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o Neutral Currents: v, Z Flavour Conserving

o Universality: Family-independent Couplings
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ilies: Ve U Vp € vy ot
e Three Families: [ i } { P } [ ol }
Family |: Vf a, :| — ( 1) ) ( q, ) _ . .
Structure gy =)L g ), > R TuR > TdR

Left-handed Fermions only
e Charged Currents: W¥
Flavour Changing: vy < (., q, < q4

o Neutral Currents: v, Z Flavour Conserving
o Universality: Family-independent Couplings

e Scalar Interaction: H Coupling proportional to mass



Fields 1 Po | 13
SURL® UMY | (7 T
Gauge Theory [ icpons| (/) I
o Free Massless Lagrangian: Ly = Ele iEJ(X)W" Ouibj(x)
e Global Symmetry: U, = exp{fda}
Pi(x) = " Uri(x) , a(x) = e”Paa(x) Pa(x) — € hs(x)
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SU(2)L X U(].)Y Fields " o Ton

Quarks ( Z )L urp | dr

Gauge Theory | icpions| (/) e

Free Massless Lagrangian: Lo = Ele iEj(x) v 9 1hi(x)

Global Symmetry: U, = exp{fda}

Pi(x) — e u, vi(x) , Pa(x) — e2f va(x)  ,  Y3(x) — e/3f P3(x)

Local Gauge Symmetry: a=d(x), 3=p6(x) =» 4 Gauge Fields

Dut(x) = [0u+ig' Bu()] $u(x) = " Dughu(x) (k=2,3)

1
Bll — By, — Eﬁuﬂ

A. Pich EW & Higgs Physics 4



SU(2)L ® U(]')Y Fields 1 2 | Y3

Quarks ( Z )L urp | dr

Gauge Theory | icpions| (/) e

Free Massless Lagrangian: Lo = Ele iEj(x) v 9 1hi(x)

Global Symmetry: U, = exp{fda}

Pi(x) = P ULPi(x) , a(x) = P aa(x) , ahs(x) = 7P ahs(x)

Local Gauge Symmetry: a=d(x), 3=p6(x) =» 4 Gauge Fields

Duta(x) = [Ou+i8 Wu() +ig'ni Bu()] ta(x) = "7 UL Duta(x)

Dutn(x) = [Ou +ig/yk Bu(X)] ¥a(x) = " Dugpu(x) (k=2,3)
WIE% ﬁ;z%ULWJuUI‘FéauULUI ' B/L%Bu_éauﬁ
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SU(2). ® U(1)y Lagrangian

Z ’@k '\/H D/ﬂ/)k
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SU(2). ® U(1)y Lagrangian

3
1 L [ ST
L = _Z B,lll/ B* — 5 Tr |:VV,1LV W/W} + ”/)k ’VIl D’,ﬂ/)k
k=1

Lo+Lcc+Lne

£K1n+£3+£4

By = 0,B, —9,B, — B

o Gauge-covariant structures:
[(6’” +ig Wu) , (8y +ig Wy)]

W), = 0. W, —a, W, — g™ W) w

— U, WW UZ

i
W = ——
" g
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SU(2). ® U(1)y Lagrangian

3
]' "y 1 'Y ALY e 1
B, B’ —ETr[WW W2 } + 3 iy Dk

L=—-
4
k=1

Lo+Lcc+Lne

Lxin+L3+Ls

o Gauge-covariant structures: B, =0.,B,—0.,B, — Bu

W, = —é [((%-i—ig Wu) (o +ig W)] S U, W U

W), = 0. W, —a, W, — g™ W) w

=
Il

N Qu
‘gl

1 1 . .
o Liin = —7 Bu B — 7 (0, — 0, W) (0" Wy — 0" W)
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SU(2). ® U(1)y Lagrangian

3
]' "y 1 'Y ALY e 1
B, B’ —ETr[WW W2 } + 3 iy Dk

L=—-
4
k=1

Lo+Lcc+Lne

£K1n+£3+£4

All fields are massless (masses forbidden by symmetry)

o Gauge-covariant structures: B, =0.,B,—0.,B, — Bu

W, = —é [((%-i—ig W), (0. +ie W)] = U W, U

W), = 0. W, —a, W, — g™ W) w

=
Il

N Qu
t%i

1 1 . )
L ﬁKin - B/J,l/ B — Z (8/L Wpl - 8l/ VV;I;) (8# VVI'V - 0" V‘/i“)
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Charged Currents
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Charged Currents

3 3
D it Dubk — =g Wutn — g/ By > vk by i

k=1 k=1

Lcc + Lnc

~ T w3 V2wl .
WHZUWLzz( » H , W, = (W) +iW3)/V2



Charged Currents

M«

3
P Dbk — =g P Woth — 8/ B Y vk by i

k=1 k=1
Lcc + Lnc
~ o 1 w3 vZwi . .
W”:2W“:2(x/iljvu _W;) R
g _ _
Lcco ——{Wi gvP (1 —~5)d 4+ D" (1 —s) e +h-C-}
ac >3 o [T (1 =) 7" (1—1s5) €]
u, Vg
d,l

o Quark—Lepton Universality

W e Left-handed Interaction




Neutral Currents

Broken symmetry since Mz 40 ==  Mixing of neutral fields

w3\ _ cosfy  sinfy Z,
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Neutral Currents

Broken symmetry since Mz 40 ==  Mixing of neutral fields

w3\ _ cosfy  sinfy Z,
B, ) — \ —sinfw cosbw Ay

A, has the QED interaction if:

g sinfy = g’ cosOy = e : Y:Q—T3:Q—%

l Electroweak Unification

Lnc = —eAy Z Vi Qe + Eic
k

Quy O
olz< . Qd/e) L Q= Q. Q= Qe




Z, { Yoz — 2sin® O Y Ew“kak}
P

~ 2sin 9W cos Oy

———— — f
 2sin 9W cos Oy zf: (vr = ar3s)

S

=T
7 VF = T:{ (]. — 4|Qf| sin2 Hw)
u d Ve e
2ve | 1-8sin®0w | —1+3sin®0y | 1 | —1+4sin’0y
2ar 1 -1 1 -1




[’§C = ZM { “0'31/}1 — 2sin2 9W Z Ek’}/quwk}
k

~ 2sin 9W cos Oy

= - - f
 2sin 9W cos Oy zf: (vr = ar3s)

S

f ar = T{
7 VF = T:{ (]. — 4|Qf| sin2 9w)
u d Ve e
2ve | 1-8sin®0w | —1+3sin®0y | 1 | —1+4sin’0y
2 ar 1 -1 1 -1

If vg do exist: y(vr)=Q, =0 — No vg interactions




Gauge Self-interactions

w* w* w* w* v, Z
W~ " W~ W~ v, Z

L3 =ie {(aﬂ WY — ¥ WH) WA, — (aM wrt — o WM) WA, + W, W) (9RAY — 8”A“)}

+ ie cot Oy {(aM WY — 9" WY W) Z, — (aﬂ wrt — gv W“T) W,.Z, + W, W] (04 Z¥ — a"z#)}

Lo = — e cotOw {2WIWHZ,AY — WiZrW,AY — WA W, Z"
—e {wiwra,a - wiaw Aty - e cottow {Wiwrz,ze - wizrw, 2z}

e2

2
i f et
ST {(WMW“) - wiwr WVW”}

There is always a W™W™~ pair

SU(2). does not allow for neutral vertices with only v & Z




Problem with Mass Scales

Ln = =mgB"B, + % my WEW,, = meff

f

Lm not Gauge Invariant ==  All SM fields are massless!

m, =0 Good!
I\/IZ:/\/IW:mt:O Bad!

é @ mp=mec=ms=m, =myg =0

m; =m, =me=m, =0
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m; =m, =me=m, =0

Masses cannot be It would destroy renormalizability
added by hand

The SM would lose any predictivity



Problem with Mass Scales

Ln = =mgB"B, + % my WEW,, = meff

f

Lm not Gauge Invariant ==  All SM fields are massless!

m, =0 Good!
,:;! I\/IZ:/\/IW:mt:O Bad!
ég mp=mc=mg=m, =myg =0

m; =m, =me=m, =0

added by hand

Masses cannot be It would destroy renormalizability
The SM would lose any predictivity

Gauge Symmetry Needed == Spontaneous Symmetry Breaking
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Bosonic Degrees of Freedom

Massless W= Z

3 X 2 polarizations = 6

3 d.o.f.
\‘l Missing

Massive W=*, Z

3 X 3 polarizations = 9
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Goldstone Theorem

L= —V(e) V() = 2elé+h(s'e)

Global Phase Symmetry:

P(x) — ¢(x)

o u?>>0: my =

Single Ground State at ¢ = ¢y =0

|l




Goldstone Theorem
L= V() , V() =pPele+h(ste) . h>0

Global Phase Symmetry: p(x) — ¢'(x) = e ¢(x)

o u?>>0: my =

Single Ground State at ¢ = ¢y =0

o 12<0: Degenerate minima at |¢g| =

. V(o)




Goldstone Theorem

L=06'06-V() V() =usTe+h(ste) . h>0
Global Phase Symmetry: p(x) — ¢'(x) = e ¢(x)
o u?>>0: my =

Single Ground State at ¢ = ¢y =0

o 12<0: Degenerate minima at |¢o| = *2‘;2 = % >0
V(9

Vacuum choice:  ¢(x) = - [v + p1(x)] e/ #2()
V(¢) = —3 v — el + hvoi + ol

m2 =—-2p> , m’, =0 (Goldstone)




EWSB: Higgs Mechanism

1
y¢:Q¢—T3:§

Lo = (D,®) DHO — 12 dTd — ) (0T D)2

2 <0 , vi=—p? /A

D0 = [0+ ig Wo(x) +ig'vs Bu(x)|
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EWSB: Higgs Mechanism

+) R 1 1
d(x) = { 2(0) } = exp{/a-f} . E[V-EH} , y¢:Q¢—T3:§

<

Lo = (D,®) DHO — 12 dTd — ) (0T D)2

SU(2), Invariance: ==  J(x) can be gauged away
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EWSB: Higgs Mechanism

1
i| ’ y¢:Q¢_T3:§

SU(2), Invariance: ==  J(x) can be gauged away
e Unitary Gauge: B(x)=0

(D.®)DHO — 1a,HoMH + (1+ 1) (M2, wiwr + L m2 7,21}

MW = Mzcosew = %gv

A. Pich EW & Higgs Physics 19



Bosonic Degrees of Freedom

Massless W=, Z
3 X 2 polarizations = 6

+
3 Goldstones ;(x)
Same
SSB .
Physics

Massive W= Z

3 X 3 polarizations = 9




Bosonic Degrees of Freedom

Massless W=, Z
3 X 2 polarizations = 6

+
3 Goldstones ;(x)
Same
SSB ;
Physics

Massive W= Z

3 X 3 polarizations = 9

1 d.o.f. too much L The Higgs Boson



Standard Model Yukawas @ famiy)

® ot (0]®|0) 0 b =irpo*
= B = v B =T
o V2 :

Ly = —q (UL,JL)d)dR — O (E[_,JL)&)UR — C3 (D[_,é[_)q)eR + h.c.

\‘/ SSB

Ly = — (1+H) {mydd + m, Gu + m. e}
md—C]_% s mu:CQ% ) me:C3%
Couplings my !

proportional Pl
to masses f
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MW = Mz COSOW = %gv

Mz = 91.1876 GeV > My = 80.385 GeV =i

A. Pich

EW & Higgs Physics

2

M
sinfy = 1—M—V2V = 0.223

V4
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MW = Mz COSOW = %gv

MZ
Mz = 91.1876 GeV > My = 80.385 GeV = | sin’0y, = 1—M—‘g/ = 0.223
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MW = Mz COSOW = %gv

Mz = 91.1876 GeV > My = 80.385 GeV =i

2
g g
Vu Mav_q2 Mav \/_ F
w
- e” 1 GEm®
W — =T, = M 2 2 1 5
T H 1927T3 ( e/m;l)( + RC)
ve
f(x) = 1 —8x +8x3 — x* — 12x? log x
A. Pich
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MW = Mz COSOW = %gv

2

M
Mz = 91.1876 GeV > My = 80.385 GeV = | sin’0y, = 1—M—V2V = 0.223
Z

2 2
g g
—2  _~ 2 =426
Y Mav_q2 Mav \/_F
"
- e” 1 GEm® .

w - =T, = E f(m?/m?) (1 + ore
T H 1927T3 (me/m;l)( + RC)

f(x) = 1—8x+8x3 — x* — 12x2log x

Gr = 1.1663787 - 105 GeV 2 sin® Oy = 0.215

| -

Mw , g=e/sinfw v=(v2Gr) % =246 GeV

A. Pich EW & Higgs Physics 22



—1/2
v = 2Mw _ (fch) — 246 GeV
g
M2
My = (12500 £0.24) GeV  mae A= 2 — 013

A. Pich

EW & Higgs Physics
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SM Parameters

4inputs: g, g/, p’, N\ <> o, GF, Mz, My

a~! = 137.035999 174 = 0.000 000 035

Gr = (1.1663787 = 0.0000006) - 10~° GeV 2
Mz = (91.1876 -+ 0.0021) GeV

My = (125.00 & 0.24) GeV
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SM Parameters

4inputs: g, g/, p’, N\ <> o, GF, Mz, My

a~! = 137.035999 174 = 0.000 000 035

Gr = (1.1663787 = 0.0000006) - 10~° GeV 2
Mz = (91.1876 -+ 0.0021) GeV

My = (125.00 & 0.24) GeV

2 Miy e
sin“fy = 1 — —— _
M?2 e
2 .2 o ye” Gr o g _
My, sin® Oy = V2Gr NG = % Ve
My, = 80.94 GeV [Exp: 80.385 = 0.015]
sin? 0y, = 0.212
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SM Parameters

avGF7M27MH

4 inputs: g, g/, ,uz, A <
a~! = 137.035999 174 + 0.000 000 035
Gr = (1.1663787 4 0.0000006) - 10~° GeV 2
Mz = (91.1876 £+ 0.0021) GeV
My = (125.09 + 0.24) GeV

a~'(M3) = 128.94740.012

Davier et al, 1706.09436

2

M
.2 w
sin“fy = 1 — ——
M3
Gr
M2, sin® Oy = 2 -
" V2 Gr V2

My = 80.94 GeV
sin® Ay, = 0.212

(79.97)
(0.231)

A. Pich EW & Higgs Physics

[Exp: 80.385 = 0.015]
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Vacuum
Polarization

The photon couples

to virtual ff pairs

Vacuum -e» Polarized Dielectric Medium

2y OZ(QS)
oAQ) = (@) 2102
1_/61 o |Og(Q /QO)

B1 = % >of Q? >0
a(Q?%) Increases with Q* = —q°

Charge SCREENING at Large Distances

a~t=a7H(m2) =137.035999174 (35) < a~'(M3)=128.947 (12)

Aoyama et al 1205.5368 Davier et al. 1706.09436
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WS > Ly, d b

w-
- yj=u,c d \ _[ cosOc sinfc d
Vi Yy d=d,s s’ N{ —sinf¢c cosfc¢ }( s )
- 5. 07) — 1 — 0 . 0
Br(W™ = l7) = 3TN, 10.8% [Exp: (10.86 + 0.09) %]
_ GeM3,
r(w- —all) = 6V (3+2Ng) = 2.10 GeV  [Exp: (2.085 £ 0.042) GeV]
IS

2
Ng = Ne {1+ 22 4. 4 ~ 312
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WS > Ly, d b

w-
— yj=u,c d\ _[ cosOc sinfc d
Vi Yy d=d,s s’ N{ —sinf¢c cosfc¢ }( s )
. - 5. 07) — 1 — 0 . 0
Br(W™ = l7) = 3TN, 10.8% [Exp: (10.86 + 0.09) %]
_ GeM3,
r(w- —all) = 6V (3+2Ng) = 2.10 GeV  [Exp: (2.085 £ 0.042) GeV]
by

2
Ng = Ne {1+ 22 4. 4 ~ 312

Br (W~ — Do e )oxp = (10.71 £ 0.16) %
Br(W™ — 7, 1 )exp = (10.63 £ 0.15) %

Universal

W£ti, Couplings
Br(W=™ = 77 7 )exp = (11.38 £ 0.21) %

A. Pich EW & Higgs Physics 26
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Lepton Universality

g’t VT
—_— I
T W n u
Tyt “_wgﬁv/u Nalave=ay
\_ \_ —_
gu Vi Vu Vu
Ee v g o g;,/
T ey JUUT
T e Ve Ve
g 7,
g Vi
—
——
T g Vi g
Tt | S
2. v LB S
. i .
gu Vu g
- K g n W B i
M -
oy e 28s0p - SN .
gf"\VC Vu 3

SM: Same W=

couplings for all fermion families

EW & Higgs Physics
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Lepton Universality

g,/g,,|

|2,/ 2
B.,,/B. . | 1.0018+0.0014
B, /Bise | 1.0021£0.0016
By, /Bise | 0.9978 £0.0020
By s/ Bi s ze| 1.00100.0025
By u/Byse | 0996+0.010
8./ 8|

Br—)e z-;4/2-r
rl’*}ﬂ'/rﬂ%/l
r

r—>K/FK—>y
BWA)T/BWA),U

1.0011£0.0015

0.9962 +0.0027

0.9858+0.0070
1.034+0.013

BT*)/J T;z/z-r

BWHT/BWHe

1.0030+0.0015

1.031+0.013

EW & Higgs Physics
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[(Z = FF) = Ny SM2 (|ye2 + [ag?)

7 672
: Np=1 Nq:/vc{1+%m%)+w}~3.l2
rinv _ Nu [—(Z N 7711) B 2 Nu B 1.955 x N,, [a(mﬁ)]
re — e (L—4sin®6w)? +1 1.989 x N, [a(M2)]
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f
GFM 2
) M(Z — ff) = N 5% (|v] + |ag|?)
- Ny =1 Nq:/vc{1+¥m%)+m}z3.12
iy _ N, r(Z N 1711) B 2N, - 1.955 x N, [()z(mg)]
re = T (1—4sin*fw)? +1 1.989 x N, [a(M3)]
r. 3.04
e LEP: Y _5043+0.016 = N, =
e v 2.99
A. Pich EW & Higgs Physics 29




(Z—Ff) = N ¢ GF""Z e (el + [ae]?)

- Ny =1 Nq:/vc{1+¥m%)+m}z3.12
N T(Z = v) 2N, B 1.955 x N, [a(m?)]
- Fe (1—4sin®0w)” +1 1.989 x N, [a(M3)]
) 3.04
e LEP: v 594340016 - N, =
I 2.99

A. Pich

All (NLO) EW corrections  mmp-

N, = 2.984+0.008
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f
GeM3
) [(Z = ff) = N¢ g% (Jvel* +larf?)
7 Ne=1 Nq:Nc{1+¥M%)+m}z3.12
I—inv _ Nu r(Z — 771/) _ 2 NV _ 1.955 x Nu [()/(mg)]
e = Fe C (L—4sin®w)?+1 | 1080 x N, [a(M2)]
I 3.04
o LEP: WV _5043+0.016 = N, =
Fe v 2.99

All (NLO) EW corrections == N, = 2.9844-0.008

M(Z — had) i
TZ5 )~ 20767+0025 =3 | ay(M7) = 0.1196 £ 0.0030
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29




