(2) Weak interactions and
Electroweak unification

... It was unthinkable that anyone would question the
validity of symmetries under space inversion, charge
conjugation and time reversal. It would have been
almost sacrilegious to do experiments to test

such unholy thoughts

Chien-Shiun Wu: discovered parity violation in weak

Chien-Shiun Wu . )
Interactions g

Ulla Blumenschein, The Standard Model, Hasco su 2r school g p— @Qggggyary




Fermi Theory

Fermi theory of weak interaction, 1933: Effective Field Theory

f decay of the neutron
Ge=1.17 x 105 GeV-

Ulla Blumenschein, The Standard Model, Hasco summer school I ————— - ‘Qgggggmary 58




Fermi Theory

Fermi theory of weak interaction, 1933: Effective Field Theory

GF=1.17x10-5Gev-2]

75 [a(p)y u(n)][a(v)yuule)]

Ulla Blumenschein, The Standard Model, Hasco summer school it . ¥ Queen Mary 5 9
- i i Iniversity of London



Fermi Theory

Fermi theory of weak interaction, 1933: Effective Field Theory

Effective coupling parameter Gg,
related to new physics at a scale my
which was not accessible in 1933

Cross section diverges at high energies
~and does not explain observed parity violation

Ulla Blumenschein, The Standard Model, Hasco st nmer school . - ‘Qgggw%mary 60




Fermi Theory

Fermi theory of weak interaction, 1933: Effective Field Theory

| Ge=1.17 x 105 GeV2

M = = SE[a(p)y u(n)][a(v)yule)]

Effective coupling parameter Gg, Today’s relation at low energies:
related to new physics at a scale my , 5
which was not accessible in 1933 Grp _ _g 5

V2 8My

Cross section diverges at high energies
and does not explain observed parity violation

Ulla Blumenschein, The Standard N ofel: : : ol ! ‘Qgggﬁgmary 6 1



Contemporary theory

Contemporary Matrix element (low energy limit): W boson

M= [%ﬂ(u)v@u(dn iz [ L5 u(ve)f

Projection to
left-handed fermions

Chien-Shiun Wu

Ulla Blumenschein, The Standard Moel, acummr Helglelo] 6 2




Contemporary theory

Contemporary Matrix element (low energy limit): W boson

M = [ a(u)y 51— 7 )u(d)] grge [ 22 b (1~ 7)u(e)
Projection to %

left-handed fermions transfer g

Chien-Shiun Wu

Ulla Blumenschein, The Standard Moel,acoummer school N Ghcen ey 63



Contemporary theory

Contemporary Matrix element (low energy limit): W boson

M = [Za(u)r* 51— V)uld)jgsz [ 25 ave)1us (1 — 7 Jule)]

Projection to 4-momentum
left-handed fermions My ~80 GeV transfer g

Chien-Shiun Wu

Ulla Blumenschein, The Standard Model, Hasco summer school 64



Contemporary theory

Contemporary Matrix element (low energy limit): W boson

M = [Zga(u)y 5 (1 - 7*)uld)f N (2580 vz (1 — 7 )ule)

Projection to %

left-handed fermions My ~80 GeV transfer g

Chien-Shiun Wu

Ulla Blumenschein, The Standard Model, Hasco summer school 6 5




Contemporary theory

Contemporary Matrix element (low energy limit): W boson

[M [Zeu(u)v'5(1 = v )uld)] 32—z [ 5 0(ve)vu5 (1 — v*)ule)]

Projection to I/Pm

left-handed fermions My ~80 GeV transfer g

) The W couples with pairs of ——
. \% ° left-handed fermions Ehieehit
3 U - t

S (), (), (), (), (), ©), |

Ulla Blumenschein, The Standard Model, Hasco summer school o Queen ey 6 6



Contemporary theory

Contemporary Matrix element (low energy limit): W boson

M = [Zga(u)y 5 (1 - 7)u(d)] gt [ L a(ve) v (L — 77 u(e)
Projection to I/%

left-handed fermions My ~80 GeV transfer g

The W couples with pairs of . .
- : Chien-Shiun Wu
d \\% & left-handed fermions
Ve Yy VUr

(), (2), (), @), (), €), |

Vud Vus
‘/;:d ‘/cs
V.td V;ﬁs

connection between
weak and mass
Ni eigen states

I —

S
b/

CKM matrix: [d’

Toshide . -

Ulla Blumenschein, The Standard Model, Hasco summer school . R 6 7




Electroweak unification

Require the Dirac Lagrangian to be invariant
under a local SU(2) x U(1)y transformation.

LACDirac — “ZV“@M — TTI/QE’(P Sel\}e

Weinberg

Abdus
Salam

Sheldon.
Glashow

Ulla Blumenschein, The Standard Model, Hasco summer school



Electroweak unification

Require the Dirac Lagrangian to be invariant
under a local SU(2), x U(1)y transformation.

L[fDirac — Z@E’Y'ua,u@b — m’&'w 3"', ‘

Weinberg

Abdus
Salam

Sheldon.
U(1)y: generator is the weak hypercharge Y = 2(Q —T3), Tz = £ 15 for Glashow

left-handed fermions, T3 = O for right-handed fermions

Q) Queen Mary
University of London

Ulla Blumenschein, The Standard Mot e




Electroweak unification

Require the Dirac Lagrangian to be invariant
under a local SU(2)_ x U(1)y transformation.

L»CDirac — iTZW“@MD - miﬁﬁb Ste’ve

Weinberg

Abdus
Salam

Sheldon.
U(1)y: generator is the weak hypercharge Y = 2(Q —Ts), T3 = £ 15 for Glashow

left-handed fermions, T3 = O for right-handed fermions

SU(2).: only transforms left-handed fermion-doublets
generators of SU(2) are the Pauli matrices:

g [=(28) [=(25) [=-(5 %)

SU(2) 3 U = exp(iwo)

g W Queen Mary 7 O
University of London




Electroweak unification

- New covariant derivative D,: one gauge field per generator: 3 W fields, 1 B field

L: Dy=0,+igu3Wi€ig5B | _ (¢f)
bro Vit Ou=ut ig B Z

D, =0, +iqA,

QED:

\ — — Yoy,
Ulla Blumenschein, The Standard Model, Hasco summer school iy Cueet] ey 7 1



Electroweak unification

- New covariant derivative D,: one gauge field per generator: 3 W fields, 1 B field

| @ D“—Bu+zgw2W’+zng LLz(zp{J)
YR, ¥g: Du=08,+ig5B, YL

Ulla Blumenschein, The Standard M d [, H



Electroweak unification

- New covariant derivative D,: one gauge field per generator: 3 W fields, 1 B field

L L: D,=0,+ighZW +ig%B, LL= (%)

YR, ¥R Dy =0,+ig% B, Y,

D, =9, + iqA,

& > QED:




Electroweak unification

- New covariant derivative D,: one gauge field per generator: 3 W fields, 1 B field

VYR, Yy “—8p+zng VL)

[(flmﬁ’) = (ve, €7) (W ™) (vr, 77); (w, &), (e, &), (8, V),

-
Qf Queen Mary
University of London

Ulla Blumenschein, The Standard Mod‘-e_l,—iH-a-s—'c"o sum;{er school



Electroweak unification

- New covariant derivative D,,: one gauge field per generator: 3 W fields, 1 B field

L: D,=08,+igu3W: +ig¥B, LL _ (m)
YR, ¥ D, =0,+ig%B, Yl

t(¢’¢’) = (Ve, €7) (VM’ uw) (e, 77), (u, d’)’ (c, 3,)’ (t, b,)

Physical fields are linear combinations of the original gauge fields:
Ay [ cosby, sinby, B,
Z,)  \—sinf, cosf,) \W;

fy: Weinberg angle

1
Wi = 75 Wi w ]

Ulla Blumenschein, The Standard Model, Hasco summer school 7 5



Electroweak unification

- New covariant derivative D,: one gauge field per generator: 3 W fields, 1 B field

L: D,= u+zgw2W"+zng LLz("/)L)
YR, VR #—3u+2923 v

[("/’a"/”) = (Ve, €7) (VIH uw) (vr, 77), (u, d’)’ (c, 3’)v (, bl)

Physical fields are linear combinations of the original gauge fields:
1 : A ) in 6 B
- 1 2 p\ _ [ cosly sinby, W
LW" V2 [W" :FZW”] t(Z,,) o (— sinf,, cos 0,,,) (Wﬁ')

In order to obtain the QED current for A,, the Weinberg angle needs to be:

cos O, = 2gw . sin @, =
9o t+9 vgw+g

Ulla Blumenschein, The Standrérd Model, Hasco summer school | Y Queen Mary 7 6




Electroweak unification

- Interaction Lagrangian (in terms of physical fields A, 2):
LLEW ==Y BIVTLWS+ % IPT_LW, +

int
e (Vr*QY + ¥y QYY) Ayt _
2o [Ly*T3 L — sin? 6, (v7* Qv + ¥'v*Qv')] 2,

9 & T _a_+_al+i02_ 0 1 T _a___al—z'az_ 0 0
Ty @ A et T T 20 ALD

Z/v

e+

L]

e ———

. N - o
Ulla Blumenschein, The Standard Model, Hasco summer school 07 gﬂ?ﬁﬂl&/ﬂ'ary 7 7



Electroweak unification

- Interaction Lagrangian (in terms of physical fields A, 2):
LLEW - % LT LW + % LY*T_LW, +

int
e (VY Qv + Yy QY') Au+ _
2o [In*Ts L — sin® 0, (Y7 Qy + ¥1*QY')] Z,

‘ _ 0+ _ o1 + 109 0 1 _a___al—z'az_ 0 0
l?y"' 2 2 (0 0) =g g (1 0)

Z/y*
q A

- Rewriting the Z interaction in terms of axial (ca) and vector (cy) coupling for
the two components of the lefthanded doublet:

Emt z0 = _Zf coso,,, [ "pfyyl (cf Cz’)’ )¢+ ¢1,7#1 (Cf )1/},] |

Ulla Blumenschein, The Standard Model, Hasco summer school W Queen Mery 7 8



Electroweak unification

- Interaction Lagrangian (in terms of physical fields A, Z):

Cof = =% BIPTLWS + LT LW+
e (V1 QY + P QYY) A+ _
Ju_ [Ly*T3 L — sin® 0, ($7*Qu + ¥*QY')] 2,

q e

_ 0+ _ o1 + 109 01 _0-_01— 109 0 0
t?4 T2 2 (0 0) == 2 (1 0)

Z/v*

q £+

- Rewriting the Z interaction in terms of axial (ca) and vector (cy) coupling for
the two components of the lefthanded doublet:

Emt z0 = _Zf — [m 'Qb")’”l (Cf )’¢']

Ulla Blumenschein, The Standard Model, Hasco summer school . 7 9



Electroweak unification

- Interaction Lagrangian (in terms of physical fields A, 2):
LLEW 25 BIWTLW,S + 2 IWT_ LW, +

int
e (Vr*Qy + Y QY') Ayt _
2o [Ly*Ts L — sin? 0, (Y7 Qv + ¥'v*QY)] Z,

‘ _ 0+ _ o1 + 109 0 1 _a___ol—z'az_ 0 0
l?“"' 2 2 (0 0) i A e (1 0)

Z/v*

q Lo

- Rewriting the Z interaction in terms of axial (ca) and vector (cy) coupling for
- the two components of the lefthanded doublet:

‘cmt z0 = _Zf cosow [ "/)’7#1 (Cf C{(Y )¢mZ#|

Ulla Blumenschein, The Standard Model, Hasco summer school | 80



Electroweak unification

—> Interaction Lagrangian (in terms of physical fields A, 2):
EW _ w T, w T, -
V- -3 f % LAH*TL L W,}L + % Ll Ll

int —
e (VYHQY + Yy QYY) Ayt _
u— [Ly*T3 L — sin® 0, (Y7 Qy + 'y QY')] Z

9 & T B crl-i-wg 0 1 T _a___al—z'ag_ 0 0
[*‘2 2 00 -T2 2 1o

Z/y*

q g

- Rewriting the Z interaction in terms of axial (ca) and vector (cy) coupling for
- the two components of the lefthanded doublet:

‘C'mt z0 = _Zf coso [ "p')'#l (cf C{{Y )"/’"‘ "p")’”l (Cf )"pl]

Ulla Blumenschein, The Standard Model, Hasco summer school . A Queen Mary 8 ]_




Electroweak unification

- Interaction Lagrangian (in terms of physical fields A, Z):

Lof = =% BIPTLWS + B IV LW+
e (P1'QY + Wy QYY) Au+ _
Ju_ [Ly*T3 L — sin? 6, ($7#Qv + P*Qy')] Z

q ' ‘T=g_+ al+za2 01 T=—_ o1 — zaz 0 0
A" 2 0 0 -7 9 2 10

Ziy

q Lt

- Rewriting the Z interaction in terms of axial (ca) and vector (cy) coupling for
- the two components of the lefthanded doublet:

‘C'mt z0 = _Zf cosow [ ")b')'”l (cf C,J;'Y )"/)'*' "/"’Yﬂl (C{fl Cf )"/J']

1_26in0,Q0 = %
—% — 25sin?6,,Q 4=

-

Ulla Blumenschein, The Standard Model, Hasco summer school == G 8 2




Electroweak unification

- Interaction Lagrangian (in terms of physical fields A, Z):

Lol = =5y BIPTLWS + I T LW+
e (V1 QY + P QYY) A+ _
Su_ [Ly*T3 L — sin 0, ($7"Qu + P+ QY')] Z,

q ' - _ 04 _ a'1+1,0'2 0 1 T _0- _ al—zaz 00
B 2 0 0 = 2 10

Z/v*

q £+

- Rewriting the Z interaction in terms of axial (ca) and vector (cy) coupling for
- the two components of the lefthanded doublet:

d,=1-2sin20,Q =1 example:
Cf ; — 258l | cy(e,pu, 7) = —0.04 and ca(e, p, 7) = —0.5

Ulla Blumenschein, The Standard Model, Hasco summer school | Y Queen Mary 83




Electroweak unification

—> Interaction Lagrangian (in terms of physical fields A, 2):

Lof ==%p BINTLWS + 8 I T LW, +
e (P1'QY + Wy QYY) A+ _
o~ [LY"T3 L — sin® 6y, (p74QY +P'v*QY')] Z

1 & T _ 04 _ 0'1+'LO'2 0 1 T _a___al—'iag_ 0 0
[*‘2 2 00 — 2 Al

Z/v*

q g

- Rewriting the Z interaction in terms of axial (ca) and vector (cy) coupling for
- the two components of the lefthanded doublet:

(;f =1 _95in%0 cf iy & Couplings are averages for
(,}/’ B = WQ 42 right and left handed fermions
| %4

Ulla Blumenschein, The Standard Model, Hasco summer school et Queen Mary 84



Electroweak unification

—> Interaction Lagrangian (in terms of physical fields A, Z):

Ly =-3%; ‘% LWTy LW, + % Ly*T_LW, +

e (V7' QY + Yy QY’) Au+ _
s~ [Ly*T3 L — sin® 6y, (Y74Qy + P'v*QY')] Z,

_a_+_al+i02_ 0 1 _0‘___0'1—’i0’2_ 0 0
LT+_2_ 2 ‘(0 0)’T‘“2_ 2 ‘(1 0)

q e

Z/v*

q *

- Rewriting the Z interaction in terms of axial (ca) and vector (cy) coupling for
- the two components of the lefthanded doublet:

Ll s = -S| Brg (e — o) v+ Peh (- hoP) ] 2

’ . 1 fermions »

d 1 - 2 1 . . .
zf(/ = 5 — 2sin 0.,Q c}; =3 Different couplings for right/left haed ,

cv =c¢+cr lca=cL—Cr

Ulla Blumenschein, The Standard Model, Hasco summer school ¥y Cueer] ery 8 b



Electroweak unification

reminder: ete- 2> y 2> YT

vip:) U(ps)

—e?
L M= S e el (pa(pn)

: " YaY)
Ulla Blumenschein, The Standard Model, Hasco summer school e Queen Mary 8 6



Electroweak unification

example: ete- 2> Z 2 Yy

G(ps)

i 2y¥(cy-cay®)

lcv(e p1,7) = —0.04 and ca(e, 1, 7) = —

Ulla Blumenschein, The Standard Model Hasco summer school

reminder: ete- 2 y 2 utu-:

L M = ﬁ[ﬂ(mh“%mﬂ[‘7(P2)’YuU(P1)]




Electroweak unification

example: ete- 2> Z 2 Pty reminder: ete- 2> y 2> Yty

B V( p,) u( ps)

G(I:’s)

H 5

i &2y¥(cy-cav”)
-igw

(p1 + Po)?-m;*+imZl’;

u(p,) v(p,)

& -
- —e2
L 5 [@(p3)7v(pa)l[V(p2)yuu(p1)]

- (P1+ p2)
lcv (e, p1,7) = —0.04 and ca(e, p1, 7) = —0.5:

o 2 D _
M= 4((pL+ p2)? — m35 + imzrz)[ (3)%(059" = 0.04)v(4)]
[7(2) 7 (0.5v> — 0.04)u(1)]

R

: ‘N*‘u."” —— ‘144 e
Ulla Blumenschein, The Standard Model, Hasco summer school o Cueen ey




Electroweak unification

example: ete- > Z 2 y*y: reminder: ete- 2> y 2 UrU

et

= m[ﬁ(p3)7”V(P4)][V(P2)7u”(P1)]

[Cv(e,/t,T) = —0.04 and ca(e, p, 7) = —

2

- £z 0(3)7(0.5+5 — 0.04)v(4
4((pr+ p2)2 — m% + imzT z) [BENH(057 ) Breit-Wi R
[7(2)7.(0.5v° — 0.04)u(1)] reit-wigner Qsonanz

> oletes = Z—utp") = -
mzz (s — m%)2 4 m22F2Z

-
Qf Queen Mary
University of London

Ulla Blumenschein, The Standard Model Hasco sumer schoo|




Electroweak unification

e f e f
. >m< . >.v<
et F et '

2

N\

Ulla Blumenschein, The Standard Model, Hasco summer school

Z-y interference

Iy
Qf Queen Mary
University of London



Electroweak unification

\.

f

¢ f e
et f et i

2

For small energies (/s < 50 GeV), the
photon (QED) contribution dominates.

Around the Z mass (\/s~ 91 GeV), the
/Z contribution dominates.

Ulla Blumenschein, The Standard Model Hasco summer school

\

/-y interference

1 lllllll[ 1 IlllIllI 1 lllllllI Lo

-
Qf Queen Mary
University of London



Experimental milestones

+ 1972: Gargamelle: discovery of neutral currents

Neutral cu Fent
c‘l'wn“ /”

Bubbler¢hamberid 1 |
Neutrinobeam™ _~

The Neutral Current was not part of Gargamelle’s core program
.. but they reacted fast to new challenge

Ulla Blumenschein, dard Moc : W Queen Mary

University of London



Experimental milestones

+ 1972: Gargamelle: discovery of neutral currents
| Neutral .cu It
igiSkaction .

UAT UA1 Z production -
o 92 EVENTS 1982-85 q - . .
] * £ Enacton e
INJECTION

BEAM ABORT

sre

QCD - background

2°~e'e” J
Z/y*

Lss2
EXTRACTION NORTH

e+

EVENTS PER & GeV/c?

&

/
2
=

.t =1 L ~Z?  SPS pp collider
TR T SO Wy 2" 1981-1991, E=900 GeV

INVARIANT MASS M (e'e”) (GeV/c))

Ulla Blumenschein, The Standard Moc l, Hasc r school ke \Q%%Mary 93




/ production at hadron
colliders

ﬂ+
\ i _

[ » At hadron colliders the Z boson can be produced via

the Drell-Yan Process, e.g. utt — Z — ptpu~

5 Gadas &
Ulla Blumenschein, The Standard Model, Hasco summer school Q) Queen Mary
mversl(yn .ondon




/ production at hadron
colliders

ut
\ i -

» At hadron colliders the Z boson can be produced via
the Drell-Yan Process, e.g. utt — Z — ptpu~

» As the quarks can carry a wide range of the proton
energy fraction, we automatically scan the mass range

. m— Y
Ulla Blumenschein, The Standard Model, Hasco summer school Q) Queen Mary
nIVﬂ’SI(y .ondon




/ production at hadron
colliders

b
o
]

>

/ 8 -e-Data Zop'w
= (JMC Stat. ® Syst. Unc. ATLAS
® OZ-prw T
w EZ-tr

[ Top quarks

— —
XD

-t
o

ata / Pred.
W . -

» At hadron colliders the Z boson can be produced via
the Drell-Yan Process, e.g. vt — Z — ptpu~

90 100 110
m,, [GeV] -

ﬂ
~l|
o
[o+]
o

» As the quarks can carry a wide range of the proton
energy fraction, we automatically scan the mass range

——

—

Ulla Blumenschein, The StandaFcTNM?a"éTf‘th'é“F school v Queen Mary

University of London




/ production at hadron
colliders

> WW
$10°: oData Zop'p =
=~ | [OMCStat ®Syst.Unc. ATLAS |
o 4 OZoww i

% 10* E g Diboson 13 TeV, 81 pb

w - @Z-ortt

- [ Top quarks

—
o
w
PRI AR ETITT

-
o
n

-d
o

1 lllllll 1

-t

ata / Pred.

[o1{o JGEN V)

» At hadron colliders the Z boson can be produced via
the Drell-Yan Process, e.g. utt = Z — ptpu~

&

» As the quarks can carry a wide range of the proton
energy fraction, we automatically scan the mass range

&_7

» Similar to LEP, the cross section results from an
interference between photon and Z

Ulla Blumenschein, The Standard Model, | summe \Q Queen Mary



Electroweak gauge fields

- Lagrangian of free gauge fields with:

CEW e = — A, Fi = 2 B B Buy = 0,8, 0,By

: p— YaY 9
Ulla Blumenschein, The Standard Model, Hasco summer school o Cueen ey 8



Electroweak gauge fields

- Lagrangian of free gauge fields with:
Buy — 6uBy e 81/Bu |

e = —ZF;VF“” - —B B*

W/Z bosons carry
EM and/or weak charges

-
Qf Queen Mary
University of London

Ulla Blumenschein, The Standard Movd‘e‘l,%H:as.co s>um;1e;' school




Electroweak gauge fields

- Lagrangian of free gauge fields with:
L:fa‘gge _ ZFSVF;W o —B B,u.u Bu,y == 8 B 3,,Bu |

Fp, = 8, W — 9, W,

Leads to triple and quartic gauge boson couplings:

ng‘:;e e % [(W‘;)TW"“’ + (WJL )Tw+lw + 2,2 + Ay A#v]
—~igy [(co8 0y Z¥ + sin By, AF) (W, W — Wi W) W/Z bosons carry
+(008 8 Zyy +8in by Ay )W W] EM and/or weak charges
—-‘1"* [2cos? 0, (WiW~+Z,2" - WiW~Z,Z")
+2sm20 (W+W HA AV — W+W"’A yA)
+2 cos B, sin 0w(2W+W"‘Z,,A" - W: W-Z, AP - W‘f W-vA,Z*)
WW W WY+ WEW W W)

Ulla Blumenschein, The Standard Model, Hasco summer school \f Queen Mery 1 OO



Electroweak gauge fields

- Lagrangian of free gauge fields with:
Buy — auBy s ayBu ‘

A —ZF;},,F'“’ T

F = 8, W — 8, W,

Leads to triple and quartic gauge boson couplings:

Loge = —1 (W)W + (WEYWH + 2,20 + A, AV
—10w [(0080 Z“+sm0 A“)(W wtv — W+W ) W/Z bosons carry
& +(c08 0 Zyy + 50 0, A JW Y EM and/or weak charges
— 92 [2 cos? 6
+2sm20 (WiW=rA A=W WA, A¥)
+2 cos B, sin 0w(2W+W"‘Z,,A" WJ WvZ,A* - W; W-vA,Z")
—W+W+“W W_”+W+W W, W+”]

W= ze p=

quartic gauge boson coupling

Ulla Blumenschein, The Standard Model, Hasco summer school \C Queen Mery ]_ O ]_



Electroweak gauge fields

-> Lagrangian of free gauge fields with:

Fi, = 0. W — 8,W

Leads to triple and quartic gauge boson couplings:

5 = L (W)Wt 4 (T & 2,70 1 4 )
~igy cos0 Z“+Sm0 A“)(W i = : W/Z bosons carry
+(co8 O Z it Az W44 EM and/or weak charges

—9“1 [2 cos? B, ( W+W kZ,2" -WiW-2,Z")
+2sm20 (W+W hA,AY - W+W“’A yAM)
+2 cos Oy, sm9w(2W+W"‘Z,,A” W+W vZ, A" — W,“" W-"A,Z")
CWIWHW W W W W)

triple gauge boson coupling p

Ulla Blumenschein, The Standard Model, Hasco summer school o Queen ey ]_ O 2



Electroweak gauge fields

- Lagrangian of free gauge fields with:

By = 0By —0B; |

s = 4F;f,,F‘“’ E —B B

Fr, = 0, W — 3, W,

Leads to triple and quartic gauge boson couplings:

Loige = 1 [(Wa )W + (WEYW*H + 2,2 + A, AV
—igy [(cosO Z“+s1n0 wAF) (W Wt —WEW=) W/Z bosons carry

+(c08 0y Zy + sinby, Auu)W i EM and/or weak charges

e (20820, (WFW42,2" - Wi W~ 2,2¥)

+231n20 (W+W HA AY - W+W VA, AH)

+2 cos 0y, sin 0w (2W+W‘“Z,,A” W"'W"’ Z,AF - WiW"A,Z")

_ —_WHwts -5 —H v
No vertex with WaWTW, W+ W W oW, W ] .
W 70 b € w

3or4Zy

7B

Ulla Blumenschein, The Standard Model, Hasco summer school o Queen ey ]_ 03




SM precision at LEPI

LEP2 (1996-2000): WW, ZZ, yy — W o
+ W leptonic and hadronic BF Vet
+ W mass and width -
e VAVAVAVAV L'
+ Triple gauge couplings:WW/Z, WWy . -

& anomalous TGC: 277, ZZy*

WW cross section

mw = 80.376 4 0.033 GeV
I'w = 2.1954 0.083 GeV 5 OTTE -
B(W — had) = 67.41+027% v§ \
gf = 0.9843008 s _
Ky = 0.982 4+ 0.042 Yo
A\, = —0.022+0.019. ’
Phys.Rept.532,119-224, 2013 107 )
YFSWW/RacoonWW
F/ ... no ZWW vertex (Gentle)
)__3 _ only v, exchange (Gentle)
- Precise measurement of 0 “160 _— m
W properties AT

- TGC as predicted in SM
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SM precision at LEPII

LEP2 (1996-2000): WW, ZZ, yy ¢ ——WwWrwh .

+ W leptonic and hadronic BF Vet

. W_mass and W|dth_ e —> LA wo 7

+ Triple gauge couplings:WWZ, WWy . W
& anomalous TGC: ZZZ, ZZy*

WW cross section

mw = 80.376+0.033 GeV
I'w = 2.195+ 0.083 GeV 5 OTTE —
B(W — had) = 67.41+027 % ¥ \ V.
gf = 0984750 S N |
Ky = 0.982+0.042 V.
A, = —0.022+0.019.
t
Phys.Rept.532,119-224, 2013 01 .
YFSWW/RacoonWW
7 ... no ZWW vertex (Gentle)
’ . only v, exchange (Gentle)
- Precise measurement of 0 160 _— -
W properties Ve (GeV)

- TGC as predicted in SM
=2 QGC measured at the LHC (later)

Ulla Blumenschein, The Standard |, Ha i i v Queen Mary 1 O 5

University of London



[Higgs mechanism]

So far no mass terms for the gauge bosons W,Z as they
would destroy the local gauge invariance

- Mass terms introduced by interaction with a scalar field ,
through the covariant derivative in the kinetic term iHgfICaIStEng et

LEW = (Dug) D6 — (124'0+ M(8'9)?) (2 <0, A>0) \

T

Ulla Blumenschein, The Standar?:lslv‘lb"del, Hasco summer school

=
Q) Queen Mary
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[Higgs mechanism]

So far no mass terms for the gauge bosons W,Z as they
would destroy the local gauge invariance

- Mass terms introduced by interaction with a scalar field .
through the covariant derivative in the kinetic term Francois Englert

L3 =(Du0) DFE> (oo + Me)’)  (u* <0, A>0)|

Robert Brout

reminder:

D, = 8, +igu%W, +ig5B, ‘

L3
Q) Queen Mary
University of London

Ulla Blumenschein, The Standarodé‘i asco summer school




[Higgs mechanism]

So far no mass terms for the gauge bosons W,Z as they
would destroy the local gauge invariance

-> Mass terms introduced by interaction with a scalar field _ » -
‘through the covariant derivative in the kinetic term Francois Englert | MEECRS
S A0
cEW (Dug)! D¢ — (W2616+A(919)?)  (u? <0, A>0)
Robert Brout

after assuming a non-zero vacuum expectation value
(electroweak symmetry breaking)

2

1 0 y
p(z) = 7 (,U N h(:z:)) (0l¢'|0) = 5 =~ (174 GeV)?

L3
Qf Queen Mary
University of London
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So far no mass terms for the gauge bosons W,Z as they
would destroy the local gauge invariance

- Mass terms introduced by interaction with a scalar field
through the covariant derivative in the kinetic term

CEY ~(D,0) D> (W66 + A@192) (12 <0, A>0)

Francois Englert

Robert Brout

after assuming a non-zero vacuum expectation value
(electroweak symmetry breaking)

B 1 0 02
p(z) = 7 (,U = h(:c)) (0l¢'l0) = 5 =~ (174 GeV)?
theckinematic termy creates mass terms for the W and Z
_ YuwV | GuV GuV
MmMwy+ = —(5— mw- — — Y e——
2 1 % 2 ‘ MZ = 5 cos 0., cosb,

mw

Ulla Blumenschein, The Standard Model, Hasco
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LHC: the Higgs boson]

9
v Production:
H - gg fusion
- - - VBF
- bbH, ttH
v - /H,WH
q
2012: Higgs boson discovery: S T N
. LHC: Proton collider, 27km circumference
ATLAS & CMS experiments, mH =125.110.2 GeV ; ’ :
P 1 6:5TeV beam energy -
U I S L ] E T L P L CMS (s=7TeV,L=51fb"{s=8TeV,L=531fb"
> ® Data ATLAS 4 _"I""l'v" J >140_"'I""l""l"i'l""_
§ 25 -Background zz" Hosz2sa) ] 3 ) T 8 - ATLAS ; 3:‘: ﬁ svh;mM) ]
% - [l Background Zjets, ] g i Vv 8 o Unweighted g 120F- (5=8TeV, | Lot = 5.8 fo" qum E:;nﬂ;m 3
@ 20 _ |/;| Signal (m, =125 GeV) ZZ _‘ ‘u'_z 1500 k % g 100:_ H—»WW( )—>evuv/pvev + 0/ jets - e _:
R % Syst.Unc. 1 é :>_|’1000- 3 E + WW E
15[ 15 =7 TeV: JLdt = 4.8 " . [ - . 80— —
F Vs=8TeV:[Ldt=581" 1 % Ll ¥ V) ] 60:— _+_ B
C ] £ i . B V] ]
A0 . =/ 1 u % %» ]
r ] § 500 -_ ¢ Data 40__ 7z .
o i S*F?tg:)mponent - ]
é [ Ctlo 20_— -
%) | [ +20 - =
PR TN ST ST SN SN ST S U ST S B HAY e
100 160 200 260 0" T 120 10 140 150 | 8

m, [GeV] my, (GeV) ‘ m [GeV]

16 (2012)
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Summary Standard Model

+ Relativistic Quantum Field Theory
+ Symmetry requirements
+ Renormalizability

Symmetries and fields:

+ Lorentz boosts/rotations, translations
matter particles, spinl/2: ¥

described by Dirac formalism: ¢+ Fermions and bosons masses

= =» scalar Higgs field o
— AH A
Lsu = 1¥iny" 0,V EW Symmetry breaking in
@ ®==® the ground state (vacuum)

2X6 leptons: e, vg, Y, vy, T, Vg
2x6 quarks: u,d, ¢, s, b, t

+ Local gauge symmetries: Renormalizability ,,
=» force fields: spin 1: V Effective parameters
SU2) x U(1) = v, Z, W: EW force can be adjusted in
all orders of y
SU@3) = 38 gluons: strong force oerturbation SR
| o il expansion such —
Dy =0y +i8kV,, that theory keeps finite g

\Q Queen Mary
University of London
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SM: an international
development

Yang Chen-Ning

Richard Feynman
(China) Gauge theories

(US), QED

Shinichiro Tomonaga

Abdus Salam  Gerard ‘t Hooft =
(Pakistan) Netherlands, Chien-Shiun Wu (apam QED
EW theory renormalisation (China/US)

Frank Wilczek Parity violation
(US) QCD

Emmy Noether

= ;
‘ 4 . (Germany):
a /A F 4 Makoto Kobayashi Symmetries and
— Peter Higgs _— (Japan): Quark mixing conservation

(UK) EWSB Steven Weinberg

- Tsung-Dao Lee
Murray Gell-Man g (US) EW theory

(US) Quarjks (China) parity violation

“Scientific thought and its creation is the
common and shared heritage of mankind.”

Abdus Salam

. ueen Maryi

Ulla Blumenschein, The Standard Mod — e
: Pl i ‘ g 5 University of London



