Dominik Stockinger

Lectures on Electroweak Theory

Dominik Stéckinger, TU Dresden

Corfu Summer School 2015

o
Electroweak Theory



Dominik Stockinger Electroweak Theory 2/91



Precision measurements at LEP, SLC, Tevatron

Measurement

m; [GeV] 91,1875 £ 0.0021

I, [GeV) 2.4952 + 0.0023
ol Inb) 41,540 + 0.037
R, 20.767 + 0.025
A 0.01714 + 0.00095
APY 0.1465 + 0.0032
R, 0.21629 + 0.00066
R, 0.1721 + 0.0030
AnP 0.0992 + 0.0016
AY® 0.0707 + 0.0035
A, 0.923 + 0.020
A, 0.670 + 0.027
A(SLD) 0.1513 + 0.0021

0.2324 + 0.0012

80.385 £ 0.015
2.085 + 0.042

173.20 + 0.90

Fit

91.1874
2.4859
41.478
20.742

0.01845
0.1481

0.21579
01723
0.1038
0.0742

0.835
0.668
01481
02314
80.377
2.002
173.26
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Even more precise low-energy measurements

MuLan at PSI, Gr = 1.1663787(6) x 10~° /GeV?

QED tests
a2 = 0.001 159 652 18073(28) Gabrielse et al. 2008

Connected by nonperturbative QCD: Aapag = 0.02764(14)
(SND, CMD2, KLOE, Babar, Belle, ...)
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Reminder: structure of Yang-Mills theories
_. 1.,
»CYM = ¢"Y#Du¢ =+ ’D/AQS‘Z - ZFQL Fa/w + »Conly matter
D' = 9" + igT2A,

Specified by choice of:
@ Lie group (« °) with Nyt generators — Nior gauge fields
@ matter representation(s) T2 [T, TP] = jfabeTe

Gauge transformations

UB)=e T =1 —jpaTa 4 ...
8¢ = —i0?T3
A2 = 0,07 + gra6PAC
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SM = excellent description of datal

Plan:

@ What is the general theory which agrees with EW observables?

» Which observables depend on which property of the theory?
» What changes in deformations of the SM?

© What is the fundamental theory description?
» quantized, renormalized
» gauge field theories

» spontaneous symmetry breaking

© Discussion of precise observables/quantities
» Renormalization of the SM
» Observables and calculations
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Outline

0 Tree-level considerations

9 All-order considerations

9 Precise observables and calculations
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Outline

0 Tree-level considerations

@ Observable facts and goal of EW theory
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Observable facts

Fermions (left-/right-handed): quantum numbers T3¢, Qf = T3¢ + Y5

(define also I3y = T3,L for every fermion)

Fermion Tat Qs Yi
() () (5]
o) ) 05|
er -1 -1

)

dr 3 3
Existence of vector bosons v, W*, Z; masses = 0, My, Mz

/N
[SENE
~—

co ! + ol
~

| como | como
el
~_

a2 — 2 _ 4 _ M,
DeflnesW:1—cW:1—M—§

Couplings of vector bosons to fermions, well-defined at on-shell
momenta (Thomson limit, Z-resonance, muon decay)

Dominik Stockinger Electroweak Theory 9/91



e

5
17
\/§sin Ows

2
2 [expect <Sinzwf> ~ GEMZ4v2)

S;A;’Z;f [(/3)‘ — Qysin® aéff> - /3f’75}
e
ve:  Gf
Y

Dominik Stéckinger

[m]

Electroweak Theory

— exp. definition of quantities e, Gr, sy sin® 6y, cos 6 7
F

10/91

o>



v = —ieQyy
f
' 5
, e 1-— vy 2
W ~ \/§Sin Owsr 7“ 2 forpect <S'” 9wr> = Gy /2
f/
iy GeM?Z,4v/2 .
M\A‘< " 2costy [(/3f — Qysin? aéff> - /3f’75}
e
e Gr
Vp

M
i 2 2 w
rewrite cos 0% =: ¢y /pf = —
zf w/ Pt o M% . N
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5
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\/§sin Ows

2
5 [expect <sin‘;wf> ~ GEMZ4/2)

\/7 !
GrpiMZ4v2 [(’3:‘ Qrsin 9eff> /3%}
e

Vu
o
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Observable facts — results

Mz = 91.1876(...), My = 80.404(...), s2, = 0.2226 oy

Parameter Avera.ge
P 1.0030-20.0031
2 1.0050-£0.0010
s 1.0590.021
pe 1.013+0.021
sin? 07" || 0.23128£0.00019
sin? 6% 0.281+0.016
sin? 6% || 0.23550.0059

Dominik Stéckinger
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Consequences for theory

Need explanation at two levels

@ almost universality: sy ~ sin 6%, ~ cos 0z, p’ ~ 1

@ but there are non-negligible differences

In the following: derive theory statements valid at tree-level only!
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Outline

0 Tree-level considerations

@ General SU(2); xU(1)y theories
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Statement for general SU(2), xU(1)y theories

Gauge theory SU(2)L X U(1 ) Y (fermion quantum numbers as in table above, Q; = 7 Y)
@ Can define gauge fields for v, Z, W+

0 0 . 0 . /
@ Tree-level couplings to fermions given in terms of sin§ = —Z
gZ+gl2

sin 6L = sin Ay = sin 6z = sin = universal
c2
f W ;
= —5%— = p = universal
P = Cos2g "
(but sy # sin# and p # 1 possible!)

rough agreement with these aspects of observations!
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Details/proof

SU(2)xU(1)= four gauge fields

(W/},a Wia Wg)a Bﬂ
gauge covariant derivative (2 = 22 for doulets, =0 for singlets)

D, =0, +igT?W7+ig'YB"

Lagrangian, gauge invariant kinetic term for all fermions

— = Ve

Liin = (e €) i"'D, ( ) + ...
e /L

rearrange coupling part in D,

Dominik Stéckinger Electroweak Theory



Details/proof

rearrange coupling part in D,,: first define

tang = g/, e— 99 _ 959 =9'Cy
g /g2 _|_g/2

A B Coy Sy B
Z o —Sp Cp ws
then neutral part becomes, using Q = T3 + Y,
gT*wWi +g'vB,
=(gse T3+ g'caY)A, +(gcs T2 — g'spY)Z,

=eQA, + c% <T3 — ng) Z,

This yields the desired v, Z couplings!
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Details/proof

For charged part, define W=+ = % For doublets, then:

11 211/2
gT'W, + gT2 W2

_9 o Wi
2\ w2 o

_e(o Wj)
\/539 W#_O

This yields the desired W* couplings!
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Outline

0 Tree-level considerations

@ One scalar Higgs doublet
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Statement for one scalar Higgs doublet (=SM)

Gauge theory as before, plus one scalar (Higgs) doublet o,
Yo = +31 which gets vacuum expecation value (®) # 0
@ Spontaneous symmetry breaking pattern
SU@).xU(1)y —U(1)em.
@ Masses satisfy (at tree-level)

My f
MZ w 65 p 9

rough agreement with these aspects of observations!

Dominik Stéckinger
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Computation of masses and p-parameter

Gauge invariance allows to choose (¢) = -

V2 \ v
Then vacuum is invariant under T2 + Y = Q — explains SSB pattern:

(T3+Y)<3>:0

Covariant derivative in vacuum (photon drops out)

0 0 Wf 0
oafem-saz(2) 45 %)(0)

Kinetic ¢ term yields W, Z mass terms

Liino = | D@7 — %Mgzuz# + MG WHEW,

with

> G°v
27 4c2’

Dominik Stéckinger Electroweak Theory



Useful way to write mass matrix
Write generators/couplings/gauge fields in unified way,

D, =9, +ig"TAVZ, 9"=(9.9.9.9)
TA=(T2Y)
Vi = (W2, B,)

Then

1
Liino = |Dy®PF — |VIgATA(®)2 = 5 VAVEEMEg

Can be written with symmetrized mass matrix
Mg = (®)Tg4g?{TA, TP (o)

Here,

= 4 gz v g’ gv2
_g/gvz g/2 V2

Dominik Stéckinger Electroweak Theory



Outline

0 Tree-level considerations

@ Extensions of scalar sector
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1st extension: example of new scalar fields in MSSM

Minimal supersymmetric SM contains many new scalar doublets and
singlets, e.g. sleptons

@ they can all get VEVs, signalled by tachyonic masses

V2 — m2 + m2 + M2co5(Ts — Qs5)) Mg (—ptan g + A%)
é Me (—p*tan B + Ae) ma+ m2 + M2c,3Qs,

@ danger of charge-breaking (or colour-breaking) minima
@ photon can get massive, no remnant U(1)e.m. Symmetry

Such theories only viable if CCB minima are avoided — parameters
must satisfy certain inequalities, e.g. mg >0,Ac< ...
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General scalar sector — gauge boson masses

Assume breaking structure
SU2).xU(1)y =U(1)em.
but many scalar fields ¢, each in some irreducible representation

Mg =Y (0){g"TA gPTE}H(®)
[0}
QZVEV 2\,2
g vy
g?vs —g'gvs
~ggvs g%

Dominik Stéckinger Electroweak Theory 24/91



General scalar sector — gauge boson masses

Assume breaking structure
SU2).xU(1)y =U(1)em.
but many scalar fields ¢, each in some irreducible representation

Mg =Y (0){g"TA gPTE}H(®)
[0}
gzva/ 2\,2
g vy
g?vs —g'gvs
~ggvs g%
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General scalar sector — gauge boson masses

Assume breaking structure
SU2).xU(1)y =U(1)em.
but many scalar fields ¢, each in some irreducible representation

Mg =Y (0){g"TA gPTE}H(®)
[0}
QZVEV 2\,2
g vy
g?vs —g'gvs
~ggvs g%

ST 1)~ (7903
>0 2TV
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General scalar sector — gauge boson masses

Assume breaking structure
SU2).xU(1)y =U(1)em.
but many scalar fields ¢, each in some irreducible representation

Mg =Y (0){g"TA gPTE}H(®)
[0}
gzva/ 2\,2
g vy
g?vs —g'gvs
~ggvs g%

@ In theories with only doublets and singlets: p = 1
@ More general cases: p # 1 = Triplet VEVs must be small!
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General scalar sector — gauge boson masses

Assume breaking structure
SU2).xU(1)y =U(1)em.
but many scalar fields ¢, each in some irreducible representation

Mg =Y (0){g"TA gPTE}H(®)
[0}
QZVEV 2\,2
g vy
g?vs —g'gvs
~ggvs g%

@ mass matrix has U(1)em. invariance +» O(2) invariance:
@ vy = vz would mean an additional O(3) custodial symmetry!

Dominik Stéckinger Electroweak Theory



Example: Pure Higgs Triplet
@ Triplet ¢, Y=0, SU(2)<0O(3)-rotations

0
@ but in vacuum: (¢) = ( 0 ) , ho remnant SU(2) or O(3)

v
@ mass term
gV
2 trra b QSVQ
00
M2
M2, = gav2, M2 =0, p=-—H> =00

M35

Dominik Stéckinger Electroweak Theory 25/91



Proof: general form of the mass matrix M3,

2,2
g vy
2

S (@) {gATA, gP T8} (o) = 9"

2,2 2
® gvz —99v7

) 2,2
—ggvz gvz

Use U(1)g_rs. y invariance of vacuum: (T3 + Y)(®) = 0
® MGy = —J M5, etc = lower right block

Dominik Stéckinger Electroweak Theory 26/91



Proof: general form of the mass matrix M3,

2,2
9 "V
2

S (@) {gATA, gP T8} (o) = 9"

2,2 2
® gvz —99v7

~ggvz  g%v%
Use U(1)g_rs. y invariance of vacuum: (T3 + Y)(®) = 0
® MGy = —J M5, etc = lower right block
@ 0= (d)[T3 4 Y,gATAgBTB|(d) leads to
(A=1.8=2): M2, = M3,
(A=B=1,2): M2, = M2, =0
@ this proves the block structure
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Proof: p-parameter

Use:
p= M5/ MGy = M5y / M5,
T2 = (T")2 + (T?)? + (T3)? Casimir operator of SU(2),
720 = T(T + 1)® on irrep.
Hence
2M5, + M55 = 29° Z YT(T + 1)]o(®)
M3, = 2g° Z Y(T®) o (@

and

> [T(T+1)—(T3)2]¢V2
MMy = = T2
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General scalar sector — Custodial symmetry
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General scalar sector — Custodial symmetry
SM case: rewrite SM Higgs doublet and Higgs potential using
ot ) ( @0 gt )
¢ = b=
( 0 ) —¢~ ¢°

(dTd) + %Tr(dﬂtb)z

2
V(®) = —%Tr

Dominik Stéckinger
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General scalar sector — Custodial symmetry
SM case: rewrite SM Higgs doublet and Higgs potential using

(o (o ¢+>
¢_(¢0)_>¢_(_¢_ ’

T A b )2
V(®) = - TH(®0) + Ti(ol0)

full SM gIObaI Symmetry (9 = ¢’ =Yukawas= 0, Note: U(1)y and U(1)q are subgroups).
o — LORT G = SU(2),xSU(2)r

full vacuum invariance
v O
@ g 3 H=5U(2),_p

This explains the O(3) symmetry of mass matrix, ., -: (W o )
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General scalar sector — Custodial symmetry
SM case: rewrite SM Higgs doublet and Higgs potential using

(o (o ¢+)
¢_(¢0)_>¢_(_¢_ ’

T A b )2
V(®) = - TH(®0) + Ti(ol0)

General case:

G =SU(2), x SU@Q)x
G =3SU(2), x U(1)y
H=5SU@2),_n

H= U(1)em

leads to p = 1 in the limit g = g’ = 0, even nonperturbatively

[Sikivie,Susskind,Voloshin,Zakharov '80; Weinberg QFT, 21.4]
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General scalar sector — Custodial symmetry
SM case: rewrite SM Higgs doublet and Higgs potential using
ot ) ( @0 gt )
¢ = b=
( 0 ) —¢~ ¢°

(dTd) + %Tr(dﬂtb)z

2
V(®) = —%Tr

In SM, SU(2), x SU(2)x exact y¥ = y9 etc, while y¥ # y lead to loop
corrections to p

Lyukawa = ¥ [UL0°UR + di¢dR] =y [(UL ap)® (

Ur
dr
Dominik Stéckinger
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Outline

0 Tree-level considerations

@ Extensions of gauge sector
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General gauge sector — possibilities

SM-group = part of bigger group
@ extra gauge bosons, uncharged Z’ or charged W’
@ can mix with Z and W (mass or kinetic mixing)

Constraints:
@ On SM-like mass eigenstates Z;, W; (masses and couplings)
@ On new mass eigenstates (either heavy or weak couplings)
@ Theory consistency: absence of gauge anomalies
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SU(2) . xU(1)yxX — particles and masses

extra Z' vector bosons, uncharged under Qe m., SU(2), xU(1)y

(v, V)
—~~~
SM X

vector boson mass matrix

o [ (MEpas (M, )an
we = (e o )

mass mixing only if 3 charged under both SM and X

(MEux)an =D (®)1{g" T4y, " T} (@)
(o)

mass mixing only possible for Z boson. Photon/W* unaffected

(proof as before, assuming remnant U(1)e.m. symmetry)

Dominik Stéckinger Electroweak Theory



Example for SU(2); xU(1)y xX — couplings

Z’ model with extra U(1)y, and singlet charged under U(1)y and U(1)y-

= mass eigenstates
Z i a b Z1
Z' o c d 22
f f f
~ Zy \AA< =a ZwA< +C Z’Wﬂ<
f f f

Constraints on such theories:
@ Z; identified with observed Z: mass mixing must be small

» deviations from SM-couplings
> sin 9{;“ gets admixture, could be g, /, generation-dependent

@ Z, either heavy or weak couplings
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SU(2). xU(1)yxU(1) — kinetic mixing
Three neutral gauge bosons B, B', W® which mix
B B,
Special possibility since abelian:
L= —lB’“’BW - ls'ﬂvsgw_g

4 4
Unmix: B— B — ¢B’ (Unmixing in full SM equivalent to: < ; ) — < é;gg:g ))

BB,

1. 1—é
L= —ZB“ B, —

/uv R/
BB,

Now, proceed as in Z-Z’ mixing before (photon unaffected)

Dominik Stéckinger Electroweak Theory



SU(2). xU(1)yxU(1) — kinetic mixing

But new effect in couplings of new neutral gauge boson:

E - je.m_A + JZZ + J/B/

X fom A+ JzZ + (I Coedom, + Spedz) B

Interesting: even if no mass mixing and J’

= 0: “dark photon”

107

@
- -
1}
|
o
A
P S
o
- -
~
Mixing Parameter &
B3

3

1070l 1

0 100‘ = H”200 300
Dark Photon Mass m,. (MeV/c®)

[A1/Mainz '14]
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More general: SM group = subgroup of some group
E.g.

SU(Z)L X SU(2)R X U(1 )B—L
Find hypercharge:

Fermion Ys

2
e L

T,3+%(B—L):Y (%), (%)

Results and constraints:
@ Two extra charged W'*, one extra neutral Z’

@ Constraints from mixing and from new particles as for Z’
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Summary of tree-level results

o SU(Z)LX U(1)y

v, Z, W%, sinfl, = sinfy = sinz = sind = universal
@ one ¢ doublet

p=1,8n0=sy
@ more scalars

U(1)e.m. sSymmetry? p # 1 possible
@ more gauge fields

mixing possible, sin #; not universal

Outlook: extra matter (— SUSY-lecture), non-renormalizable operators (— EFT-lecture)
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Outline

0 Tree-level considerations
9 All-order considerations

9 Precise observables and calculations
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Outline

9 All-order considerations
@ General quantum gauge theories
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What is the essence of gauge theories?

[Note: gauge invariant £ cannot be quantized]

Dominik Stéckinger
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What is the essence of quantum gauge theories?

[Note: gauge invariant £ cannot be quantized]

Dominik Stéckinger Electroweak Theory



Physics <+ equivalence classes!

[Note: gauge invariant £ cannot be quantized]

minik Stockinger
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Ansatz: structure of quantum gauge theory

[A) = |A) + Qlx)
Q|phys) =0

equivalent states differ by “Q-transformation”
@®>=0, Q= linear operator

physical states invariant under “Q-transformation
for consistency

Dominik Stéckinger

o
Electroweak Theory

Dac
41/91



Ansatz: structure of quantum gauge theory

A = A + Q equivalent states differ by “Q-transformation”
| X
Q| phyS) = O physical states invariant under “Q-transformation”

Qz = 0, Q = linear Operator for consistency

States:
@ Hilbert space of physical states = quotient space 'i‘r‘;'((g))

@ scalar product (phys;|phys,) independent of representative
@ unphysical states: either Q|gh) # 0 or |gh) = Q|x)

Dominik Stéckinger Electroweak Theory



Ansatz: structure of quantum gauge theory

A = A + Q equivalent states differ by “Q-transformation”
| X
Q| phyS) = O physical states invariant under “Q-transformation”

Qz = 0, Q = linear Operator for consistency
Observables:
@ Hamiltonian, P#, S-matrix etc should commute with Q ~~
S|phys) = physical, rep-independent

@ proves unitarity of physical S-matrix (difficulty: prove that Hilbert
space has positive definite norm)
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What is the point of this?

Lorentz covariant field theory with vector field operator!

AgH + BKk*KkY

(0T A* A*|0)FT ——

problems:
@ negative norm states typical; A* describes 4 d.o.f.; not all physical
solution by eqUivalence classes: nere: indicate massless, free case

Dominik Stéckinger Electroweak Theory 42/91



What is the point of this?

Lorentz covariant field theory with vector field operator!

AgH + BKk*KkY

(0T A* A*|0)FT ——

problems:
@ negative norm states typical; A* describes 4 d.o.f.; not all physical

solution by eqUivalence classes: nere: indicate massiess, free case
A0 = ITY) + dyT2) 4 KIS) + D)
QA"|0) = 0 + 0 + k#igh) + 0
T
IL) = Qlgh)

@ 2 physical d.o.f., these have positive NOrm  (generalproot dificut)

Note: this theory is not within the framework of Wightman axioms
(= Goldstone theorem not applicable)

Dominik Stéckinger Electroweak Theory



Outline

9 All-order considerations

@ Slavnov-Taylor, BRS, gauge invariance

Dominik Stéckinger

Electroweak Theory

43/91

DA



Green functions in presence of Q
Fundamental field operators ¢;. Define
sp; = i[Q, i]l+ = renormalized local composite operator

Vacuum is physical: Q|0) = 0. Hence, Slavnov-Taylor identities

0 = (0[[iQ. ¢1 - - ¢l 0)
= (0[(51)- - . 9nl0) £ ... = (01 ... (5n)]0)

Dominik Stéckinger Electroweak Theory 44/91



Green functions in presence of Q
Fundamental field operators ¢;. Define
sp; = i[Q, i]l+ = renormalized local composite operator

Vacuum is physical: Q|0) = 0. Hence, Slavnov-Taylor identities

0 = (0[[iQ. ¢1 - - ¢l 0)
= (0[(51)- - . 9nl0) £ ... = (01 ... (5n)]0)

Useful: STI on functional level (take 5J16-I-7-Jn to generate Green functions/identities)
Z(J,Y)= / Dy el [(L+dipi+Yisei)

02(4, )
0= / TSy

Dominik Stéckinger Electroweak Theory



Green functions in presence of Q
Fundamental field operators ¢;. Define
sp; = i[Q, i]l+ = renormalized local composite operator

Vacuum is physical: Q|0) = 0. Hence, Slavnov-Taylor identities

0 = (0[[iQ. ¢1 - - ¢l 0)
= (0[(51)- - . 9nl0) £ ... = (01 ... (5n)]0)

Also useful: STI for 1PI functional (Legendre, J — —g—r) (aka Lee- or Zinn-Justin identities)

ol (p, Y) ol (e, Y) 1
0= /5Y(X) o) 2 *T

Must be valid also in classical limit [ — ' = [ Ly

Dominik Stéckinger Electroweak Theory



What are the Lagrangians of such theories?
@ must depend on Y; ~ def. of classical BRS-transf.:

(also quantum numbers (ghost number, dimensionality) restricts Lagrangian — only possibility:)

Ca(e, Y) = /['full /Y ;S{;,‘fof,'ﬁ.g +rcl,no-Y
= 3%0/

@ Then, STl requires class. action to be BRS invariant!

dla(p, Y) oy, Y)
0= / 5IY(X) 540,()() = sha

S‘PI(X)

This is equivalent to three properties ~~ Answer:

L = Yispi + Lno-y Y- and non-Y-parts
0 = s%yp; Nilpotency
0=8Lno.y BRS invariance

Dominik Stéckinger Electroweak Theory



Construction of Lagrangian with this structure
Now, concrete choice: Yang-Mills theories with vector fields A%
@ postulate ghost field c¢? for each vector field  (reguire: ghost number conserved;

BRS increases ghost number)

@ most general ansatz for BRS transformations and Lagrangian:

Dominik Stéckinger Electroweak Theory 46/91



cbc’

S2

¢ = 0 requires: 30 _gtructure constants of some Lie algebra

recover Lie algebra structure

Dominik Stéckinger
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SA? = 9,¢% + gfaP°cP AC

"

s2A% = 0 requires universality of g and f2°°

recover gauge transformations

Dominik Stéckinger
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sd; = —igc? T,fd),

Lo =0 requires: T?=representation of Lie algebra

recover gauge transformations

Dominik Stéckinger
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Eno- Y,so far = £gauge-inv(A;u <I>)

from ghost number zero: no ¢ appears
and from BRS invariance

recover gauge invariance

Dominik Stéckinger
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Construction of Lagrangian with this structure
Now, concrete choice: Yang-Mills theories with vector fields A%
@ postulate ghost field c¢? for each vector field  (reguire: ghost number conserved;

BRS increases ghost number)

@ most general ansatz for BRS transformations and Lagrangian:
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Construction of Lagrangian with this structure
Now, concrete choice: Yang-Mills theories with vector fields A%
@ postulate ghost field c¢? for each vector field  (reguire: ghost number conserved;

BRS increases ghost number)
@ most general ansatz for BRS transformations and Lagrangian:

a 1 abc Ab ~C
SC = ng cC $Pc=0 requires: £3b° _structure constants of some Lie algebra

recover Lie algebra structure

SAlaL = 8u c? + gfabchAZ szAi = 0 requires universality of g and 3
recover gauge transformations
S(b,' = —igCa Ti(b/ s2® = 0 requires: T?=representation of Lie algebra
Lno-v.sofar = Lgauge-inv(Ay, P) - [omahestpurbersre o o appears

recover gauge invariance

Dominik Stéckinger Electroweak Theory



Idea for gauge fixing
add any term Lyivias = SX:

@ doesn’t change physics, but SLyiyvia = 0
@ but X must have ghost number (—1)
motivates antighosts, auxiliary fields (¢?, B?)

~a a ker(s
SC™ = B theorem: - () doesn’t change
im(s)
a
SB == 0 by enlarging field space in this way [Piguet,Sorella]

Now we can write gauge fixing term with any functional F&(A,,, ®):

L gauge-fix,ghost = sX=s <§5aBa + aa,:a)

= éBaBa + B2F2 —¢4sF@
2 N——

['ghost

Eliminate B2 by eq. of motion ~~ _zlg(,:a)z
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Outline

9 All-order considerations

@ Summary, examples, equivalence theorem
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Summary of resulting theory

L = ﬁgauge—inv(A;u D)+ sX + Yisp;
o ~~ ——
auge fixing, ghosts i
physical, <> l:;r((ss)) gaug 9.9 BRS—;Lie algebra, gauge transf.

~
unphysical, € im(s)

Theorem: Such theories are renormalizable:
@ Finiteness at all orders:

multiplicative renormalization of coupling and fields possible
phys. parameters=parameters of Lyauge-inv

© Phys. meaning of theory:

operator Q with all desired properties exists
physical states have positive norm
phys. S-matrix: unitary and gauge independent

['t Hooft, Veltman; Lee; Zinn-Justin;. .. ; Becchi, Rouet, Stora; Kugo, Ojima;. . . ; Kraus, Sibold, Grassi (general gauges, EWSM)]
v
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parameters

Gauge independence, physical and unphysical
Theorem:

o€

(phys S-matriX) = O parameters in Lgauge-iny <

Ker(S) yept fixed

m(s)
(proof: study change of Green functions — LSZ reduction — no change of S-matrix)
Unphysical parameters in “trivial terms” (Q° = 0)

Dominik Stéckinger
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Gauge independence, physical and unphysical
parameters

Theorem:

0 .
a—é_ (phyS S'matI'IX) = O parameters in Lgauge-iny < ker(s) kept fixed

im(s)
(proof: study change of Green functions — LSZ reduction — no change of S-matrix)

Unphysical parameters in “trivial terms” (Q2 = 0)

=0 — ALyivial = sX
~ ALyivial Preserves ST, doesn’t change physics
@ e.g. gauge fixing parameters unphysical

Dominik Stéckinger
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Gauge independence, physical and unphysical
parameters

Theorem:

phyS S- matrlX) 0 if parameters in Bapugpii & ker(s) kept fixed

ag ( . im(s)
(proof: study change of Green functions — LSZ reduction — no change of S-matrix)

Unphysical parameters in “trivial terms” (Q2 = 0)

Fax(FgxX)=0 — ATrivial = (T x X)
~ ALyivial Preserves ST, doesn’t change physics
@ field renormalization: Fa* [ Yo= f@‘src' J Y%
@ VEV shift: Fox [ Yov= [ovEd

also direct diagrammatic proof possible: New Feynman rules from 6v: 5!/% Lyin + 5V3—<,,5im' drop out in Green functions

Dominik Stéckinger Electroweak Theory



Gauge independence, physical and unphysical
parameters

Theorem:

8 ker|
_ v — 0. ) ) (s) )
aé_ (phyS S IllatI‘IX) = O parameters in Lgauge-iny < e) kept fixed

(proof: study change of Green functions — LSZ reduction — no change of S-matrix)

Unphysical parameters in “trivial terms” (Q2 = 0)

Hence, unphysical parameters (shifts don’t change observables):

466 0aVZo Y SVZY, oot

Physical parameters are the ones in Lgayge-inv
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.9 9‘

1)

QED

Simple examples: photon + scalar field ¢, Q, = 1
9
Scalar

e
C

< &
;
(
-

Abelian
Higgs
model
v v v
A

[A. Pich]
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Simple examples

: photon + scalar field ¢, Q, = 1
¥ \ &
Abelian
Higgs
Scalar model
QED

Liy = :Cgauge-inv(A,uyd))J +

sX
- NV
the same in both cases

+Yisp;
~ — 52 (F#)2: choose/adapt!

1 .
BRS:

S(H+Vv + iG) = —ie(H+Vv + iG)
Dominik Stéckinger
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Simple examples:

photon + scalar field ¢, Q, = 1
* v -
Abelian
Higgs
gclzzaéar & ¥ model
{ { &

Liy = :Cgauge-inv(A,uyd))J +

sX
- NV
the same in both cases

+Yisp;
~ — 52 (F#)2: choose/adapt!
g.fix, unbroken case:

Fa = 'A
Fa = nA

usual QED/QCD-like g.fix

axial Jgauge (physical, no ghost interactions even in QCD)

Dominik Stéckinger
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e

Simple examples: photon + scalar field o, Qs =1
¥

Scalar

QED

T

e

Abelian
Higgs
model
M = e e
Liy = \Cgauge-ir::/(Aua d)), SX +Yisp;
the same in both cases  ~ ——(Fa)2 choose/adapt!
Broken case: R gauge cancels mixing 0"'A, — G
F2 = 0rA2 — cevG
D7 =

= e v2 A*A, + evA*0, G
M2
Dominik Stéckinger

o
Electroweak Theory

56/91



Simple examples:

photon + scalar field ¢, Qs = 1
g \ &
Abelian
Higgs
Scalar model
QED

Liy = :Cgauge-inv(A,uyd))J +

sX
- NV
the same in both cases

+Yisp;
~ — 52 (F#)2: choose/adapt!

Now choose R gauge, { = 1,use B= —F

1
Ly = —ZFWFW + [Dy

H+v+iG
F =0A—evG

R - Vi) - 5P+ @hY),

Dominik Stéckinger
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Example cont'd — physical states
BRS transformations:

SA, = 0,C
sc=0
sc=—-0A+evG
sH = —eGce

sG = evceHc

Dominik Stéckinger Electroweak Theory



Example cont'd — physical states
BRS transformations:

SA, = 0,C
sc=0
sc=—-0A+evG
sH = —eGce

sG = evcteHc
To find physical states (tree-level, free theory): linearize—F.T.—on-shell

Av=0,S+L,+T)+T2

unbroken: broken:

OA — —ikL 0A — —e°v2S

Dominik Stéckinger Electroweak Theory



Example cont'd — physical states

both:
sTi2=0 sL=0 sS=c sc=0
unbroken: broken:
st = ikL st = e?V2S + evG
sH=0 sH=0
sG=0 sG=evc
physical “BRS singlets”: physical “BRS singlets”:
QIT"2,H,G) =0 QT2 L,H) =0
unphysical “BRS quartet”: unphysical “BRS quartet”:
Qc) — |L) Qc) — |evS+G)
Q|S) — |c) QlevS - G) —

Dominik Stéckinger Electroweak Theory 58/91
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Towards Goldstone-boson equivalence theorem

Dla — characterizes SSB (broken symmetries, masses, Goldstone modes)

VLong,phys

phys.

phys.

Dominik Stéckinger
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SSB in general gauge theory with Ny,; gauge fields
and scalar fields ¢; + v;

s = —igc?

Ti(j +v))

\;‘/;\M
N ?..:Pfj_’_'_'! """ T
Gauge transformation of vacuum:

1) .
6—03 ¢ gTa Ig( T1V

Dominik Stéckinger
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SSB in general gauge theory with Ny,; gauge fields
and scalar fields ¢; + v;

s¢j = —igc? T (; + v))

Gauge transformation of vacuum:

o 2
5o T=v

S¢; = gTa ig( Tlv

Rank of matrix = # broken symmetries
Niot—Rank = # unbroken symm.

Dominik Stéckinger Electroweak Theory 60/91



This was tree-level, now in full theory

Mcay, = —S¢; +
503 E 44
W s o
Yb ’// \\\ Yb
iToay (K, —K) = Cmg- i 4 CPng s Y
i
Yi(— igca'ravl_) > W(*igca'r;gbj)
=gTivi+...
=: D’a(kz)

Dominik Stéckinger
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This was tree-level, now in full theory

e 603 ot \‘/-/;\ ”
?--Irf,'_’fj] __________ )
b ,/'“\\ vb
iFCay,.(k, —k) = g 4 Py oY i
N
Yi(— igcaTan) > Y,v(*I'QCaT,-/%j)
= gTa
— Dla(kZ)
Rank of D@

# broken symmetries
Nit—Rank = # unbroken symm
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This was tree-level, now in full theory

rca i = 6ca S¢I i ‘/‘\

LA i s i

I/ i X \\ Yb

Ircay(k k)— ., g-----4 + Ca>-¢ W----- L
SN
Yi(— igcaTavj) > W(*igcaT,-fﬁbj)
gTa )
=: D’a(kz)

Another, similar vertex function:

b

T goyp (K, —K) =6 A CE. >m
0 :

Yarog, c® -

4 ...
= —ik"ba +

.__.>“,,»"
T
Va“gfabCCbAfL
=: —ik"DP3(k?)
Dominik Stéckinger
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Study full two-point functions

Mo, Y
using 0 = fx5 £, Y) sre.

X &P/(X)

Spj+loops

0 =Tecayol ayay + Neavil ayg,

Dominik Stéckinger
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Study full two-point functions

5r 90? Y) o (¢
X 5@/()()

using 0 = fx
Spj+loops
0= —iD¥®(K?) K'T gypu + D¥(K®) Tayg,
—_—— c”’b S—_—— ¢

invertible Rank=Nproken

Hence

3 > Nigtat — Noroken gauge fields with k#T . o = 0 = massless!
Up to Nproken gauge fields can be massive!
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Another, auxiliary identity

With auxiliary field B, consider full Green functions:

0=({Q,c%x}) = <@90k> — (C4(svk))

Last term, decomposed

= c? Cb Y‘Pk B .
<Ca(s<pk)> B @ ----- . @ N :< aCb>Ierka

Hence
(BAS) = (¢3cP)(—ik, D)
(B2¢;) = (c®cP)DP
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Goldstone-boson equivalence theorem

Physical states, matrix element of B2 = {Q, ¢?} vanishes:

O = <phy,out|Ba| phy,in>
= <O|Ba90k |O> < PhV’°“‘|90k| phy.n) |apk amputated
insert last result, cancel ghost propagator
0= (_ik/t DCb)< phy'°”“AZ’ phyin) ’Aﬁ amputated

+ Dib( phy,out|(/>,'| PhVJ”) |<z>,- amputated

Dominik Stéckinger Electroweak Theory
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Goldstone-boson equivalence theorem
Physical states, matrix element of B2 = {Q, ¢?} vanishes:

O = (phy,out|Ba| phy,in>
= <O|Ba30k |O> ( PhV’°“‘|90k| phy.n) |<pk amputated
insert last result, cancel ghost propagator
0= (_iku DCb)< phy'°”“AZ’ phyin) ’Aﬁ amputated

+ Dib( PhV’OU‘|(/’i| PhVJ”) |¢,- amputated

These are building blocks for S-matrix elements

L h
f/J‘Ol'lg!p YS< phy,out|AfL| phy,in> |Aft amputatedJ

SLong,phys

Dominik Stéckinger Electroweak Theory !




Goldstone-boson equivalence theorem
Physical states, matrix element of B2 = {Q, ¢?} vanishes:

O = (phy,out|B | phy,in>
= <O|Ba30k |O> ( PhV’°“‘|90k| phy.n) |<pk amputated

insert last result, cancel ghost propagator
0= (_iku DCb)< phy'°”“AZ’ phyin) ’Aﬁ amputated

+ Dib( phy.out] i PhVJ”) |¢,- amputated

These are building blocks for S-matrix elements

L h
iMong,p Y2 ( onyout] AS | phyin) | A5, amputated

SLong phys

K,
up tOﬂA/E M <phyout‘A ‘phymHAC amputated
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Goldstone-boson equivalence theorem
Physical states, matrix element of B2 = {Q, ¢?} vanishes:

O = (phy,out|Ba| phy,in>
= <O|Ba30k |O> ( PhV’°“‘|90k| phy.n) |<pk amputated
insert last result, cancel ghost propagator
0= (_iku DCb)< phy'°”“AZ’ phyin) ’Aﬁ amputated

+ Dib( phy.out] i PhVJ”) |¢,- amputated

These are building blocks for S-matrix elements

L h
f/J‘Ol'lg!p YS< phy,out|AfL| phy,in> |Aft amputatedJ

SLong,phys

to O(Ma/E) +/ ~ 9
R ’(D 1)bchb<PhVa°U‘|¢i|PhV’i”>|¢; amputated

Dominik Stéckinger Electroweak Theory !




Outline
9 All-order considerations
@ Renormalization transformation of the SM
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EW Standard Model

L= _% VAW VI, 4+ Win DV + D, @I — V() + Lyuk + Lgauge-fixgh
Covariant derivative
D, =0, +igT?W2 + ig' YB*
Higgs potential
V(®) = 1[0 + 5[

Parametrization of nggs doublet with “VEV” (v is just a constant to be adjusted later)

G+
¢ = %(HJF v +iGP)
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Free parameters of the EW Standard Model
Original (ignore gauge-fixing, field renormalization, and Yukawas)
g.9, 12\ v

Equivalent set of parameters: e =

99’

masses, tadpole

Dominik Stéckinger
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Free parameters of the EW Standard Model

Orlglnal (ignore gauge-fixing, field renormalization, and Yukawas)

g.9, 12\ v
Equivalent set of parameters: e = \/;’23;7, masses, tadpole
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Free parameters of the EW Standard Model
Original (ignore gauge-fixing, field renormalization, and Yukawas)
g.9, 12\ v

Equivalent set of parameters: e =

99’

masses, tadpole

e, Mz, My, My; t

Dominik Stéckinger
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Renormalization transformation

Apply
C — Cpare = C+ 6C

on each parameter — either on original set
9.9 12\ v

or on equivalent set
e, Mz, My, My; t

Cancels all divergences. (If gauge fixing, field renormalization, Yukawas are also treated)
Result = physical theory with 4 physical input parameters

Dominik Stéckinger Electroweak Theory 68/91



Outline

9 All-order considerations

@ Properties of v and tadpole renormalization
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Remarks on unphysical renormalizations

From general theorem: gauge-independent relation

(phyS S—matrix) A (g7 g/a Mza )‘)bare

But v is UnphySicaI (needed for finite Green functions but don’t change observables; similar for 62, §¢)
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Remarks on unphysical renormalizations

From general theorem: gauge-independent relation
; /2
(phyS S-mat”X) A (g?g y M a/\)bare
But dv is UnphySicaI (needed for finite Green functions but don’t change observables; similar for 62, §¢)

Hence, two common choices for v and 4t
@ Renormalize tadpole T + 6t = 0 ~ all Green functions finite, but
dv is gauge-dependent (~ dMy 7 4 gauge-dependent)
@ don’t renormalize tadpole 6t = 0 < Vpare = (%)b is
are
gauge-independent

[Bednyakov,Pikelner,Velizhanin'13]
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Remarks on unphysical renormalizations

From general theorem: gauge-independent relation

(phys. S-matrix) < (g, g, 1, Mbare
But v is unphysical (needed for finite Green functions but don't change observables; similar for 52, 5¢)
VEV and Higgs field — combined renormalization transformation

(H+vVv) = /ZyH + v +dv
or (H+vVv)—=+Zy(H+v+dv)

Could év be zero if we require T + 5t = 0?
Yes, in Landau gauge (¢ = 0). No, in general. [Speriing, DS, Voigt 3]
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Q All-order considerations

@ On-shell and MS schemes
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Charge renormalization: On-shell and MS schemes

Renormalization scheme: define split Gyare iNto ¢ + 6C

54

Define physical meaning and numerical value of ¢
On-shell: MS-scheme:

e e+ de = eps + deps
Y \/\A< = — ieQe’y“
Thomson-
e limit

Result: (Universality! Difficult to prove at higher orders)

69 1-|_oop 1 SW
= = p0%m- E5ZZA
5Zan = (0)

Dominik Stéckinger Electroweak Theory
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Charge renormalization: On-shell and MS schemes
On-shell scheme, large contribution:

v — 1 _n 2 Y 2
M (O) =n (O) I_Iquark,lepton(MZ) + I_Iquark,lepton(MZ)
large logs, non:p;nurbative QCD well-g;aved

: 2
= —Aa(Mz) + I_Iguark,lepton(MZ)
Determine A« from low-energy hadronic measurements.
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Charge renormalization: On-shell and MS schemes
On-shell scheme, large contribution:

2 2
I_IV(O) = I_IV(O) quark Iepton(M ) quark Iepton(MZ)
large logs, non:p;nurbative QCD well-gélaved

: 2
= —Aa(Mz) + I_Iguark,lepton(MZ)
Determine A« from low-energy hadronic measurements.

2
&
had
I (g?) ~ ol (¢?)
_ 0)s 00 Rhag(s')ds’
Aahad(s) - Pf s';:1 s/ — s)
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Charge renormalization: On-shell and MS schemes
On-shell scheme, large contribution:

2 2
|-|'y(o) |-|'y(0) quark Iepton(M ) quark Iepton(MZ)
large logs, non;rturbatlve QCD well- ;erhaved

= —Aa(MZ) + I_Iquark IeptOI’l(Mg)
Determine A« from low-energy hadronic measurements.
__ a0
oM2) = T—Aa(My)

Correlation a(Mz)—a(Mz) is well-behaved

a(0) = 1/137.035999074(44)

a(Mz) = 1 /1 28944(1 9) [Hagiwara,Liao,Martin,Nomura, Teubner]
a(Mz) = 1/127.940(14) PoGy

Dominik Stéckinger Electroweak Theory



My 7z renormalization:

On-shell:

W-,-f\/\/\./\/\/\ ,

P

0

I
< Il

Subtlety: width!

M2, = MB, — My Ty

proper treatment necessary at > 2-loop

Dominik Stéckinger

On-shell and MS schemes

MS-scheme:
MGy + M3, = Miyos + M08

Result depends on how tadpoles are treated!

If tadpoles=0, then A_/I§V=gauge-dependent (same for top-quark!)

MS Weak mixing angle:

VR +3?
= s%0s + (6% 08 )lfin-part
_ S
=z

Electroweak Theory 74/91



My z renormalization: On-shell and MS schemes

On-shell scheme, another large contribution: (consider 1-ioop)

1 ) M (20
Mz Mz \ My, M3

2 2
~+ —MW Ap ~ U
2 2
MZ MW

Violation of custodial symmetry by mass splitting m; = my,.
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0 Tree-level considerations
9 All-order considerations

9 Precise observables and calculations
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Some Numbers

MSP = 80.385(15) GeV

0.02%
SM 1Loop (top, Higgs) > 300
MSSM iLoop O(0...100)
MZXP = 125.09(0.24) GeV 0.2%
MSSM 1Loop

> 300

Dominik Stéckinger
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Some Numbers

& =11659208.9(6.3) x 107°

0.5ppm
SM QED > 2L 70000
had 1000
weak 250
SUSY loop effects

0(0...+100)
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Outline

9 Precise observables and calculations
@ Vacuum structure

Dominik Stéckinger
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Questions about the vacuum structure

T=0: T #0:
True vacuum groundstate? Phase transitions at finite T?
@ Evaluate effective potential @ Evaluate free energy
—kg T In Z with
—/ Veit(v) = I'(H — v = const) "y
Z=Tr (e_kB_T )
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SM effective potential — leading terms

top 7 Higgs

2 A 1 J1 3 3
Var(v) = —Eov2 4 24— [—Mﬁ (Lh — —) —3mf (L,— —)] +..

2 16 1672 |4 2 2
auxiliary v-dependent quantities M2 = —p2 + $av2, M2 = \/iéy,v and L; = In(Ml-z/,qu_S)
LASSIVS S L B CRPA PR
16 ' 64n2 \16~ )Mz
MS

Can be positive (~ stable minimum) or negative (if 52 < 3y} or
V3myp, < my)
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SM effective potential — precisely

2 .
@ large logs In uVT can be resummed using RGE
S

@ strategy: precise MS input parameters at weak scale
@ use precise g functions to run A up to high scales

200 H
010 11—
>
3 3 H
008
M, = 173.4 + 0.7 GeV (gray) 2 150
(M) = 0.1184 + 0.0007 (red) T
~ 006 My, = 125.7 + 0.3 GeV (blue) =
2 8
S oo4f £ 100
£ o
o
g
g oo s
2 -
hé_jﬁ oo 50 H Stability
002 [ AL
My=1
_004f 4 0 ; n : -
0 102 10¢ 10° 10° 1010 10'2 10'4 10" 10'8 102 0 50 100 150 200
RGE scale jt in GeV Higgs pole mass M, in GeV

[Degrassi et al]

Just at the border between stability/metastability~~no new physics?

il
S
yel
?
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The other SM vacuum question — Baryogenesis

@ baryon—antibaryon asymmetry cannot be explained in SM alone
(EW phase transition not first order, no deviation from equilibrium)

‘ VD) |
24 g \ /
symmetric-phase symmetric
phase
z2p -
E . T,
= AN
/ N
endpoint, / X
2 8 ,
.
\bmken
phase
+ |
(] = A N B P ; .
oz o a5 08 1 s @y ¥
Fine [Buchmidiller]

o Hence, new thSiCS needed! (But could be leptogenesis; doesn’t have to modify Higgs potential)
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9 Precise observables and calculations

@ Precision observables and calculational techniques
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Muon decay

Iz Y
w e
GF = 27'(‘0((0) Iz (1 + Ar)
_ vamg, (1~ Wg)
Used for Gr, a(0), Mz """ M2, prediction
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Muon decay

=0 (4 a
1

Used for Gr, a(0), Mz """ M2, prediction

E mssm|

S e e e T e o e 80.60 . . e
[ experimental errors 68 CL: experimental errors 68% CL:

[ — LEP2/Tevatron (today) LEP2/Tevatron: today 1
[ = Tevatron/LHC

[~ = ILC/Gigaz 8050 M,=1256431Gev| _|

M, [GeV]
M, [GeV]

| SM|M,, = 1256+ 0.7 GeV. mssmTTT

80.30
both models 1 SM. mssm I
remoyr ot St |
80.20 . ) | veiegen s by . L L L !
112 ]65 170 175 180 185 168 170 172 174 176 178
[My unknown m, [GeV] [My known] m, [GeV]
m Stockinger Electroweak The 84/91




Muon decay

€ Gr — wa(0)
Ze \/EMEV <1 — Mﬁ,)

a3
MZ

(1+ Ar)

Used for Gr, a(0), Mz """ M2, prediction

@ Leading corrections from finite renormalizations:

v w
light g, / “12
o(0) = a(O)(1+8a), o & (1 . #Ap)
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Muon decay

Gr — wa(0)

7 \/_M2 < ﬁ)

(1+ Ar)

Used for Gr, a(0), Mz """ M2, prediction

2
Ar= Ao — WAy Apem
~~ S%/ P+
0.06 _ 0.01
—0.03

] StatUSZ 1-|00p, 2-|00p [Awramik,Czakon,Freitas,Hollik, Walter, Weiglein;Degrassi,Gambino,Giardino],
partial > 2-loop known
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Muon decay — precisely

e v i E. 3 7 .-
g v * v ¥ e i
v F F = F Fooy F F
Vol v £ F i F
F F F F
AN 7 |7 £
F VF F E F
F
W,

2-loop examples [Holiik]

[vd Bij,Chetyrkin,Faisst,Jikia,Seidensticker'00]
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Muon decay

Gr — wa(0)

7 \/_M2 < ﬁ)

(1+ Ar)

Used for Gr, a(0), Mz """ M2, prediction

2
Ar= Ao — WAy Apem
~~ S%/ P+
0.06 _ 0.01
—0.03

] StatUSZ 1-|00p, 2-|00p [Awramik,Czakon,Freitas,Hollik, Walter, Weiglein;Degrassi,Gambino,Giardino],
partial > 2-loop known
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Muon decay

Yu

e wa(Mz) o
Gr = 14+ A7
§ F=5 Ve s, ( w)
where Mﬁ, = ﬁélz,VMg
Alternative MS setup Gr, &, Mz

further parameters —o
—

2
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Muon decay

14 Yu

© g mi(Mz)
T VMg,

2 Az2 p 2
where My, = pcy, Mz

(1 + A?W)

. VI — furth —
Alternative MS setup Gr,a, My "5 &2 — M2,

@ Status: 1'|00p, 2-|Oop [Awramik,Czakon, Freitas,Hollik, Walter, Weiglein;Degrassi,Gambino,Giardino]
partial > 2-loop known

@ current predictions: (theory uncertainty ~ 3—4 MeV)

s _ [ 80.3639 GeV  [OS]
W 7| 80.3578 GeV [MS]
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Muon decay

i v,
w R ~
ra(Mz .
GF = W(‘I + Arw)
e wSw
where Mﬁ, = ﬁévag
Alternative MS setup Gr,a, Mz "5 52— M2,

@ Status: 1'|00p, 2-|Oop [Awramik,Czakon, Freitas,Hollik, Walter, Weiglein;Degrassi,Gambino,Giardino]
partial > 2-loop known

@ current predictions: (theory uncertainty ~ 3—4 MeV)

s _ [ 80.3639 GeV  [OS]
W 7| 80.3578 GeV [MS]

Most important parametric uncertainties: miop, Acnag

(changing them ~ 10 AMy, ~ 15MeV)
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Subtlety: y5-problem in EW multiloop calculations

Naive anticommuting v5:  Tr(y57*y"v?~%) = 0

(mathematically not fully consistent,
}7\ but preserves appropriate Ward id.)
AR Math. consistent: Tr(vsyH " vPy7) o VP
['t Hooft, Veltman; Breitenlohner, Maison]
I distinguishes 4-dim and D — 4-dim objects
and breaks Ward identities

Naive treatment here (e.g. a,) correct since:

@ difference to consistent treatment has the form of a local
counterterm

(as opposed to non-local or imaginary)

@ this follows from power-counting after using anomaly cancellation
[Heinemeyer,DS,Weiglein’04]

But this must be studied case by case

Dominik Stéckinger
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[in units 10~ 1]

11658471.8 (0.0)

G

Had vp: 682.5 (4.2)
Had Ibl: 10.5 (2.6)
Weak: 15.36 (0.10)

Dominik Stéckinger

1
a, = 5(9_2)u =
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a(0)

— + ...
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[in units 10~ 1]

QED: 11658471.8 (0.0)
Had vp: 682.5 (4.2)

Had Ibl: 10.5 (2.6)
Weak: 15.36 (0.10)

Dominik Stéckinger

1 «a(0
a“:§(g—2)”:%+...

Legacy of the old CERN experiments:

SM, no had
1
S|
““““ [P B R I

0 400 800 1200 1600 2000

10'°a,~11 658 000

verified had contributions
=] 5 E £ DA
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1 a(0)
p =300 -2 =750
h f [in units 10~ 1] .
QED: 11658471.8 (0.0) Legacy of the Brookhaven experiments:
SM, no weak
G —
Had vp: 682.5 (4.2) I
=y I
NN
170 180 190 200 220
Had Ibl: 10.5 (2.6) 10"a,-11 659 000
[ 3o deviation, larger than aE™!
Weak: 15.36 (0.10)
=] = - = = A
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1 a(0)
a,=~(g—2), =2 +...
(] 2 (g )M o
g [in units 10~ 1]
11658471.8 (0.0) Hadronic  vp  contributions  from
et e~ —had data (sno, cmp, kLOE, Babar, Belle, BES. ..]
682.5 (4.2) g
10.5 (2.6) S
Wea;; ‘ 15.36 (0.10) [Benayoun, David, DelBuono, Jegerlehner'12]
o <& =, «z» I
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1 a(0)

a”: 5(9_2)11:?—’_
[in units 10~ 1] . .
116584718 (0.0) Weak contributions
@ Leading:
@
2
Had vp: 6825 (4.2) W) _ GFm, [5 1 1_ 4822
] z 758:2 |3 1 3l w)
°'q _ ~10
=19.48 x 10
Had ol 10.5 (2.6)
[ @ 2-loop exactly known, very large
- 0
Weak: 15.36 (0.10) 0(20 A))
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1 a(0)

h=30-2 =%
g [in units 10~ 1]
QED: 11658471.8 (0.0)
(@ Y - — e
Had vp: 682.5 (4.2) pan E /
H: o4 ) AR
e m 1 et
Had Ibl: 10.5 (2.6)
w @ exact evaluation of My-dependent parts
«/V\A{_H—[ @ consistent parametrization of 1-, 2-, 3-loop o< Gra"™
o @ final result: (15.36 & 0.10) x 10~ 1°
Weak: 15.36 (0.10) [Gnendiger,DS,Stéckinger-Kim’13]
[m] [l = =
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@ low-energy measurements (u-decay, a,, e" e~ —had, sin )
important to test EW physics
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Summary

@ Very good agreement SM—data

Measurement Fit om™®=-0" o‘“’"’3

Bay ), (m, C 0 +0.00033 0. ™
m,[GeV] 91.1875+0.0021 91.1874
r,[GeV] 2495200023 24959 jm
Opg[nb]  41.540£0037 41478 pm——m—
R 20767£0025  20.742 ey

% 0.01714 £0.00095 0.01645 fmmm
AP) 0.1465+0.0032  0.1481 jmm
R, 021629 £ 0.00066 0.21579 jmmm
R, 0172100030  0.1723

v 0.0992£0.0016  0.1038
A 00707 £0.0035  0.0742 mmmmt
Ay 0923£0020 0935 mm
A, 067040027 0668
A(SLD)  0.1513:0.0021  0.1481
sin%05(Q,) 0.2324£0.0012  0.2314 fmmm
my [GeV] 80.385:0015  80.377 jmm
rylGev]  2085:0042 2092
m[GeV]  173.20 £0.90 173.26
waen vz 0o 1 2 3

=} 5 = E £ DA
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Summary

@ very deep QFT understanding of SM and similar theories

Q|phys) = 0 =BRS=-gauge invariance
@ Renormalization in practice involves large contributions

Aa, Ap, MS-0OS schemes
and subtleties

0¢ov # 0, ys-problem
@ Precision computations at > 2-loop level done and needed
@ Extensions of SM possible and motivated

What explains the existence/structure of scalar fields?
Supersymmetry? Compositeness? Something else? Nothing?
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