have mass, and
can be found in “wrong” helicity state

MO s? unacceptable HE behavior

saturate p.w. unitarity at

47/2
\/_ GFme

Divergence canceled by Higgs-boson contribution

V/Se ™ ~ 1.7 x 10° GeV

The Standard Model ...



= Heée coupling must be o< m,,

because “wrong-helicity” amplitudes oc m,

—lZf —imf —igmf )
--------- H I T (G
z v, 7 (Gr2)

If the Higgs boson did not exist, something else
would have to cure divergent behavior

The Standard Model ...




If gauge symmetry were unbroken . ..

e no Higgs boson; no longitudinal gauge bosons
e no extreme divergences; no wrong-helicity amplitudes
...and no viable low-energy phenomenology
In spontaneously broken theory ...

e gauge structure of couplings eliminates the most
severe divergences

o lesser—but potentially fatal—divergence arises
because the electron has mass ... due to SSB

e SSB provides its own cure—the Higgs boson

Similar interplay and compensation must exist in any
acceptable theory
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Anticipating m;

My
M2 cos? by
measures relative strength of NC, CC at low energies
GEmE , [ » Ay |
— = —— 2xy — 1 —
o(v.e = v,e) 5 ( xw — 1)° + 3
_ _ GEmE , [(2xw — 1)? 5
— = 4
o(v,e — v,e) 5P 3 + xW_
2GEmE

o(vye — pwe) = [1— (4 — m?)/2mE]?

The Standard Model ...



Anticipating m;

o(v,e = v,e)/o(v,e — pve) determines xy
comparison of NC and CC cross sections yields p.
CHARM-II Collaboration:

sin® Ow(v,e) = 0.237 £ 0.007 (stat.) + 0.007 (sys.)
p(v,e) = 1.006 =+ 0.014 (stat.) £ 0.033 (sys.).

SM with a single Higgs doublet, p = 1 at tree level.
Quantum corrections:

0 b
W W
19 t

The Standard Model ...



Anticipating m;

With p =1+ Ap,
3G 2 2,2 2
Ap— S0 |y gy 2Mems (ﬂ)] |
(i) In limit mp — m;, Ap — 0 independent of my;
(i) In limit m, < m;

3G|:m%
872\/2

Acute probe of m;!

Ap —

The Standard Model ...



Electroweak theory tests: loop level

240
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http://dx.doi.org/10.1063/1.881890

Electroweak theory tests: loop level
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http://dx.doi.org/10.1063/1.881890

The importance of the 1-TeV scale ...
EW theory does not predict Higgs-boson mass

> Conditional upper bound from Unitarity
Compute amplitudes M for gauge boson scattering at
high energies, make a partial-wave decomposition

M(s, t) =167 Y (2J + 1)ay(s)P,(cos )

Most channels decouple — pw amplitudes are small at
“all” energies — VY My.

Four interesting channels:
W w; z°Z°/v2 HH/V2 HZP
L: longitudinal, 1/\/5 for identical particles

The Standard Model ...



The importance of the 1-TeV scale ...
w- w+

w-  wt
W— W+ ZO)72H
w-  w+
w- wt
w-  wt
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The importance of the 1-TeV scale . .
In HE limit, s-wave amplitudes oc G M7,

1 1/V/8 1/v/8 0

. (a)_>—GFM,§,. 1/v/8 3/4 1/4 0

ssMz a2 | 1/V8 1/4 3[4 0
0 0 0 1/2

Require that largest eigenvalue respect partial-wave
unitarity condition |ap| <1

1/2
s MH§<87T\/§) ~1 TeV

3Gr

condition for perturbative unitarity


http://dx.doi.org/10.1103/PhysRevD.16.1519
http://dx.doi.org/10.1103/PhysRevD.16.1519
http://dx.doi.org/10.1103/PhysRevD.16.1519

The importance of the 1-TeV scale . . .

If the bound is respected
e weak interactions remain weak at all energies

e perturbation theory is everywhere reliable

If the bound is violated
e perturbation theory breaks down

e weak interactions among w#*, 7z H
become strong on 1-TeV scale

New phenomena are to be found in the EW interactions
at energies not much larger than 1 TeV

The Standard Model ...



Divergence cancellation in WW scattering
In general, the diagrams for contribute

a; = A(q/Mw)* + B(qg/Mw)* + C
A terms cancelled by gauge symmetry
Residual B terms cancelled by Higgs exchange

C term scale set by My

Higgs boson's key role in high-energy behavior

aj—o J—o and ayp attractive; apg repulsive

Motivates study of WW scattering at high energies

ATLAS W* W= study


http://arxiv.org/abs/1405.6241

High-energy WW scattering (K-matrix unitarization)

- ununitarized agp; — LO; - - NLO


http://dx.doi.org/10.1088/1126-6708/2008/11/010

Electroweak theory tests: loop level (Gfitter now)

= Full EW 2-loop
(= Z-partial widths at 1-loop

RN LA RN LA AR A
M, [Hfitter..:| 0.0 (0.0)
My 1.4 (-1.3)
Iy 0.2 (0.1)
M, 0.2 (0.2)
r, 0.0 (0.1)
(S 1.5(-1.6)
Rip 1.0(-1.1)
AN 0.8 (:0.8)
A(LEP) 0.2 (0.2)
A(SLD) 2.0(-2.0)
sin“e'(Q,) 0.7 (-0.7)
A, 0.0 (0.0)
A, 06 (06)
A 0.9 (0.9)
Are |25 (25
R 0.0 (0.0)
R = 0.8 (-0.7)
m, 0.5 (0.4)
(xs(Mi) — 1.7 (0.9)
Au:‘?d(Mi) 0.2(-0.2)

3210 1 2 3
© -0

-+~ Oeas) | s
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http://gfitter.desy.de/Standard_Model/

Electroweak theory tests: Higgs influence before

lo

/ 1
40 60 80 100 120 140 160 180 200 220 240
M, [GeV]
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http://gfitter.desy.de/Standard_Model/2012_05_03_index.html
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