The Standard-Model

Ulla Blumenschein, Queen Mary University of London

® |ntroduction Standard model

® Precision tests of electroweak physics at the
By (@

From time immemorial, man has desired to
comprehend the complexity of nature in terms of
as few elementary concepts as possible.

Abdus Salam (Nobel Price in physics 1979)
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Relativistic notation:

Space-time 4-vector: La:u — (ct,2,y, 2) [33“ = (ct, —x, -, _Z),'

Minkowski metric:

‘ a-b= a.“fbu _ aObO o albl . a2b2 o a3b3

: : Herbert Minkowski,
Albert Einstein Goettingen 1902-09
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Relativistic notation:

Space-time 4-vector: Lxu = (ct, z,y, 2) Lg;“ = (ct,—x,—y, —2)

Minkowski metric:

‘ a-b—= aﬂbu _ aObO o albl o a2b2 o a3b3

T HEP: Energy-momentum 4-vector: Herbert Minkowski
Albert Einstein Goettingen 1902-09
” daH <E )
—my— =|(—Pp
b i dt @ [E':fymCQ, [p:’ymv

2 —1/2
Lorentz- L _ (1 ~ ”_2)
factor B |

In most slides, we use
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Relativistic notation:

Space-time 4-vector: [x“ — (ct, x,1, z) [x“ = (ct, = =1l —Z)r

Minkowski metric:

‘ asb=a by =a'b"—a b —ab"—ab

T HEP: Energy-momentum 4-vector: Herbert Minkowski
Albert Einstein Goettingen 1902-09
i dxt (E )
=my—— = | —P
The norm of an Energy-momentum 4-
vector is its (invariant) mass Lorentz- L _ (1 - v_2>"1/2
factor a2
E2
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Relativistic notation:

Space-time 4-vector: Lxu = (ct,z,y, 2) Lx“ = (ct, —x,—y, —2)

Minkowski metric:

¢4 A\
A
B 7 NI

¥

4 ¥

‘ asb=a by =a'b"—a b —ab"—ab

F—— HEP: Energy-momentum 4-vector: Herbert Minkowski
Goettingen 1902-09

pt=my——=1\ P 8 oo AT = .

dt g = ok 3

5 1200~ 3

The norm of an Energy-momentum 4- 3 E

vector is its (invariant) mass o0F- 3
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Relativistic notation:

Space-time 4-vector: Lxﬂ — (ct, x,1, z) Lx“ = (ct, = i1l —Z)r

Minkowski metric:

‘ a-b=a"b, =a°° — a'b' — a?v® — *?

T HEP: Energy-momentum 4-vector: Herbert Minkowski,
Albert Einstein Goettingen 1902-09
drH E
pP =my— =\ P
dt e C.
Relativistic

energy-momentum relation
The norm of an Energy-momentum 4- gy

vector is its (invariant) mass

P P> = m2c?

In mOSt s/lde,s;, ..y— llad J)

S— ;‘--*
: R — P — % Queen Mar
Ulla Blumenschein, The Standard Model, Hasco summer school Sl CHE )




(1) Towards QED

AS

Richard Feynman Shin’Ichiro Tomonaga Julian Schwinger

“I would rather have questions that can't be
answered than answers that can't be questioned.”

Richard Feynman (Nobel Price in physics 1965)

-
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QM description of Fermions

Applying quantum substitution Lﬁ bV LE—> ih%

(1) to classic energy-momentum relation E =p2/2m +V |

E. Schroedinger

+
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QM description of Fermions

Applying quantum substitution [5 -3 iBVY [E—> ih%

(1) to classic energy-momentum relation E=p2/2m +V

/ E. Schroedinger
- Schroedinger equation: L'h&p A2
B —

57 =~ VAU(E D) + V(7 OY(F 1)
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QM description of Fermions

Applying quantum substitution L,—,* AV LE — ih%

(1) to classic energy-momentum relation E=p2/2m +V |

/ E. Schroedinger

- Schroedinger equation: 8¢ h2
V2uU(7, t) + V(F, t)(F, t
Lat TS0 + V()
Applying quantum substitution Lpﬂ — iho, 9, = 0
Xk
(2) to relativistic energy-momentum
relation: E2 = p2c2 + m2c# |

A. Einstein

\-Q.e! Queen Mary
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QM description of Fermions

Applying quantum substitution Lp’ N v/ LE—> ih%

(1) to classic energy-momentum relation E=p2/2m +V | S
/ E. Schroedinger
- Schroedinger equation: o h2
ih— = —— V(7 t) + V(7, t)u(7, t
Lf‘?t VL GR(F. 1) + V(E ()
Applying quantum substitution Lp” — 1hO, 9, = 8;9(“
(2) to relativistic energy-momentum
relation: E2 = p2c2 + m2c* |
o
. . 1 0 5 m e
- Klein-Gordon equation: Lc_zﬁtp — Ve + P Y =0

‘Q.a’ Queen Mary
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QM description of Fermions

Applying quantum substitution Lﬁ 5 iV LE—> ih%

(1) to classic energy-momentum relation E=p2/2m +V |

/ E. Schroedinger
- Schroedinger equation: L 3¢ h2

o= VR 1) + V(7 0 )

Applying quantum substitution Lpu — ih0, g, =, 0
aXH

(2) to relativistic energy-momentum
relation: E2 = p2¢c2 + mac?

«

22

> Klein-Gordon equation: L 12 o — - V2¢+ — = 0.
C




The Dirac equation

- 4D matrices: y-matrices o (0 I . 0 o
T=\1 o T\ o 0

Paul Dirac

-
) Queen Mary
University of London
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The Dirac equation

-~ 4D matrices: y-matrices o [0 I - 0 o
Y=\1 o0 T\ o 0

Fermion becomes a Dirac spinor:

Pau/Dirac Y = (%o, 1,12, ¢3)‘

Ulla Blumenschein, The Standard Model, Hasco summer school



The Dirac equation

= 4D matrices: y-matrices o [0 I . 0 o
T=\I o T\ -0 0

Fermion becomes a Dirac spinor:

PaulDirac Y = (vo, 1, Y2, ¢3)‘

> Dirac equation: ‘ .(z'fy“BM —m)p =0 ‘

_ 0
o axe
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The Dirac equation

- 4D matrices: y-matrices o (0 1 - 0 o
=1 o T\ = 0

Fermion becomes a Dirac spinor:

¥ = (o, Y, . Us)|

- Dirac equation: | (19" 0, —m) =0 |

_ 9
# OXH

Implicit sum convention: Sum over all indices: y = 0,1,2,3
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The Dirac equation

- 4D matrices: y-matrices o (0 1 0 0 o
=1 o T -a 0

Fermion becomes a Dirac spinor:

Paul Dirac ",b — (¢0) "pla ¢27 ¢3)

> Dirac equation: ‘ ‘(iyﬁ‘@“ —m)y =0 |

Gy _ () L (Et—px)
Lw = % (E7 p)e ﬁf

| /

spinor wave

Solutions:

Ulla Blumenschein, The Standard Model, Hasco summer school 5



The Dirac equation

- 4D matrices: y-matrices o (0 I . 0 o
=1 o T\ o 0

Fermion becomes a Dirac spinor

PaulDirac Y= (Yo, 1,12, ¢3)‘

- Dirac equation: [(z'fyliaﬂ — ’m)'gb — 0

>

L‘b(i) — uO)(E, p)e—#(Et=p¥)

Solutions:
1 0
uy = - Up = !
YT p/(E+m) 27 | (pe —ipy)/(E +m)
Electrons: (px +ipy)/(E +m) —p./(E +m)
< Positrons (pe — ipy)/(E +m) p-/(E +m)
- B — —p:/(E+m) B = (Pz +ipy)/(E +m)
COl 1 0 2 1
______ X .

Ulla Blumenschein, The Standard Model, Hasco summer school ‘& WUeen 5



The Dirac equation

- 4D matrices: y-matrices o [0 1 iry 0 o
=1 o T\ = 0

Fermion becomes a Dirac spinor:

Paul Dirac 'Qb = (¢07 ’(pla ¢27 ¢3)

- Dirac equation: [(iqx“@u —m)yY =0

B

. probability density/current:

i i —L(Et—px —— _ — ,

Solutions: L‘/’( )= ul )(E’ p)e B | =97 = Py + D) = (p,))

1 0
. “E e /(E+m) 2= | (pr — ipy) /(B +m)
Electrons: (px +ipy)/(E +m) —p./(E +m)
Positrons (P — ipy)/(E +m) p-/(E+m)
oy — —p:/ (gJ +m) vy — [(pm + ipy)l/ (E+ m)]

1 0

. —V &
Ulla Blumenschein, The Standard Model, Hasco summer school Y Queen Mery



The EM force

Classic Maxwell equations:

i i
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The EM force

Classic Maxwell equations:
WimBle 2 V-B=0
xE:—%—B VXB /J,()J—I—,U,()(E()aE-

- Homogeneous MWE: E and B as derivative/curl of potentials V and A

Lé(a‘:’, t) =V x A(Z.1) [E(x t) = —VV(&,t) — 24E0

Ulla Blumenschein, The Standard Model, Hasco summer school W Queen Mary




The EM force

Classic Maxwell equations:
V-E=2 V-B=(
xE:-%—B VXB /,L0J+/L0€08E-

- Homogeneous MWE: E and B as derivative/curl of potentials V and A

[E(f, t) =V x A(Z,1) LE(::: t) = —VV(&,1t) — 2AED

—> relativistic description: 4-potential e -
4-current LA“ = (Va A) LJ“ = (p,J)

Ulla Blumenschein, The Standard Model, Hasco summer school Wy Queen Mary 6



The EM force

Classic Maxwell equations:

- Homogeneous MWE: - and B as derivative/curl of potentials V and A

| B@n=VxA@n | Ben=-vvn - oA

—> relativistic description: 4-potential o ry iy
4-current LA“ = (V, A) LJ“ = (p,J)

Field strength tensor:

Frv — gAY — 9v AF =

: : i e VoY
Ulla Blumenschein, The Standard Model, Hasco summer school o Queen Mary 6



The EM force

Classic Maxwell equations:

v-B=0.

- Homogeneous MWE: E and B as derivative/curl of potentials V and A

Lé(f, t) =V x ff(i:’, t) LE(x t) = —VV(Z,t) — <9A(9c t)

—> relativistic description: 4-potential re
4-current L = (V, A) LJ“

— (p7 _’)

Field strength tensor:
0 -E, —40,, —~E,
v — grAv _ v AR — E, 0 —-B. B, | > Inhomogeneous MWE:

E. -B, B, 0 Ok
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The Lagrangian density

Classical mechanics: Lagrange function: [L =T-V

= _ ==y

Fundamental law of motion: Euler-Lagrange equation: 8L  d OL _

Ulla Blumenschein, The Standard Model, Hasco summer school \Q Queen Mary 7



The Lagrangian density

Classical mechanics: Lagrange function: [L =T-V

Fundamental law of motion: Euler-Lagrange equation: oL _d oL
dg; dt dg,
Field theory: Lagrangian is a function
of fields and their 4-derivatives
L($,0,9)
- Euler-Lagrange equation: o oL __ oL
Hé(0ud) 0P

co summer school 7



The Lagrangian density

Classical mechanics: Lagrangefunction: LL =T-V

Fundamental law of motion: Euler-Lagrange equation: oL d oL _,
an' dt Bq]

Field theory: Lagrangian is a function

of fields and their 4-derivatives

L‘C’(¢7 8M¢)
- Euler-Lagrange equation: o 0L __ oL

Ho(0ue) 6¢

Example Dirac Lagrangian: @

Lﬁpimc = i¢7“8u¢ — map é_lilé)li(erralgaegrange equation
= quation . B
t(m’”au —m)y =0

Ulla Blumenschein, The Standia;r_d Model, Hasco summer school | 7



The Lagrangian density

Classical mechanics: Lagrangefunction: [L =T-V

Fundamental law of motion: Euler-Lagrange equation: oL _d oL _,
dq;  dt 9q;
Field theory: Lagrangian is a function
of fields and their 4-derivatives
Lﬁ(d)a 8ﬂ¢)
- Euler-Lagrange equation: o oL _ oL
Ho6(0ug) — 69

Example Dirac Lagrangian: @

LLDz"r'ac — i¢7ﬂﬁu¢ — m¢¢ 9_ELSﬁ;I6aegrange equation
= quation . B
[(z’y“aﬂ —m)yp =0

Example: Lagrangian of free photon: Lﬁ _ _%F“VF/LV — 1(32 _E%) |
| 2

o G -
ik Al ¥ o
University of London ;



Gauge symmetries

Noether theorem:
Continuous symmetries -> corresponding conserved quantities

Emmy Noether,
Goettingen 1915-33

Ulla Blumenschein, The Standard Model, Hasco summer school \Qf Queen Mary

University of London




Gauge symmetries

Noether theorem:
Continuous symmetries -> corresponding conserved quantities

. . o . Emmy Noether,
Dirac Lagrangian is invariant Goettingen 1915-33

under global phase translation

BRI V. VA VAV
)jJ\/W

>>\/

~I~

Ulla Blumenschein, The Standard Model Hasco summer school W0 Queen Mary 8



Gauge symmetries

Noether theorem:
Continuous symmetries —> corresponding conserved quantities

: . . . Emmy Noether,
Dirac Lagrangian is invariant Goettingen 1915-33

under global phase translation

B IR V. NV NV
PP WAV, Vg

>>>\/\/\/
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Gauge symmetries

Noether theorem:
Continuous symmetries —> corresponding conserved quantities

: : . : Emmy Noether,
Dirac Lagrangian is invariant Goettingen 1915-33

under global phase translation

Now require also invariance under
local phase transitions

A~ AN

‘;‘j,\f\/w SN N NV A
>> ANV N

\/\/\/ ;AA %
VN Vv

I _ a—iqQ Objects are only influenced by their
‘ ¢ - ¢ © ¢| immediate surroundings
(principle of qualit

Ulla Blumenschein, The Standard Model, Hasco summer school el Glueer) Mary 8



Gauge symmetries

Noether theorem:
Continuous symmetries > corresponding conserved quantities

. . o . Emmy Noether,
Dirac Lagrangian is invariant Goettingen 1915-33

under global phase translation

Now require also invariance under
local phase transitions

- A S AN

)jJ\/W NERAV. VAN &4
ANV NV

2
g \/\/\/ Ad VvV z
~ SR

L
Q) Queen Mary
University of London
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Gauge invariance

When calculating the QED Lagrangian with the transformed fermion field

[EDi'r'ac = igB’y m?,z'(ﬂ e ¢ — w’ — e_l'qu(X/-L)w

e

Ulla Blumenschein, The Standard Model, Hasco summer schéol 9



Gauge invariance

When calculating the QED Lagrangian with the transformed fermion field

Lpirac = iwv my) o Y = P = ema2buly
We obtain a spurious inner derivative destroying the gauge invariance

Ulla Blumenschein, The Standard Model, Hasco summer school 9



Gauge invariance

When calculating the QED Lagrangian with the transformed fermion field

tLDi'r'ac — Zw’}/ mp e ?,b — ?,bl - e_iqa(xﬂ)zb
We obtain a spurious inner derivative destroying the gauge invariance

But what about the principle of locality
?

&
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Gauge invariance

When calculating the QED Lagrangian with the transformed fermion field

[LDirac — upf}/ m¢¢ e ?,b = ¢I = e_iqa(xﬂ)z/)
We obtain a spurious inner derivative destroying the gauge invariance

- Replace the 4-derivative by the covariant derivative D, by adding interaction
with photon field A,

DM:aM+IqAM|,\N\N\

Ulla Blumenschein, The Standard Model, Hasco summer school QY Queen Mary 9



Gauge invariance

When calculating the QED Lagrangian with the transformed fermion field

[ﬁmmc = im myy o h = Y = el
We obtain a spurious inner derivative destroying the gauge invariance

- Replace the 4-derivative by the Covariant Derivative D, by adding interaction
with photon field A,

with the photon field transforming as:

D’u:a,u—l—/qAM ,W\N\

Ay — A, = A, +00(x)

Ulla Blumenschein, The Standard Model, Hasco summer school Y Queen Mery 9



Gauge invariance

When calculating the QED Lagrangian with the transformed fermion field

[LDirac — upfy m¢¢ e w — ¢/ — e—qué(Xy)w
We obtain a spurious inner derivative destroying the gauge invariance

- Replace the 4-derivative by the Covariant Derivative D, by adding interaction
with photon field A,

with the photon field transforming as:

D, =8 'A|
v T 1GA, /W\N\ A#%AL:A”

Ulla Blumenschein, The Standard Model, Hasco summer school e Queen Mary 9



Gauge invariance

When calculating the QED Lagrangian with the transformed fermion field

t['Dirac — ’”707 mmb @ w — ?70, — e_iqa(XlJ)w
We obtain a spurious inner derivative destroying the gauge invariance

- Replace the 4-derivative by the Covariant Derivative D, by adding interaction
with photon field A,

| with the photon field transforming as:
D, = 8, + igA ‘
O TS NV | Ay > &, = Ay 400

using the gauge freedom of the photon field

Ulla Blumenschein, The Standard Model, Hasco summer school e Queen Mary 9



Gauge Invariance

When calculating the QED Lagrangian with the transformed fermion field

LLDirac — Z¢7 ’mﬂﬁ?ﬁ @ L/) —_ h{)/ = e_iqa(xp‘)’(‘;’i‘
We obtain a spurious inner derivative destroying the gauge invariance

- Replace the 4-derivative by the Covariant Derivative D, by adding interaction
with photon field A,

with the photon field transforming as:
D,=0,+ igA ‘
It 7 1
A, — AL = A,

—- using the gauge freedom of the photon field




Gauge invariance

- New Lagrangian: L L:QED _ ii;'Y“D,uw . m&w J

Adding kinematic term for free photon: ‘

Lopp = 5 FuF" + iy* Dyt — iy

.. Yields the Maxwell-equations for current density jEM = ey |

Needed to introduce photon field by requiring local U(1) gauge

invariance of the Lagrangian
Charged particles are always \ %/' ’
accompanied by EM field — g -

Ulla Blumenschein, The Standard Model Hasco SUTIMerSenoo! et Queen Mary 1 O




Perturbation theory

[ LoED = —2F F" +ipy" 8, — mypyp

—> Scattering matrix

' 5 | IR A ks
[Saﬂ - <a'm| |/Bout> LS ~e (—z/ dtV(t)) Perturbation Hamiltonian

in the Interaction picture

Ulla Blumenschein, The Standard Model, Hasco summer school 1 1



Perturbation theory

[ LQoEp = —1FuF* + iy 9,0 — my

—> Scattering matrix

l 3T
V=e| dzyy'ypA
_ | N “
[Saﬂ B (a'mlg'lﬁou» [S =en (—z/ dtV(t)) Perturbation Hamiltonian

in the Interaction picture

—> Perturbation expansion: terms can be graphically represented as
Feynman diagrams

Ulla Blumenschein, The Standard Model, Hasco sufmr'ne'r ‘sc;VHooI




Perturbation theory

LQED = = Fu F" + i)y 0p — mipyp @ l

—> Scattering matrix

1 y Ve [dirya,

[Sag = (amlg' | Bout) Ls = Texp (—z‘ /_ : dtV(t))

Perturbation Hamiltonian
in the Interaction picture

—> Perturbation expansion: terms can be graphically represented as

example: ee 2 yy Feynman diagrams

: -

e e

Ulla Blumenschein, The Standard NMoCE RS




Feynman diagrams

EM vertex:

Each line and each vertex
represents a mathematical term

v( p,)

Ulla Blumenschein, The Standard Model, Hasco summer school e Queen Meary 1 2



Feynman diagrams

EM vertex:

V(pz) ‘ }w
ieyV
Each line and each vertex
u(p,) v(p,) represents a mathematical term
e~ oo . .
\ ] - Resulting matrix element:
—e2
$=yly = [a(p3)7* v(pa)l[V(p2)ypu(p1)]
(p1 + p2)? g
IEEE
0 0 0 -l _ S Nt N |
QED fermion current: L_/EM - ewfy ’(p
A set of Feynman Rules allows to translate any d/agram to an ampl/tu e g

ithout exp //c/tly carrying out the perturbat/ve_ expansion or the S

Ulla Blumenschein, The Standard Model, Hasco summer school Wy Queen Mary 1 2



Feynman diagrams

EM vertex:

Each line and each vertex
represents a mathematical term

- Resulting matrix element:

—e2
= Gor T P v (PNF(P2) (1)

QED fermion current: l-/EM — ewfyuw

R A;set of Feynman Rules allows to translate any d/agram to an amplltu )
ithout € ,,,I/C/tly carrying out the perturbatlve expansion of the

Ulla Blumenschein, The Standard Model, Hasco summer school e Queen Mary 1 2



Feynman diagrams

EM vertex:

Each line and each vertex
represents a mathematical term

- Resulting matrix element:

QED fermion current: L.//I:fM — e&ﬁ“uw

A set of Feynman Rules allows to translate any d/agram to an amplltu
ithout explicitly carrying out the perturbatlve expansion or the .

Ulla Blumenschein, The Standard Model, Hasco summer school e Queen Mary 1 2



Feynman diagrams

EM vertex:
e+

- 'y :
v(p,) | >N
ieyV
Each line and each vertex
- u(p,) vips) represents a mathematical term
\ , - Resulting matrix element:

-
M = @[a(pawvm)][v<pzmu<p1)l

QED fermion current: LJEM = 6@7“1/1

A set of Feynman Rules allows to translate any dlagram to an amplltu
ithout explicitly carrying out the perturbatlve‘ expansion of the S

Ulla Blumenschein, The Standard Model, Hasco summer school et Queen Mary 1 2



From amplitudes to cross sections

Particle Collider: Interaction rate depends on luminosity and cross section

Ldt < Luminosity £ depends on number of
particles per bunch, bunch frequency
and beam profile: “flux”

[Nevents — 0'(6+6_ — /J’+/*L_)

TOTEM

CMS

DUMP

Cleaning




From amplitudes to cross sections

Particle Collider: Interaction rate depends on luminosity and cross section

CLdt Luminosity £ depends on number of
particles per bunch, bunch frequency
and beam profile: “flux”

[Nevents - O'(6+6_ — .U/+/*L_)

CMS

Differential cross section: e ToTEM
depends on squared matrix element

S|M|? 3
Lda _ (8%)2 | M| 1P|

cavities X _-" DUMP

m o (El +E2)2 . |p_:&| Cleaning

Cleaning
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From amplitudes to cross sections

Particle Collider: Interaction rate depends on luminosity and cross section

CLdt < Luminosity £ depends on number of

particles per bunch, bunch frequency
and beam profile: “flux”

LNevents — 0'(6_'_6_ — :U'+:u_)

CMS

Differential cross section: e TOTEM
depends on squared matrix element

dg _ (L2 SIM|?  |Pf]

d_Q o 8_71- (El +E2 )2 . |p—; | Cleaning Cleaning

Add matrix elements for the various
spin combinations, example: e e - u "

Y Quoen ey 13



From amplitudes to cross sections

Particle Collider: Interaction rate depends on luminosity and cross section

LAt Luminosity £ depends on number of
particles per bunch, bunch frequency
and beam profile: “flux”

[Nevents = 0'(6+6_ — N+H_)

Differential cross section: - -
depends on squared matrix element

CMS

DUMP

do ( 1 )2 S|IM|? 1P|

dQ = \8n/ (E1+E2)?  [pi

Cleaning Cleaning

Add matrix elements for the various i o Bl
spin combinations, example: e e - u'u” \ ~ ~

/ e* / e / e* / e* Average over initial-state
w w 4 ut - Spins, sum over final-state spins

Ulla Blumenschein, The Standard Model, Hasco summer school S = (F bk e Queen Mary 1 3



From amplitudes to cross sections

Integration over phase space -> total cross section

Example: e"e » pu u”

do o
—— (1 2p
Lsiné)d&dq& gL st

Ulla Blumenschein, The Standard Model, Hasco summer school e Queen Mary 1 4



From amplitudes to cross sections

Integration over phase space - total cross section

Example: e"e » u ' pu”

do a? A a?
— 1 2 =
Lsin@d@dd) g ot masd) & L"

Ulla Blumenschein, The Standard Model, Hasco summer school




From amplitudes to cross sections

Integration over phase space - total cross section

Example: e e » u pu”

d 2
L u s (1 + cos?h) > La i | Q.2

sinddfde  4s

ATLAS =

=

[

Q

2 F X

= o J. Ldt=1.6fb
sg 3¢

S - \s=7 TeV
2.5~ E

MSTW2008 68% C.L
] |<2.4, pl > 12 & 15 GeV

§—+—Data

[T —— FEWZ NLO+A"®W AP

Theory / Data

——__,——'
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(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 Mode




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: : : Hol ! W Queen Mary



Contemporary theory

Contemporary Matrix element (low energy limit): W boson
M = [Zra(upy 5 (1 — Y u(diss g [ Zealve)r s (1 —~7)ule)]
SN——

Projection to T/m

left-handed fermions transfer g

Ve

Chien-Shiun Wu

Ulla Blumenschein, The Standard Moel, Hasco summer school



Contemporary theory

Contemporary Matrix element (low energy limit): W boson

M= [%ﬂ(u)v“@U(d)] a7 =gz [ 0 (ve) )u(e)]

Projection to
left-handed fermions

Ve Chien-Shiun Wu

Ulla Blumenschein, The Standard Moel, acummr Helglelo]




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 StandAérd Model, Hasco summer school A



Contemporary theory

Contemporary Matrix element (low energy limit): W boson

M = [Zgaupy3(1 = v )u(d)] 3z == [Z50(ve) vu 3 (1 — 7*)ule)]
Projection to %

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), (), @), (), €), |

CKM matrix: [d’

Vud Vus
chd ‘/cs
V.td V;ﬁs

connection between
weak and mass
- eigen states

/

S
b/

Ulla Blumenschein, The Standard Model,



W boson production at the LHC

X110~
> C T T T I T T T T T T T T | T T T T .
g - ATLAS -e- Data =% Post-it ratio
r _ 1 B W ouv, & Predfitratio
v 300 r E':Tev‘l“'”bt fit -, W rvf 7/, Stat ® Syst_]|
- [ #47-channel, posti " Backgrounds i
n L
D - — € ,miss(1 _
2 200F nr = \[2pLpmi (1 - cos Ag
100F-
g 1 .02 __ T T T T I T T T T | T T T T I T T T T __
N 1 %’*’*‘M’T‘f’w}’!’hf"f‘f pr. 220 FFs 2% %) A /‘JAA’,"A‘! IV%/Mt/ﬁ
5 u 4 it H
3 C
b 0.98 1 ! ! 1 | I ! I 1 | I 1 ! I | I ! I L
60 70 80 90 10C
mr [GeV]
= 250 = % ¢ T T T T T
= L J
c [ LA pp— Wdata 7
.% [ ¢ ppoZdata ATLAS ]
@ 5ol — Theory (NNLO) n
%) = J
g I 276TeV,4pb”, EPJC 79 (2019) 901 4
3] L 5Tev,25pb™, EPJC 79 (2019) 128 a
c L 7TeV,461" EPJC 77 (2017) 367 5
o 8TeV, 20.2 1b™!, JHEP 02, 117 (2017) (for 2)
B 150 g7ev. 202" EPIC 79 (2019) 760 (for W) 1
=1 - 13TeV,81pb™, PLB 759 (2016) 601 (for W) 1
° L 13TeV.3.21b"" JHEP 02, 117 (2017) (for Z) B
< L 136TeV,29b™ (this analysis) J
o
= F J
5 100— —
= F J
50— —




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
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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
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Electroweak unification

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

L‘CDirac — ’“E’Y“ﬁulﬂ — m’(;¢ Stfv

Weinberg

Abdus
Salam

Sheldon.
U(1)y: generator is the weak hypercharge Y = 2(Q —T5s), 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:

- EEsE




Electroweak unification

In QED (local U(1) symmetry): new covariant derivative D,u — 8# + ,'qA“

Now: more advanced covariant derivative with one gauge field per generator:
For U(1): B,. For SU(2): W1, W?, W3, (non physical fields)

L: Dy=0,+igu3 Wi €igy B r=(3)
VR Vi Du=0utigi B> v

(9. (). (). @), @), W),
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Electroweak unification

In QED (local U(1) symmetry): new covariant derivative D,u — 8# + ,'qA

Now: more advanced covariant derivative with one gauge field per generator:
For U(1): B,. For SU(2): W1, W?, W3, (non physical fields)

PRk s )

(9. (). (). @), @), W),
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Electroweak unification

In QED (local U(1) symmetry): new covariant derivative DM — 8u -+ iqA” ‘

Now: more advanced covariant derivative with one gauge field per generator:
For U(1): B,. For SU(2): W1, W?, W3,

L: D,= u+z'gw W’-I—zg B, LL=(¢L)
VR, Vg u—8u+zng vl

Physical fields are linear combinations of B,, W%,,, W?,, and W3,

1 . A 0 sinby) (B
4 _ 1 1 2 m o COS w Sin w K
LWM \/5 [Wu + ZWI‘] | L(ZM) a (— sinf,, cos 0w) (Wﬁ’)

with weak mixing angle 6y,




Electroweak unification

In QED (local U(1) symmetry): new covariant derivative Du — 8# -+ iun ‘

Now: more advanced covariant derivative with one gauge field per generator:
For U(1): B,. For SU(2): W1, W?, W3,

L: D,=9, +zgw—2’=W’+zng LL=(¢L)
YR, Yg: Du=8,+ig5 B, v

Physical fields are linear combinations of B,, W%,,, W?,, and W3,

1 . A 0 siny) (B
n _ 1 1 2 m o COS w S w H
LWM \/§ [WM + ZWI‘] | L(Z") a (— sinf,, cos Ow) (Wg)

For consistency with QED,

g
V9 +9°

Guw
cos Oy, =
The weak mixing angle 6y, L v \/93, + g2
- needsto be:

Ulla Blumenschein, The Standard Mod |, Hasco summer school



The weak mixing angle

lepton plane

6*>0 - i 7] 0
k1:
y 1
T 0 : o
Z/ M
L A N<Y
y TPIV': P2

hadron planéla

Extracted via the forward-backward asymmetry
Agg of the polar angle 8 in the leptons
rest frame (Colin-Soper frame)

LEP + SLD: Arp
SLD: A,

CDF 2 TeV

DO 2 TeV
ATLAS 7 TeV
LHCb 7+8 TeV
CMS 8 TeV
ATLAS 8 TeV

Preliminary

CMS 13 TeV

Preliminary

o

0229

|
0.23

, |
0.231 0.232

in2q!
SiN“6

. I
0.233

0.23221+ 0.00029

0.23098 + 0.00026

0.23221+ 0.00046

0.23095 + 0.00040

0.23080 + 0.00120

0.23142+ 0.00106

0.23101+0.00053

0.23140 + 0.00036

0.23157 +0.00031

0234

LHC expects to resolve the tensions between
previous measurements.

N(cos@* > 0) — N(cos@* < 0)

BB = N(cos@* > 0) + N(cos 8* < 0)




Electroweak unification
— plug D, into the Dirac Lagrangian: L Yo i@Z’y“D#’gb _ m@w J

— Lagrangian in terms of the physical fields W*, W, A, Z,: see appendix.
— Here: Z, part of Lagrangian: in terms of vector (cy) and axial vector (ca) couplings
for up and down components of the weak doublet:

L'mt z0 = _Zf cos O | "/}'7”1 (cf 6{17 )’l,b-l— "p")’#l (C'\f/, Cf )"/}’]

Ulla Blumenschein, The Standard Model, Ha




Electroweak unification
— plug D, into the Dirac Lagrangian: L Yo i?,Z’YuD,u'lﬁ _ m&w J

— Lagrangian in terms of the physical fields W*, W, A, Z,: see appendix.
— Here: Z, part of Lagrangian: in terms of vector (cy) and axial vector (ca) couplings
for up and down components of the weak doublet:

Eznt z0 = _E_f cosow [ "/)'7#1 (cf Cf’)’s) P+ W’)’”% (C‘f/’ = C}'Z’Ys) '»b'] Zu

cy and c, are functions of the weak mixing angle and the electric charge Q:

c{,z——2sm 0.,Q cﬁ I — (’l/)L)
U1

c{,lz———2sm26’ 7

-~
II
DN | b=t

N)l'—‘




Electroweak unification
— plug D, into the Dirac Lagrangian: L Yol izﬁv“Duw _ m&w J

— Lagrangian in terms of the physical fields W*, W, A, Z,: see appendix.
— Here: Z, part of Lagrangian: in terms of vector (cy) and axial vector (ca) couplings
for up and down components of the weak doublet:

Lotz =~y 225 ) (b —i®) v+ Ted (o — i) o] 2

cy and c, are functions of the weak mixing angle and the electric charge Q:

c{,z%—2sin20wQ cf;:

1 1 d
v = —5 —2sin“0,Q c, =

~

| D=
DN =
£
I
~
< €
v Bl
Mg

example: cy(e.u.7) = —0.04 and ca(e, i, 7) = —0.5 ‘

also in terms of right- and left-handed couplings: ‘ Cy = CL+ CR I SA=CL—CR |

—
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Electroweak unification

reminder: ete- 2> y 2> YT

v( p,) u( ps)

—e?
L M= S e el (pa(pn)

Ulla Blumenschein, The Standard Model, Hasco summer school



Electroweak unification

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

K V(pz) U(pa)

G(ps)

H 5

i &2yH{cy-cav)
-ig"v

(Py + Py)?-m;*+imZl’;

e W
_ “u(py) v(p,) u \ -

\_ © - »
L

= G P V(P (P2 ) uu(py)

lcv (e, p1,7) = —0.04 and ca(e, 1, 7) = —0.5

B T T -
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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,)

\_° ),
8 L .

= i Ee VPIE(P2) (o)

lcv (e, p1,7) = —0.04 and ca(e, p1, 7) = —0.5:

4((p1 + p2)? — m% + imzlz)

M= 8 [G(3)7#(0.575 — 0.04)v(4)]
[7(2) 7 (0.5v> — 0.04)u(1)]

——

R

A R L i
Ulla Blumenschein, The Standard Model, Hasco summer school




Electroweak unification

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

et _ w
v(p,) a(I93)

i 5v¥(cy-cav®)

-igw
(Py + Py)?-m;*+imZl’;

\8_ u(p1) vipa) |
l L M = ﬁ[‘7(P3)’Y“V(P4)][V(PZ)’YMU(Pl)]
lcv (e, p1,7) = —0.04 and ca(e, 1, 7) = —0.5
. 87 - 5
= T PF o T [@(3)7#(0.57° — 0.04)v(4)] iy
[7(2)7,.(0.5y° — 0.04)u(1)] rei-wigner gsonanz

127s [t ,+,—
olete" >Z > pup~) = e .
2 o HTHT) m% (s — m%)2+ m3l%

B S

Ulla Blumenschein, The Standard Model, Hasco summer school




Electroweak unification

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

2

N\

Ulla Blumenschein, The Standard Model, Hasco summer school

Z-y interference



Electroweak unification
4 h

K Z-y interference

¢ f e
et f et i

\.

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

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

1 lllllll[ 1 IlllIllI 1 lllllllI Lo
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/ 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~

Ulla Blumenschein, The Standard Model, Hasco summer school




/ production at hadron
colliders

B Ziv'o
= NLO EW+Top, yy— Il
B Multijet Background

Vs=13TeV, 36.1 10"
1400

1200

Events / GeV

1000

800

600

400

200

Data/Pred
o =
& _. &

T

707580 85 90 95 100 105 {10 115

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

—

P e
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/ production at hadron
colliders

B Ziv'o
= NLO EW+Top, yy— Il
B Multijet Background

Vs=13TeV, 36.1 10"
1400

1200

Events / GeV

1000

800

600

400

200

Data/Pred
o =
& _. &

T

707580 85 90 95 100 105 {10 115

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

» As the quarks can carry a wide range of the proton

energy fraction, we automatically scan the mass range
h
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/ production at hadron
colliders

=
.:

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

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

i

Ulla Blumenschein, The Staﬁdard MOd;al, Hasco summer school



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 siancosicisiciiy (N
S

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

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

o) = % (v +2»(:v))

theckinematic termy creates mass terms for the W and Z

Robert Brout

(0|¢'¢|0) = "; ~ (174 GeV)?

_ Yuwv | v mw
mwy+ = T 1 mwy- = —— Juw —

2cosf,, cosb,

il

Ulla Blumenschein, The Standard Model, Hasco



(3) The electroweak fit and
the W mass

Ulla Blumenschein, The Standard Model, Hasco summer school



The electroweak fit

e Since LEP/SLD, EWK precision data used together with accurate
SM calculations to predict parameters of the theory

e All changed in 2012: Higgs discovery, mH - EWK SM sector over constrained
- Check consistency of SM by comparing fitted with measured values

Example:
Higgs, W, Z, and top masses are
connected via radiative corrections

1, Z/W ¥, Z/W AAARSAAAAA,
7 zZ/W Z/W

A

1

¥ iy
.
.




The electroweak fit

e Since LEP/SLD, EWK precision data used together with accurate
SM calculations to predict parameters of the theory

e All changed in 2012: Higgs discovery, mH = EWK SM sector over constrained
- Check consistency of SM by comparing fitted with measured values

T T T T T T T T T T T I T T T T I T T T T I T

— m,, =80366.5 + 15.9 MeV
B m,=17252 + 0.33 GeV
----- m, =125.11£0.11 GeV
s 68/95% CL of m,, and m,

Example:
Higgs, W, Z, and top masses are
connected via radiative corrections

m,, [GeV]
8
8}

80.45-

I AN N

A H
{0y 80.4
Tl " Z/W AAAAAAAAA
e zZ/w zw || P WP T
i — i
80.35
H 803 L i 68/95% CL of Electroweak

Fit w/o m,, and m,

T T I T TTT
.
| | I I |

(Eur. Phys. J. C 74 (2014) 3046)
| |

l‘ .
A ,Z/W TR T T B TR [ L1 PR R R B
! /w 80.25 165 170 175 180 185

m, [GeV]
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The electroweak fit

e Since LEP/SLD, EWK precision data used together with accurate
SM calculations to predict parameters of the theory

e All changed in 2012: Higgs discovery, mH - EWK SM sector over constrained
- Check consistency of SM by comparing fitted with measured values

T T T T T T T T T T T I T T T T I T T T T I T

— m,, =80366.5 + 15.9 MeV
B m,=17252 + 0.33 GeV
----- m, =125.11£0.11 GeV
s 68/95% CL of m,, and m,

Example:
Higgs, W, Z, and top masses are
connected via radiative corrections

m,, [GeV]
8
8}

80.45-

I AN N

! H
A J 80.4
" Z/W v Z/W AAAAAAAANA.
e z/w 7 N e ; E T iwnnnnnnsnnnnn e T
b Al f A -~ ]
80.35
80.3F L s 68/95% CL of Electroweak

Fit w/o m,, and m,

Al
¥ i
'I

T T I T TTT
.
| | I I |

(Eur. Phys. J. C 74 (2014) 3046)
| |

l‘ .
=7 ,Z/W L1 T N B T [ L1 TR
! /W 80.25 165 170 175 180 185

z/w
m, [GeV]

Direct measurements of top quark and W m




The electroweak fit

e Since LEP/SLD, EWK precision data used together with accurate
SM calculations to predict parameters of the theory

e All changed in 2012: Higgs discovery, mH - EWK SM sector over constrained
- Check consistency of SM by comparing fitted with measured values

Example:
Higgs, W, Z, and top masses are
connected via radiative corrections

f H
v, Z/W v, Z|W AAARAANANAA,
T Z/W Z/W
| H
=y
. .
o, e
Z/W

m,, [GeV]

80.45

80.4

80.35

80.3

80.25

T T T T I T T T T I T T T T I T

— m,, =80366.5 + 15.9 MeV
B m,=17252 + 0.33 GeV
----- m, =125.11£0.11 GeV
s 68/95% CL of m,, and m,

I AN N

III\IIIIII
.

-
L
-
-
-
i
-
-
-
4

s 68/95% CL of Electroweak

Fit w/o m,, and m,
(Eur. Phys. J. C 74 (2014) 3046)

1 I 1
185
m, [GeV]

175 180

- EW fit without using top and W mass measurern




The electroweak fit

e Since LEP/SLD, EWK precision data used together with accurate
SM calculations to predict parameters of the theory

e All changed in 2012: Higgs discovery, mH - EWK SM sector over constrained
- Check consistency of SM by comparing fitted with measured values

ATLAS

L A S L AL B
=~ m, =80366.5 + 15.9 MeV

B m, - 172,52 £ 0.33 GeV
----- m, =125.11£0.11 GeV
s 68/95% CL of m,, and m,

Example:
Higgs, W, Z, and top masses are
connected via radiative corrections

m,, [GeV]
S
(6)]

80.45

toaw b b

Illlllllllllllll

f a K =
80.4 -
AN~ X 3 .
1, Z|W Y, Z|W WAARAAAA | | B ) ~ . -
' F Z/W Z/W - _
i 80.35 -
- s 68/95% CL of Electroweak ]
H 80.3 .= Fit wo m,, and m, ]
DN - (Eur. Phys. J. C 74 (2014) 3046) _
7’Z/ ’Y,Z/W 80.25_ PR ST NN SR TN ST S N PR N TN RO S TN NN SO TN SO S N ]
g 165 170 175 180 185

m, [GeV]

— e Direct and indirect W, top and Higgs mass measurements
in agreement.




The electroweak fit: all observables

e Since LEP/SLD, EWK precision data used together with accurate
SM calculations to predict parameters of the theory

e All changed in 2012: Higgs discovery, mH - EWK SM sector over constrained
- Check consistency of SM by comparing fitted with measured values

3 2 1 0 1 2 3
. (M3)
A“‘Ss)d (M2)
mpy
Mw
Example: Tw
: BRw 5,
Higgs, W, Z, and top masses are vy
connected via radiative corrections By
agad
Ry
I H, A2
$ il
"Z[W ™ Z/W AAARSAAAAA. A (SLD)
' F Z/wW zZ/w A
U A
A%
A
H Rg
PO R
7.2/ " Z[W sin’ 017?2(%%1)
> sin? 0F° (HC)
As
I{uc
-3 9 i
arxiv..2112.07274 Pull




W mass precision measurement

Typical: fit of predictions with different masses
to the data in kinematic variables: pT(e/p), mT, ...

n T T T T T T T T T ]
3 ATLAS Simulation I Nominal 3
> N —Am,,=+60 MeV -
g s=7 TeV, pp— WX — Am,=60MeV
: <<~ AT, =+200 MeV ]
% ---AT},=-200 MeV ]
g

I|III|III|

/ INOIITI.

vdlr.

32 34 36 38 40 42 44 46 48 50
P [GeV]




W mass precision measurement

Typical: fit of predictions with different masses
to the data in kinematic variables: pT(e/p), mT, ...

3 A e e T T
: ATLAS Simulation MHomiaa! ]
5 Am,=+60 MeV -
> 0= {s=7 TeV, pp— W +X _Am:?eo MeV 3
5 -~ AT}, =+200 MeV ]
% ---AT},=-200 MeV ]
b}

I|IIIIIII|

/ INOIITI.

vdlr.

ps [GeV]

32 34 36 38 40 42 44 46 48 50

I LEP Combination

Phys. Rep. 532 (2013) 119
m,, = 80376 + 33 MeV

DO (Run 2)
Phys. Rev. Lett. 108 (2012) 151804
m,, = 80375 + 23 MeV

CDF (Run 2)
cience 376 (2022) 6589
m,, = 80434 + 9 MeV

73

LHCb 2021
JHEP 01 (2022) 036
m,, = 80354 £ 32 MeV

ATLAS 2017
Eur. Phys. J. C 78 (2018) 110
m,, = 80370+ 19 MeV

ATLAS 2024
This work
m,, = 80367 + 16 MeV

Lverview or m,, measurements

ATLAS
Vs=7TeV,46fb"

@ Measurement
[stat. Unc.
Wl Total Unc.
{7 SM Prediction

80200

80300 80400

m,, [MeV]

Tension between EW fit/LHC measurements and

CDF measurement

— hopefully resolved thAis year by first CMS




(4) Boson scattering
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Electroweak gauge fields

- Lagrangian of free gauge fields with:

CEW e =~ Fa Fi¥ — 1 Bu B Buy = 0,8, — 0,By

=
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Electroweak gauge fields

> Lagrangian of free gauge fields with:

F%, = §,Wo —

W/Z bosons carry
EM and/or weak charges

i
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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:

Lo e= =1 (W)W + (W)W + 2,7 + A, AW
—z'gw [(COSOwZ"‘ + sin OwA“) (WI;,W'H' - W;;,W_V) W,/7 bosons Carry
(008 62y, + sin by Ay )W HW ] 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




Electroweak gauge fields

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

gauge 4w

CEW — _Fo pw_ —B ,B*

F = 8, W — 8, W,

Leads to triple and quartic gauge boson couplings:

LB =~ (W)W + WENW 4 2,20 1 4, 4]

gauge
—zgw [(0080 ZF +sinf A“)(W Wty - W+W ) W/Z bosons Carry
2 '[F(°°S0wzuv+3m9 A )WY EM and/or weak charges
— 9 [2 cos?® &
+2sin’ 0, (WIW P2 A=W W4, A*)

+2 COS ow 81n 0w(2W+W_”ZyAV WI‘TW_VZyA# . W:W_VAVZM)
—W+W+“W W"’ +WWrW,; W]

W= ze p=

quartic gauge boson coupling

Ulla Blumenschein, The Standard Model, Hasco summer school



Electroweak gauge fields

-> Lagrangian of free gauge fields with:

Fp, = 8,W — 9, W,

Leads to triple and quartic gauge boson couplings:

= (W)W & (LI & 2,0 4 A
~igw 0080 Z“+Sln0 A“)(W = : W/Z bosons carry
+(cos 0 Z st W44 EM and/or weak charges

—9"1 [2 cos? B, ( W+W kZ,2" -WiW-2,Z")
+2s1n20 (W+W hA,AY - W+W‘"A yAM)
+2 cos Oy, sm9w(2W+W"‘Z,,A” W+W vZ, A" — W,“" W-"A,Z")
—W'*'W'*'"W W'"+W+W'”W W'“’]

triple gauge boson coupling p

Ulla Blumenschein, The Standard Model, Hasco summer school




Electroweak gauge fields

- Lagrangian of free gauge fields with:

By = 0By —0B; |

s = 4F;,,FW E —B B

Fp, = 8, W — 8, W,

Leads to triple and quartic gauge boson couplings:

L0 = L[ W + (V)W 1 2% 5
~igy [(0080 Z“+Sm0 A W — W) W/Z bosons carry

+(c080, 2+ 5in B Ay )W+ ) EM and/or weak charges

[200820 W"'W kZ,2Y - W+W vZ,Z")

+2s1n20 (W+W HA AY - W+W VA, AH)

+2c08 0y sm0w(2W+W‘“Z,,A” WIW=Z,A% - WiW " A,2")

_ —_WHW e P s 4
No vertex with WaWTW, W+ W W oW, W ] .
w-v 7o il © w"

3or4Zy

Ulla Blumenschein, The Standard Model, Hasco summer school |




SM precision at LEPI

LEP2 (1996-2000): WW, ZZ, yy & —~—\VWW W

+ W leptonic and hadronic BF Vet M
+ 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§ \ .
gi = 0.984%008 e _
Ky = 0.982 4+ 0.042 Y.
A\, = —0.022+0.019. ’
Phys.Rept.532,119-224, 2013 Ly )
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 —
— Quartic Gauge Couplmgs at the Lt -

Ulla Blumenschein, The Standard Model, Hascc



Boson scattering

e The SM predicts gauge boson scattering via Triple and Quartic Gauge
couplings and via Higgs boson exchange

w+
QGC W+

w+
w+

Ulla Blumenschein, The Standard Model, Hasco suhwmer school




Boson scattering

e The SM predicts gauge boson scattering via Triple and Quartic Gauge
couplings and via Higgs boson exchange

w+
QGC AW+ LA i A
!
gh
wi WH i, WH
w+ M
NE)
%Gauge eg4MW ( )

/ s = squared center-of-mass
energy of the interacting

e Without the Higgs contribution the cross bosons
section diverges for high energies

Ulla Blumenschein, The Standard Mode‘lHérsco‘sut’hér h'“




Boson scattering

e The SM predicts gauge boson scattering via Triple and Quartic Gauge
couplings and via Higgs boson exchange

w+
QGC W+

w+
w+

%Gauge =eg24§2—§/ .3 ﬁ(so) %H - géww% =3 ﬁ(so)

/ s = squared center-of-mass
energy of the interacting

e Without the Higgs contribution the cross bosons
section diverges for high energies

e Higgs contribution cancels divergence
if Higgs couples proportional to W mass:

ghww = My ... as expected from SM Higgs




Boson scattering

e The SM predicts gauge boson scattering via Triple and Quartic Gauge
couplings and via Higgs boson exchange

w+
QaC AW+ W
i
, h
wt WH e WH
%Gauge =@g24§2§/ + ﬁ(so) '%H = g?—IWW% =l ﬁ(so)

/ s = squared center-of-mass
energy of the interacting

e Without the Higgs contribution the cross bosons
section diverges for high energies

e Higgs contribution cancels divergence M2
if Higgs couples proportional to W mass: MGauge + My = 924Mg
Shww = My, ... as expected from SM Higgs w




Boson scattering

e The SM predicts gauge boson scattering via Triple and Quartic Gauge
couplings and via Higgs boson exchange

w+

QaC AW+ W L

w+
w+

©)

Mg =" 3 + O(") M = Gaww 3+ O(5°)

/ s = squared center-of-mass
energy of the interacting

e Without the Higgs contribution the cross bosons
section diverges for high energies

e Higgs contribution cancels divergence M2
if Higgs couples proportional to W mass: %Gauge + My = g24MI§
ghww = My ... as expected from SM Higgs W

... similar for W+W- scattering, WZ scattering, etc




Boson scattering

e The SM predicts gauge boson scattering via Triple and Quartic Gauge
couplings and via Higgs boson exchange

w+

QaC AW+ W L

w+
w+

©)

Mooy <O =+ O() M = Gaww 3+ O(5°)

/ s = squared center-of-mass
energy of the interacting

e Without the Higgs contribution the cross bosons
section diverges for high energies

e Higgs contribution cancels divergence M2
if Higgs couples proportional to W mass: %Gauge + My = g24MI§
ghww = My ... as expected from SM Higgs W

Small BSM effects in either side can lead to larger cross section deviations

Ulla Blumenschein, The Stanar




WW scattering and QGC

e Characteristic for EWK VV production:
presence of two forward jets

e EWK VV events accumulate at large m(jj)
and large rapidity gaps between jets |An(j))|

— g
C—
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WW scattering and QGC

e Characteristic for EWK VWV production:
presence of two forward jets

e EWK VV events accumulate at large m(jj)
and large rapidity gaps between jets |An(jj)|

CMS 35.91b7 (13 TeV)
-e-Data 1
EW WW
150 —
[ Nonprompt
Others
N Bkg. unc.

Events / bin

100

50 NN N




WW scattering and QGC

e Characteristic for EWK VV production:
presence of two forward jets

e EWK VV events accumulate at large m(jj)
and large rapidity gaps between jets |An(j))|

e Searching for new physics mt{(WW)

CMS 137 b (13 TeV)

; & e

CMS 35.9 b7 (13 TeV) 5 -tV ‘+ Data =

< T T ] 2 105 mVvy N Bkg. unc. |

o -»-Data ] $ 1 Wrong sign ww’ 3

~ EWwWw > Other bkg. EWK Wz 1
5 =] g m

o150 mwz 1 *10 o p/At=29TeV' mWZ E

c [ Nonprompt | e 2z B

g’ Others 1 104 —fg/A =20 Tev* # Nonprompt

W 100 N Bkg. unc. E




Parametrising new physics

e Parametrize unknown

f©0© L (®o® |
A LErT=Lsmh ) Ttk ) T e S new physics at energy
' ! ) scale A with effective
i Lagrangian at scale
e
New physics o EFT approach only valid
SM for E << A
e Higher-dimensional
\ /' A E  terms suppressed by A2
Measurement: E<<A
y QGC 7w+
W+ —>

QGC 20GC




Parametrising new physics

£900) £90® ® Parametri_ze unknown
A LB = Lot DTt £ Y T - new physics at energy
' ' scale A with effective
Lagrangian at scale

e I

New physjcs

N

e EFT approach only valid

SM for E << A
e Higher-dimensional
\ / A E  terms suppressed by A2
Measurement: E<<A
Example: Dim-8 EFT operators (aQGC)
w+
Qae w* so = [(D.®)'D,®| x |(D+®)TD”

W —> Os,1 =[(D, X (D, ®) D@ Oro=Tr W‘ww,w] % Tr -WaﬁWaﬂ

05,2 = [(D“Q)*D,,Q] X [(D"Q)*Dﬂ@]
Onro = Tr |[W,,, WH Ds®)' D@
QGC aQGC \ M0 Vi W x [(Ds®) ]
Oni = Tr |W, WP | x [(Ds®)! D @]
Omz = |BuB*| x [(Ds®) D @]
Oms = |BuB"?| x [(Ds®)! D] SR
A N — Vo
Ona= (D“(p)TWBVDmp] < BAv Orz ’I‘f VYapW“A )iBﬁuB
1 N N OT'g = B‘,,,B’"' X B,,,;;BmS
Omps =13 [(D,,(I))TW,g,,D"Q] x BP# 4 h.c. Oro = Bo,B" x By, B,
Oz = (D)W, W D" |

/

w+ Ory = Tr |Wa, WH8| x Tr [W,5Wev
= Tr |Wa,WH8| x Tr |Ws, W>™
OT,5 =Tr W,‘.,W“"] X Eaﬂéaﬂ

Or,s =Tr Wa,,W"ﬂ X Bpra”




WW scattering and QGC

e Characteristic for EWK VV production:
presence of two forward jets

e EWK VV events accumulate at large m(jj)
and large rapidity gaps between jets |An(jj) ]|

e Extract constraints on EFT parameters

$900 | £008

< ) —— fja:: CAL] Lerr = Lsm + Z ot Tt
P 108 vy A\ Bkg. unc. _._; 4 i
§ " Wrong sign w'w 3
@ 108 ozt mwz 3 Observed (W W*) Expected (W W*)
408 — 1A =20 TeV* =f‘fmpmmpt 3 (Tev™) (Tev™)
10° . fro/ A [-0.28, 0.31] [-0.36, 0.39]
fr/A° [-0.12, 0.15] [-0.16, 0.19]
— /A’ [-0.38. 0.50] [-050, 063 —
| T [-3.0, 32) [-3.7. 38]
fan /A [-4.7. 4.7) [-5.4, 58]
fas/A* [-6.0, 6.5] [-75. 76]
{.,,/A“ [-6.7. 7.0] [-8.3, 81]
—TalA [-6.0, 64] [60.62] ——

[-18, 19) [-18, 19]
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Other Boson scattering processes

LHC Run~2: Golden VBS Era:
observed W* W3ijj, WYW ™ jj, ZZjj, 4ljj, WZjj, Wyjj, Zyjj

g Mo IR L) a § T ek
= - 2 ATLAS -ZOV)QCD e W)Y QCD
a e Data - CMS 138 fb (1 3 TeV) & 1 Wtiv)v; EWK - W(evnl;, i 1|
— EW WW = —+ Data Wewwy Vs=13 TeV, 139 b iy - E|
§} mwz 0L T R e = 'z JA%=0.084 TeV™* 7 - U'r:‘ge“rmmt 3
5 Caprom . . . Woe.w.zy  acowy : . . A4 Tev* Y i
ers Muon events ] E
= - . Data - ZZ (EW) [ visio photon [l pouble misio| | ATLAS ® Daia 1 PR

Bk ! 1
= e e ] Z Z]] EZZ (QCD) MggZZ MisID lepton Stat @ syst fs-13TeV, 14016 - W:ig‘goum 4 Zy]] ]
W + W + . W Others 7~ Uncertainty N WZjj SR, N 2z E E
—F . Post i = Misid. leptons ] E
jj ATLAS “WYjj oot w ] ]

N\ Is =13 TeV, 139 fb" .. - o -

o \\\\\\\x\\\\\q;\\\\\\\ ceeelj V V o 1

Signal Region Z]] il

0
500 1000 1500 2000

i Y

24 08-06-04-02 0 02 04 06 08 1

0.15,0.4] [0.4,0.6] [0.6,0.8] [0.8,1.0] [1.0,1.5]

£ rran

= 05 0 05 1
RNT ernra

With more data, we can improve the precision and reach in EFT-sensitive regimes.
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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

Ulla Blumenschein, The Standard Model,



Summary

The Standard-Model has been probed at high precision at e+e- colliders.

LHC has reached a high precision in EWK physics measurements and
Is probing important SM parameters at a competitive precision.

— Total uncertainty
Stat. uncertainty

Tevatron I combination °

PRD 70 (2004) 092008
Dol

PRL 108 (2012) 151804

LEP combination o
Phys. Rept. 532 (2013) 119

ATLAS Py
EPJC 78 (2018) 110

LHCb
JHEP 01 (2022) 036

CDFII
Science 376 (2022) 170

Electroweak Fit (J. Haller et al.) -
EPIC 78 (2018) 675

Electroweak Fit (J. de Blas et al.) -
arXiv:2112.07274

0100 80200 80300 80400 80500
m_.. MeV"
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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

. Queen Mer{f

Ulla Blumenschein, The Standard Model, —
i - ‘ . - > ——) @ | —



Appendix
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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, jard Moc _ WY Queen Mary 4 4




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 N Y Queen Mery



Electroweak fit: status 2021

Example: W top and Higgs mass measurements

3 E 68% ana 95% GL contours
S 505 "W Fitwio M, and m, measurements i
= E Fitwio M, m and M, P
[ "I Direct M, and m, measurements. v
8045 i b
F W I
804

E , conb 1 10
80.35 ik-mnmmmv i

C s & -] - 1
140 150 160 170 180 190
m tra\n
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Electroweak fit: status 2021

Example: W top and Higgs mass measurements

b ) .

3 F 66% ana 95% CL contours i

S 805 W Fitwio M, and m, measurements i

s E Fitwio M,,, m and M, measurements
[ W Direct M,, and m, measurements

80.4 |

E W, comb 110
80.35 jk-mnn:omaav

m e\

Example: Z pole precision measurements
- Forward/backward asymmetries

A demn - Left/Right asymmetries
e - Branching fractions
q Zly e
7 (Flgbv. + ¢
(Flgt 1 g} % = 1 —4|Q|sin” g
\ Jr — 0B &
B O + 0B
A — 9ir — 9re
0 B g%f+g}2'{f
R} = Thaa/Ts
gve/gat

1+ (gvi/9ar)?

| R,l,,, = Paﬁ/ th
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Electroweak fit; status 2021

Example: W top and Higgs mass measurements

- \ ' "y |
[ 668% and 95% GL contours J momb-tie
.5 [— VM Fit wio M, and m, measurements g0
Fit wio M, m and M, measuremerts | — =0
[ W Direct M,, and m, measurements

M, [GeV
8
&

80.4 |

E m, comb + 10 8
8035 [ " “tountoowcey -

Eoe > e i .
140 150 160 170 180 190
m e\

Example: Z pole precision measurements
- Forward/backward asymmetries

A demn - Left/Right asymmetries
e - Branching fractions
q 2y e
Z f_ f + 4 wYslf gvf s
(Flgvvu + gavus ) g%i = 1— 4]Q|sin? 0%y
1 _ Op — 0B &
e Op + 0B
91 — Yie
0 A = 9is + 9t
R} = Thaa/Te
gvi/ga

T T+ (gvi/9an)?

| B = /T

/

Pulls between direct determination and SM fit
excluded)

-3 -2 -1 0 1

@, (M3)
aal, (M3)

Agg
prel
A (SLD)
A,

Ay
Apg
Agp

>

arXiv:2112.07274




Electroweak fit; status 2021

Example: W top and Higgs mass measurements % & 4 B 1 2 3

a, (M3)
Ao, (M2)

i . '
3 F 68% and 95% GL contours

S sos M Fitwio M, and m, measurements i --
s E Fitwio M,,, m and M, measurements ||

[ M Direct M, and m, measurements i

804

E ycomb +10 7
8035 W “aun oo - /
2

Example: Z pole precision measurements Thnd
- Forward/backward asymmetries o
¥ {F1Quylf) - Left/Right asymmetries

g\ + : :
e - Branching fractions Ac (SLD)
q 2 e A
A,

2 (Flobvu + ghvarslf gve .
( | viu Alu ) X 71 —4|Qf|Sln2 aiﬁ Ale
£

R:
o g
S

IA _ 9ir — 9re

14

O — 0B
O + 0B

1FB -

arXiv:2112.07274

97 + 9%

R,
gvi/gas . A
=927 /IA 3 -2 -1
T /T \

Pulls between direct determination and SM fit
(with direct measurement excluded

’ R) = Thaa/Ty ‘

| = Tulhi

° D|rect measurements in general in agreement W|th EW fit,



Electroweak unification

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

ch,gv -—-%; & W:& + 5 T tfwg -

e (V7HQy + Py*Qy’) At .
o [Ly*T3 L — sin® 0y, (Y7 Q¢ + V'v*QY')] Z,

T _a_+_0'1+i02_ 01 T _a___al—z'az_ 0 0
+T79 " 9 " \00)""" 2 " 2 " \10

i c—
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Electroweak unification

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

LBV =% SWIPTLW]S + 2 LT LW, +
l Lﬁ

e (VrQy + Y+ Qy/

s [Ly*T3 L — sin® T,

QY + P Qy)

Zy

q & T _a_+_al+z'ag_ 0 1 T _a___al—z'az_ 0 0
=2 2 2 et = 2 LD

Z/y

e+

=

S i

—

a__,___“ S P o :
Ulla Blumenschein, The Standard Model, Hasco summer school




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 g 4 _a___al—z'az_ 0 0
l?y"' 2 2 (0 0) =g g (1 0)

Z/y*
q ot

- 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




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 .




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#|
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Electroweak unification

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

int
e (PrQY+ QYY) At
- [Ly*T3 L — sin® 6y, (Y74Qy + P'1*QY')] Z

9 & ‘T B 0'1+ZO'2 0 1 T _a___al—iag_ 0 0
[*‘2 2 00 =3 ¥ 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:

‘Cmt z0 = _Zf coso [ ’w’yﬂl (Cf Cf;’)' )¢+ ¢,7”1 (Cf )¢,] |

.2
- c{,=%1—2sm OAwQ c;f4=%1 Wi
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Electroweak unification

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

Lof = =% BIPTLWS + B IV LW+
e (P1'QY + Wy QYY) Au+ _
u— [Ly*T3 L — sin® 0, (¥ Qy + ¥'v*Qy')] Z,

q e

' _ 0+ _ o1 + 109 01 _0-_01— 109 0 0
[TJ’_ 2 2 (0 0) == 2 (1 0)

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“l (Cf )"/J']

¢ = 5 —25in’0,Q c.£.=%
c{,’ = —% — 25sin?6,,Q A,
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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 .




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 o 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
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Electroweak unification

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

Ly =-3%; % LWTy LW, + % Ly*T_LW, +

e (VrQy + Wy QY) A+ _
s~ [Ly*T3 L — sin® 6y, (Y74Qy + P'v*QY')] Z,

_a_+_al+i02_ 0 1 _0’___0'1—’i0’2_ 0 0
[T”“_z_ 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 zo = -5 Bl (- o) v+ Frh (- ) ¥ 2

’ . 1 fermions :

’ 1 - 2 1 . . .
Zf‘f/ =5 — 2sin” 6,,Q cf; =3 Different couplings for right/left



[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) \
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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, ‘
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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 | 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)?
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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 siancosicisiciiy (N
S

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

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

o) = % (v +2»(:v))

theckinematic termy creates mass terms for the W and Z

Robert Brout

(0|¢'¢|0) = "; ~ (174 GeV)?

_ Yuwv | v mw
mwy+ = T 1 mwy- = —— Juw —

2cosf,, cosb,
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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)

Ulla Blumenschein, The Standarc




