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Electroweak unification

¢ Experimental facts

¢ SU(2), ® U(1)y gauge theory
¢ Charged current interaction
¢ Neutral current interaction

¢ Gauge self-interactions
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EXPERIMENTAL FACTS

& Family Structure
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& Charged Currents W=
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e Left-handed fermions only

e Flavour Changing: vy el , qu & q4

& Neutral Currents v, 4

e Flavour Conserving

# Universality (Family-Independent Couplings)

& (r ?
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SU(2). ® U(1)y

SU(2); ® U(l)y GAUGE THEORY

Free Lagrangian for Massless Fermions:

Fields VY1(z) | Yolz) | ¥3(x)

Quarks qu) (qu)r | (ad)r
dd L

Leptons Vl) ()r | U7)R
")

Ly :Zjiﬁjyﬂéﬂ'?”j

SU(2), ® U(1)y Flavour Symmetry:

y; — expf{it- o/2} exp{iy:B/2} y1
Y —> EXP{_i%‘ o/ 2} exp{-iy; B/ 2}y,

v, = exp{iy.B/2} v, v, = exp{-iy,B/2} v,
vz = exp{iyzB/2} vz Y3 = exp{-iysB/2}ys3

7 = Pauli
matrices
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Gauge Principle: §=4dx),p =Bx)

D, v,(x)=[0, ~ g, (x)~ig' (v, | 2)B, (), ()

D,y (x) — U(x)exp{i(y,/2)B(x)}D,, v, (x)
B,(x) = B,(x)+(1/g"d,B(x)
W, (x) = UW, (x)UT(x)+(1/ g)U(x)o UT(x)

g (g’) coupling connected to SU(2), (U(1)y) interaction

Wy(x) =1/2 'WM (x); U(x)=exp{it/2 -d(x)}

I I 1 I ijk i k ik
w, —>Wﬂ+§@ﬂa —&"a'W, +0(a’a”)

4 Massless Gauge Bosons

Phenomeno logy 2024

Standard Model (cont.) Kenneth Osterberg [11/4



[ ]
HELSINGIN YLIOPISTO
HELSINGFORS UNIVERSITET Charged currents
UNIVERSITY OF HELSINKI

CHARGED CURRENTS

Z “Zj v Dptpj

J
— g P1 W Wavr + ¢ By Y yi/29i v by
J

1

Wy = 3

w3 V2w
V2W, -W;

=
=

il
NIy

Wy = Wi +iW32
(1 — ys) takes only left-handed (right-handed)
component of the fermion (antifermion) field

Loo = 575 Wik [@r* (L =v8)aa + 5 (1= 9s) ]

+ h.c.

Quark / Lepton Universality

Left-Handed Interaction

Kenneth Osterberg
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NEUTRAL CURRENTS
Lyc = Xj ¥jv* [g 3 W3+ g yj/2 Bu} (I
Massless Fields =P Arbitrary Combination

w3 cosfOyy  sin By Z,
By, —sinOy cosbOy Ay

Impose condition: existence of QED with photon exchange

A, has the QED Interaction IF

g sinfy = g cosby = e ; y=2(Q-T3)

(y1/2=Qu_%=Qd+% ) y2/2=Q’ua y3/2=Qd)

l Electroweak Unification
8, = Weinberg angle

Lyc = eAu T; ¥ Qv + L

0 Qg

Q1=(Qu O) , Qo = Qu ; Q3 = Qg

Nobel prize in physics 1979: Glashow, Salam & Weinberg

Phenomenology 2024

Standard Model (cont.) Kenneth Osterberg [11/6



HELSINGIN YLIOPISTO
HELSINGFORS UNIVERSITET
UNIVERSITY OF HELSINKI

Neutral currents

5

Z 7. T in2 A b
LNC = smaycosey Zr Xj ViV [_23 — sin“ oy QJ] ¥j

- 2sin91;cosow Zy Tf f* [vf — af 75] f

Vi = T; —20; sin” 6, as =T, T; 1s the weak i1sospin

2vf 2af
| 1-38sin?0y 1
g1 | -1+ 5sin0y | -1
2 1 1
I~ || =1 4 4sin?0y -1

& IF vgp do exist:

y(vg) =Q,=0 w=»  NO vp Interactions

Sterile Neutrinos
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NEUTRAL CURRENTS

e
254Cq (Vf -4 fys)

s, =sin@, c,=cosb,

CHARGED CURRENTS
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W = £ [Dy,Dy) =5 W — UW,U

Wi, = oW} — 8,W} + g €9k Wi wk

B/u/ = a“,By — ayB,J, E— B/"‘V

1 1
5 By B — =Tt (W WH)

1 1 - o
B'u,]/ BMV - ZWMU le,]/

= Lun + L3 + L4

L3 = —iecotOy {(*W" —'WH) W} Z, — (oW — o*WH) W, Z,
+ W, W} (0*2" — 82"}

—ie {(*WY —WH) W} A, — ("W — *WH) W, A,
+ W, W] (0*A” — 8V A"}

2
€

Ly = ————
2sin“ Oy

— e cot® Oy {WiW*" 2, 2" — W} Z2'W, 2"}

—e’cotby {2WIWHZ, A — WiZFW, A — W] A*W, 2"}

{wiwe)? - wiwetw, w}

—e® {WIWHA, A — W] AFW, A"}
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GAUGE SELF-INTERACTIONS

Y, Z e, ecotl,

.V Y.Z

2 2 2
e”, e cotf,, e cot G,
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| ete” — WTW~™

W pair production in eTe™ annihilation:

f

w
e
3 diagrams “CCO03” Z f
Nofice 3-boson vertices o~ f
y <
w f

W decays to 68% qq. 32% (17, so WW events are:

® 46% qqqq —typically 4 jets
efficiency/purity ~ 90%/80%

e 44% qqlv — 2 jets, one charged lepton, missing momentum
efficiency/purity ~ 80%/90%

e 10% (vlv —two charged leptons, missing momentum
efficiency/purity ~ 60-80%/90%

12 000 WW produced/experiment (~17 pb X 700 pb~1).

Phenomenology 2024 ..
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‘ W production cross sectionl
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YFSWW/RacoonWW
_..no ZWW vertex (Gentle) — onlyyWW vertex

_,,;51; ..... only v, exchange (Gentle)— no 3{boson vertides

O - T ' T T T
160 180 200

Vs (GeV)

e Sensitivity to mass at threshold (only 10 pb_l).

e Sensitivity to gauge couplings - beautiful demonstration of

non-abelian nature of electroweak theory.

e BR(W — ev, uv, 7v) measured. Test of lepton universality

at 2.0% level. Br(W - qq) =(67.41 + 0.27) % (PDG)
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ete” — Z7Z
2 diagrams “NC0O2”
_ Z < ! _ Z < k
6 ef—— i e — .
f f
ey £ e V £
e+—<—- ------- < e*—‘— <
Z f Z f
— ' T ' T - T '
O
2 |LEP _
N ZZTO and YFSZZ
N
©

0 T T T T

180 190 200
Vs (GeV)

NB! No ete — Z/y — ZZ vertex in the Standard Model
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PROBLEM WITH MASS SCALES

Gauge Symmetry

—

4 Experimentally:
<ld 2 myy = 80.38 GeV (PDG)
% m, =91.19 GeV (PDG)

Moreover

mwy =myz =0

Lm;, = —mg ff = —my (fL fr + fr fL)
Also Forbidden by Gauge Symmetry

— mp =0 v f

All Particles Massless

Phenomenology 2024
Standard Model (cont.)
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Higgs mechanism

¢ Spontaneous symmetry breaking
¢ Higgs mechanism

¢ The Higgs boson

¢ Fermion masses

¢ Fermion mixing

Phenomenology 2024 ..
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We have been able to generate electromagnetism and
the strong interactions through local gauge invariance.
We would like to do the same for the weak interactions,
but we immediately face a problem. Unlike the photon
and the gluons, the W and Z have non-zero masses.

A mass term in the Lagrangian, > m*A A", would not be
gauge invariant.

Suppose we forget about gauge invariance and just put
it in anyway. Then theory becomes non-renormalizable,
l.e. the counterterms required to cancel all divergences
become infinite and theory looses all predictive power.

There is a more subtle way to generate a mass for the
W and Z, called spontaneous symmetry breaking.
Let us first consider a real scalar field ¢ with an arbitrary
"potential”.

L=7 (8,47 -V($)

We require the L to be invariant under ¢ — ¢'.
Then, if we expand V, it will have

only even values of ¢: V(o)
=% (0,07
- % 20— A 04,

¢

Phenomenology 2024 ..
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But what happens if pu? is allowed to be negative

L=3%(0,07 4w - 3ot

The sign of the mass
term has changed
giving an imaginary
mass. This makes no
sense. The potential
looks like in the
figure. The minimum

is now at ¢ =+\V—p2/A.

V@)

Feynman diagrams represent a perturbation serie. The
serie would not converge if we expand about ¢ = 0,
since this is a local maximum. We need to expand

about the global minimum, say +V—p?/A. ¢(x*) =

+N—p2/A + n(x*), and then n = 0 corresponds to the
minimum. Then

L = H{O,0-p2/h + () — 22 (N + ()2 -
A=A+ n(xe))?

L= 30, n(x)) + FuA + p2n(x#) — N—p2h m(x¥) -

Fan(e
1 (X)\>>< =co£stant m=l\/—2T %

Phenomenology 2024
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The n and ¢ fields are the same fields, but we now see
that the n has a mass of \/—_uz and does not have
reflection symmetry n < —n. This symmetry has been
"spontaneously broken”.

A more interesting case occurs, when we consider a
complex field, ¢ = (1/N2)(q,+ i®,)

(Cu 0)*(0% d) — u* "0 — A(d*0)
= %(ﬁu @) + %(au 0,)* — %Hz(%z +@,%) - %)\'((Plz +@,%)

L
L
The minimum is now

a circle: @, + @,> = — u?/A

We choose to expand
abOUt (Pl =N — uz/}\a, (P2 = 0

o(x+) = (1\2)
[V — 12/ + n(x) + ig(x¥)]

We get: L= (5, n(x*)? + 2(9, &(x))* + pu*/A
+ (X)) + N=p2A [P (x) + ()83 ()]
— 2 () + &1 (x*) + 22 (xH)E>(x¥)]

The n field gets a mass V—u?, as before, but the & field
is massless. This always happens whenever a
continuous symmetry is spontaneously broken. The
massless particle is called a Goldstone boson.

Phenomenology 2024
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Let us consider a complex scalar field which is invariant
under a local gauge transformation

¢ — exp(ia(x+)) ¢

0, »>D,=0, —iqA, A, — A, +(1/q) 0, a(x)

L = (0% +iqAr)$* (0, — iqA, )0 — n2¢*d — A(0*0)* — F,, F*
As before ¢ = (1/N2)(e,+ ip,), we choose

@,(x) = V=12l +m(xt); @y(x*) = E(x*) and we get
L=30,n) +2(6, &7 + TpY/A + pn® — F, F*
~3q (V-2IAP A AF + q(V-p2/A)(0, E)A

(+ interaction terms inm, € and A.)

Note: (a) The A field has aquired a mass q(N—p2/A)
(b) There is still a Goldstone boson, &.

(c) There is a strange term q(\l—uzlk)(c?M E)AH

& O A

This indicates that we haven’t chosen the correct fields.

Phenomenology 2024 ..
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We can use our freedom to choose a gauge so that

O(x%) = (12)[N=p2/ + h(x#)] exp{i®(x*)/(N—p2/A)}

(h(x*) and 6(x*) are real)
A, —> A+ (l/q(\j—u2/7»)) 0, O(x*)
L = 3(0,h(x))? + Wh2(x¥) + Fpéih — $F, Fw

— 3@ (V=) A A + (N=p2/A)g?h A A¥ + q2h? A AP
— N2/ h? — $)h

We have 1 massive scalar h and 1 massive vector A.
Note that we started with two scalars (n and &) or (h
and 0) and one massless vector A. This is 4 spin
degrees of freedom, (2x1 + 1x2). We end with one
scalar and one massive vector. This is still 4 spin
degrees of freedom (1x1 + 1x3). The gauge field has
eaten up the Goldstone boson. This is the

Higgs mechanism, and h is called the Higgs boson.

Phenomenology 2024
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60 ()

ELECTROWEAK SSB
New Scalar Doublet
() (2
g’o(:c)z(c‘o ()) vy = 1

L(¢) = (Duo)! Drg — 12 ¢t ¢ — h (¢t ¢)°

DHp = [0F —ig WH —ig y,/2 BF| ¢ ; WH=F.WH
SU(2),®U(1)y Symmetry
Degenerate Vacuum States: ;1.2 <0, h>0
[ 2 v U=
(0l 0 |0)| = \,.’5",11'— = 5 vacuum
expectation
value

Spontaneous Symmetry Breaking:

NSy

6(z) = exp{i

~ 0

Phenomenology 2024
Standard Model (cont.)
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HIGGS MECHANISM

- 0

N[=y

¢(z) = exp {i

= ((z) Unphysical

SU(2); Invariance

Unitary Gauge: 6(z) = 0

(Du¢)! D*¢  — %B#H oM H

1
Z, Z“}

2
g 2 T we
+ H W, W
o i { N +2c0529W

M 7 COS 6 W = M W = % vg

Massive Gauge Bosons
111/22

Kenneth Osterberg
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Bosonic Degrees of Freedom

Massless W=, 6 Z

3 x 2 helicities = 6

.|.

3 Goldstones @

‘ SSB

Massive W= 6 Z

3 x 3 helicities = 9

SAME PHYSICS

Phenomenology 2024
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THE HIGGS BOSON

2 H?
Lpce = Mg WiwH {1 tLHT v_2}

1 2 H?
“M2Z,7 11 + S H 4+ —
+ - Mz 2y { + > H + 02}

1 Scalar Particle H? should exist !l

J—
My = /-2p? = V2hv Free Parameter

LHC:
discovery of a Higgs-like particle 4.7.2012 !!

my = 125.25 + 0.17 GeV (2023 CMS & ATLAS average by PDG)

Up to now all measurements of the newly discovered
particle consistent with the Standard Model Higgs boson !

Phenomenology 2024 ..
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v = (V2Gp) /? = 246 Gev

Phenomenology 2024
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FERMION MASSES

Scalar—Fermion Couplings allowed by Gauge Symmetry

} ssB

‘CY - = (1+%> {‘qu qd dd + My, Qu qu + my l_l}

Fermion Masses are New Free Parameters

[Mgy, Mgy, M| = — [C(d) P C P O} CE

f
ﬂ;f/ Couplings Fixed
Vv
_ — Iy
H \\ ) B = v
f

Phenomenology 2024 ..
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CMS 138 fb' (13 TeV)
> 1_"| T T T T T T T TTT tl’"%
S |5D m,=125.38 GeV Wz i
\g Nature 607 (2022) 160 .'
L m “"" 4
s 107'c GHrr & Tf ; .
3 r = i 2 ]
Est where f = fermblorL__,.. Guvy < 2,
1072 F :’.‘9"' where V=W, Z,
: } Vector bosons E
10 _ . ¢ 3:generati.on fermi.ons |
f‘j"" i 2 generation fermions ]
A S SM Higgs boson
10_4:_..| I L Ll Ll E
% 1-4:"I T T T mo | T -
1.2F 1.05F 3
O E 3
=~ 1.0 —i ---------------------------------------------- 1.00;----ﬂ ------- -
2 o08f ¢ + A
oc 0.6"" | Ll . Ll
10~ 1 10 102
Particle mass (GeV)
BR(%) | Higgs125 GeV Z boson
qq 70
bb 58 15
cC 3 12
gg 8 0
A 0.02 () 10
i r 6.4 3
Y 0.2
WrW* 22
A 2.7
' G-m> where ,Bf 1s the
at 1% order: I'H —> ﬁ_‘ )= ey m IB fermion velocity
: = uB;s

4\/577

after the decay.
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FERMION GENERATIONS

Ng =3 Identical Copies WHY 7
Q=0 v | u) Q=43 = 1.....N
Q=-1 (ls |d3.) Q=-3 (G=1,-- Ne)

Masses are the only difference

Ly = -1+ %) {d, M, d}, + @, Myuf, + T, M1}, + h.c.}

Arbitrary Non-Diagonal Complex Mass Matrices

d u l v
(Mg, M, MYy = = e, o o) | 2

Phenomenology 2024 ..
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DIAGONALIZATION OF MASS MATRICES

M’d == HdUd - SI!Mde Ud Hf - H}
M, = H,U, = S| M,S, U, U;UL =1
M, = H, U, = 8] M;$; U, S;Sh =1
Ly = -1+ &) {dMyd + GMuu + TM; 1}
M, = diag (mg,mg,mp) , My = diag (my, me, my)
dMl — dlag (mc, mp,,m'r)

Mass Eigenstates ;é Weak Eigenstates

dLEde'L ’ uLESuu’L ’ ILESII'L
dr =S4 Udd'n , urp =S, U, u’R , Ir=SU; llR

fi £ =1, , [f, =fgfp = L .=Lyc

l—llL d’L = 1y Vd — EICVC' # Loco
V =8,8! QUARK MIXING
Phenomenology 2024 Kenneth Osterberg 11129
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7 (A
LEn = — Z
NC ™ 2'sinfy, cosby, *

Flavour Conserving Neutral Currents

B

Lo = 5 W) Z u;vH (1 —vs) Vi d;
ij

+ > A1 —9s)l + h.c.
[

N

Flavour Changing Charged Currents

transition proportional to [V[2

'd‘ S .b

Phenomenology 2024
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QUARK MIXING MATRIX

& Unitary Ng x Ng Matrix: NZ parameters

& 2N —1 arbitrary phases:

u; — ei®i U;

. — V.. — ei(gj_ﬁbi) V..
d_] — ezgj d_} } t] )

Vi; Physical Parameters
5 Ng (Ng — 1) moduli
or angles

Z(Ng—1)(Ng—2) phases

Phenomenology 2024
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QUARK MIXING
Unitarity: V. .vi=vi.v =1

Ney=2": 1 angle, 0 phases
6.= Cabbibo angle

cos 0, sinOC] No C/’

—Ssinf. cosé.

V =

CKM = Cabibbo-Kobayashi-Maskawa

Ne=3: (CKM) 3 angles, 1 phase
Source: PDG review on the CKM matrix

C12 C13 $12 C13 s13¢€ 80
—s12€23 — C12823513€°°  c12€23 — S12823813¢' 823013
$12823 — C12C23813€'7°  —C12 823 — S12C23813€¢'°  ca3 013
cij = cosb;; s;j =sinb;;,wherei,j =1,2o0r3
1-2A2/2 A AN (p—in)
~ - 1-—-2\2/2 AN? + O(\*)
3 ; 2 .

A =10.22500 4+ 0.00067 A= 0.82619318
p=0.159 +0.010 7 = 0.348+0.010
with p= p(1— 22/2+ .) & =1 —22/2+ ..)

As observed for K°, D° and B° mesons:
61370 (n#0) —-

Phenomenology 2024
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Electroweak precision
measurement

¢ LEP and its experiments
¢ Electroweak radiative corrections
¢ Z precision measurements

¢ Global electroweak fit

Phenomenology 2024
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An electron—positron collider
at CERN, European laboratory

for particle physics, in the same
tunnel that is now used by LHC.

Four experiments focused on
studying the Standard Model

(electroweak measurements ~ W & Z,
QCD measurement & Higgs searches)

LEPI — Vs » m, (1989-95)
LEPII — Vs = 140-209 GeV (1995-2000)

Phenomenology 2024 ..
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| Electron positron annlhllatlonl

Cross-section (pb)

(‘
=
_+.
-
-
1

102

" PEP
MEIRA
K'EKB I'RISTAN LEP

SLACE '

10

0 20 40 60 30 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)

LEP collected 4.5 million Z,

12 thousand WW per experiment
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‘ Z resonance Iineshapel

To measure the Z mass, total width and cross-section, partial widths

(branching ratios) and couplings:

LEP machine gives ete™ collisions at a few energies on and

near the Z peak and precise measurement of Ery.am

Detectors ALEPH, DELPHI, L3, OPAL distinguish Z final states
and measure the luminosity from QED t-channel process

ete™ — eTe™ (Bhabha scattering)

CT( \/'/5 " = |: ...\ observed — ‘\ ba(‘kground \ ","GL’

Monte Carlo simulation of the signal efficiency and background.
Precise theoretical prediction of the lineshape

Match precision from 4.5 million Z events per experiment -
relative statistical error about 5 x 10™*.

Several thousand people involved: machine/experiment/theory

o(m, ) /2 340 MeV from UA2+CDF in 1989. Hoped to reduce
to == 10 MeV (limited by beam energy precision)

Count the number of generations. 2.5 generations were known
in 1989, top quark and ¥ not yet established. Number of light
neutrinos limited by big bang nucleosynthesis to = 4. Expected
precision of about ££0.2 on the number.
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| Luminosity Measurementl

e —> —e The tchannel  contribution  to
7 ete”™ — ete™ dominates at small
angles. Detectors typically 25 to

ot —e — g ypically

“Bhabha scattering” 60 mrad from beam.

Very clear electron signal in forward detectors (calorimeters).

OPAL

1.4

T T T TentrieS [. 7 Taedea

beam

ur 1.2

E,/

1
0.8
0.6
0.4

0.2

]I_I.I.I!IIIIIII.IllllllllIIIII
III|III|III|III|III|III|1I

I—os ae . .
) .

0

. . 0 . . 0.5 . 1
systematic uncertainty < statistical uncertainty E JE
R’ — beam

Accepted cross section at least 2 X opag. 1 /"(-73 variation.
Experimental difficulty: define geometric edge of acceptance to give
cross-section precision S 0.05%.

Common theory error of ~ 0.05% (cf ~ 1% in 1989).

(BHLUMI program: S. Jadach, B.FL. Ward et al.)
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| Standard Model relationshipsl

Masses of heavy gauge bosons and their couplings to fermions

depend on SAME mixing angle
cos By = myy /mz

SU(2) x U(1) coupling constants, g, g', proporfional to electric
charge e: ¢ = esin by, ¢ = e cos by

f
T
f
: 1
ve 1€ (9 — gas) 2 sin By cos Bw
f
' 1
W 26’)#(1 o ,}5) 2v’§sin9w
f
where (), g, and g, depend on fermion type, with
1
ga — T“' — -_'*:3 = af
/ 3 o2 T \ 1 / " sl \
g. = (T° —2Qsin"by) = :i:;(l — 4|Q)| sin” fy) = V¢

e/ ga gives sin® By if you know |Q)|.
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| |
| Radiative correctlonsl

Propagator corrections are the same for each fermion type.

: w H
2y 2wy 2y 2y wavihﬁ§v%wv
f ZWhy

QED ISR e’

ISR/FSR = initial/final state radiation
Electroweak corrections absorbed into effective couplings:

v =07 = VA +Ap)(T° —2Qsin’0.z)
ga=gx = V(I+ApT

sin”f.g = (14 Ax)sin® by

3G M2 [ m2 m: 5
Ap = ;\ b —tan® by |In —E — =
8v2m2 \m2 m2 6

A — 3Gr M3, cot? By mf 11 ln mé _§
8 \/iﬂ‘ 2 m.2 m \3\, 6

W
- 2 - -
Extra m," /my contributions for b quark

my= Higgs boson mass, m,= top quark mass, my,= W boson mass
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| Radiative correctionsl

The value of G is also modified: o m? &1n ml%l

TQ 1
Fermi constant Gy = — ' /

7 . a0 A
V2m2, sin® Oy 1 — Ar

where

A« term incorporates the running of the electromagnetic coupling
due to fermion loops in the photon propagator. The difficult part of
the calculation is to account for all the hadronic states. Use
expetimental measurement of ete~ — hadrons at low \/E

(D)
71 =g

a(m2) = 1/137.035999180(10) a(mZ) = 1/127.95

a(s)

Quadratic dependence on m,
Logarithmic dependence on my
Can fit both m . and my

Use programs such as ZFITTER (D Bardin et al.) and TOPAZO

(G Montagna et al.) for calculations to higher order.

Leading order expressions above are for large my.
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[ ]

Initial state radiation

Dominant QED correction from

| QED correctionsl

b
e f
Z
initial state radiation. _
e’ f
Accounted for by radiator function H. We want 0. (s)
1
- . rrtot - ”
ol /  deHn (2, 5)0m(29).
4m? /s
| ) | s | LR | Y | 1
AR o°
=40 - FY— 2
- 40 f X
o i ' ol B
o [ ALEPH f ol
© DELPHI / A
) L3 ! \
30 F OPAL { \ 4
| I 1\
/ \
f \
{ \
20 o g
. @ measurements, error bars ,/
! increased by factor 10 /
/
10 F__ctomnt 7 g
P Py [ 1, \Ll\[g A o
86 88 90 92 9%
E_ [GeV]
Ph 1 2024 .
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| Differential cross-sectionl
Improved Born Approximation for ete” — ff /
(ignoring fermion masses, QED/QCD ISR/FSR ...) - = 2 +

dOew TN
dcos@  2s
(9%, + 93.) (0% + 95s) (1 + cos®8) + 8gv.ga.gvigas cos ]

=16x(s)|* x

A [’)" exchange] 1 [’)"Z interference]

Where Ggm?2 s

s Z
x(s) NG s—m.§+isrz/mz

Even termin cos @ gives total cross-section

O &X (g%'e o gie)(g%'f 1 gij)

Odd term in cos & leads to forward-backward asymmetry:

gy~ %3
A-{.FB e e—
Or + 0B
o
where ox = [, (do/d cos 6)d cos 6
B (D

:3 2 & s 2 F :3
AD,f it ¥ ‘)9\-9.&.). DQ\ fg.—\.)f = > A A, @ ZO pole
FB 2 2 2 2

g, T 95 9vs H9a 4

(Interference term means Agg varies with s)

Cross-section plus Agg allow gyt and gas to be derived.
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‘ Cross-section and partial widthsl

Cross-section as a function of s: “Z lineshape”
D sI'Z

/ I Y
(s —m., )2+ s2T'2 /m2
Fan o ./

og(s)=o

where pole cross-section is

Ty Tl

D
Og = 2 2
m; I3

with I';;/T'z = BR(Z — ff) and partial width is

. GFm-3 :
=N, 6\/5; (9 + 9v:)

+ QED/QCD corrections eg. QCD: I' g — Tyg(1 + e/ + -+ )
Total width of Z

rZ — rhad + BT,, + Fin\' o Srqq + 31—".’[ + *‘\T?.’I‘V?/

Comparing total width to partial width gives N, = 2.9963 + 0.0074
Cross-sections and widths correlated. Choose to fit:

e m,, I'z, op

e Ratios: RE = l“had/l“ee, Rz = l“had/I‘##, RE = I‘had/I‘,.,.
or By = T'naa/Tee

Ey e 0, e D, gt 0,7 D,£
e Asymmetries: Agg, Agg and Agg or Agg

Extra information from tagging some quark flavours - see |ater.
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Cross sections

N
| Cross-sections vs \/EI
N | ALEPH
o] 18 |
2. hadrons | ee
o]
130 wia
b5 * 12 A
» 20 ‘..-' \ 111.0 p
0s ‘
15 ,4"' \‘ -
\ 0s "
10 ﬁl \\ H -
- ¥ y NS 04 ;
= 02 |~
90 91 92 90 91 92
s ® w1 @ o« s s w w1 e @& %
0.01- , 0.05- :
| :. A' ¢ '.. . ‘ & .. v 'n‘ . :
T R T 912 513 93 oAl 005 B 913 913 83 933
e )
s 18 -
%m L wsf TT
E R
w14 w14
12 / 12
1 1 s 0 / ™ 1 1 . 0 ’,"' I"'-,“
08 08
L
08 0.6 N
; & -
04 04 A "
02 02 Y
2[4
90 91 92 90 91 92
s ™ w81 e 9 o s s w w1 % % %
0.051 ~ 0.05- : :
v T b ) O AR V)| !
T S T 5ia S13 ey @3 A% e 913 913,93 92
¥ 1990  + 1991 v 1992 4 1993 = 1934 e 1995 \/S(GGV)
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Lepton forward-backward asymmetriesl
iCD DELPHI 93 — 95
)
7 o e'e” > u"w ()
S Forward-backward asym-
N
508 metry for lepton pairs is
straightforward to measure.
o6 Charge of lepton from
tracking.
0.4 |5
|
0.2
L3 O 1990-92
Le'e —e'e () " 1993
o5 0 05 1 | 440 <136° A 1994
" ® 1995
In additonto Z &y~ <°5{%) 0.5 ) +
exchange (‘s-channel’), | . [ ™} behannel .

has for electrons also to
take into account Bhabha
scattering (“t-channel”)
plus their interference.

s-channel "“u,interference

Asymmetry varies '
with  centre-of-mass 0.05F

QO
energy. 2 +

5 0 '

£ f

o

=)
)
(W)
I
. —o—
lo—
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‘ Lepton Universalityl

Plot Ag’é VS. R? = I'ya3/T ¢ Contours contain 68% probability.
Lepton universality OK. Results agree with SM (arrows)

my = 178.0 £4.3 GeV

my = 3001732 GeV (low my; preferred)

as(m2) = 0.118 + 0.002

Aay.q = 0.02761 £ 0.00036

0.022 ————F———T——
P 68% CL

0.018

0,
b

0.014

20.6 20.7 20.8 20.9

0
R =Fhad/ L

Can be interpretated in terms of g1 and gay
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| Inputs to global electroweakfitsl

Measurements of W, Z, quark & H properties + coupling
constants from LEP/CERN, SLD/SLAC (e*e — Z°)
Tevatron/Fermilab, LHC/CERN & lower Vs e*e- colliders.

Results & plots: Gfitter group, EPJC 78 (2018) 675, PoS
ICHEP2022 (2023) 897, and PoS EPS-HEP2023 (2024) 304

Free w/o0 exp. input  w/o exp. input
Parameter Input value in fit Fit Result in Fine in line, no theo. unc
My [GeV] 1251402  yes 1251102 100.81254 101.01+249
Mw [GeV] 80.362 £0.014 - 80.356 +£0.006 80.354 £+ 0.007 80.353 £ 0.005
I'w [GeV] 2.085 4+ 0.042 - 2.091 £ 0.001 2.091 £ 0.001 2.091 £ 0.001
Mz |GeV] 91.1875 £ 0.0021 yes 91.1878 +0.0021 91.1969 4+ 0.0105 91.1969 4+ 0.0100
I'z [GeV] 2.4955 £ 0.0023 — 2.4952 +£0.0014 2.4949 £+ 0.0016  2.4949 4 0.0016
0. [nb] 41.500 £ 0.037 —  41.484+£0.015 41.481+0.016  41.481 4 0.015
R? 20.767 £0.025 - 20.759 +£0.017  20.750 = 0.026 20.750 £+ 0.026
Ag’é 0.0171 4+ 0.0010 - 0.01619 £+ 0.0001 0.01618 £0.0001 0.01617 £ 0.0001
A 0.1499 +0.0018 - 0.1469 + 0.0005 0.1469 £ 0.0005  0.1469 + 0.0003
sin? oéff(QFB) 0.2324 +£0.0012 - 0.23154 4+ 0.000060.23153 + 0.00006 0.23154 4+ 0.00004
sin? Héff(Tev + LHC)0.23141 4+ 0.00026 — 0.23154 + 0.000060.23154 £ 0.00006 0.23155 + 0.00004
A 0.670 4+ 0.027 - 0.6678 £ 0.00021 0.6678 £ 0.00021 0.6678 £ 0.00014
Ay 0.923 4+ 0.020 — 0.93475 4+ 0.000040.93475 + 0.00004 0.93474 + 0.00002
A%’é 0.0707 £ 0.0035 — 0.0736 £0.0003 0.0736 £ 0.0003  0.0736 £ 0.0002

AOF’]g 0.0992 +0.0016 - 0.1030 +0.0003 0.1031 £ 0.0003  0.1030 £ 0.0002

R? 0.17214£0.0030 -  0.17223 7599907 (0.17224 + 0.00007 0.17223 4 0.00006
R 0.21629 4 0.00066 —  0.21586 7000903 0.21585 + 0.00005 0.21586 4 0.00004
m. [GeV] 1.27 1007 yes 1.27 1007 - -

my [GeV] 4.2018-47 yes 4.2015:07 - -

my [GeV](™) 172.47+£0.68 yes 172.65+0.65 174.84 1237 174.85 7239
Aa® (MZ) &) 2761+ 9 yes 2759 +10 2730 £ 39 2731 4 37
as(Mz) - yes 0.1196 +0.0029 0.1196 4+ 0.0029  0.1195 4 0.0028

*) Average of LEP (A, = 0.1465 + 0.0033) and SLD (A, = 0.1513 4 0.0021)
measurements, used as two measurements in the fit. The fit w/o the LEP (SLD)
measurement gives A = 0.1469 + 0.0005 (A; = 0.1467 £ 0.0005 ). V) Combination of
experimental (0.46 GeV) and theory uncertainty (0.5 GeV).(P'In units of 107°.
(2)Rescaled due to o dependency.
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Global electroweak fit

| Results of global electroweak fitsl
| w| | ek gg
M,, = i |-05
Ty . 0.1
M, 0.1
ry -0.1
Ogad -0.5
Rep -0.3
Al -0.9
A(LEP) 0.1
A(SLD) | -2.1
sin®0(Q_) -0.7
sin?0." (Tev+LHC) 0.5
As 0.8
A% = 24
A o 0.0
A, ] 0.6
R? 5 0.0
R o -0.7
m, 0.2
Aal) (M) -0.1
as(Mi) - o |20
(Oﬁt - 0meas) / Omeas
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Electroweak precision measurements:

1/2
o= T Oy, 1
Yl A2 G, sin@, V1—Ar €= < nop? & IN(11%)

since G, a,,, Sindy are known with high precision,
precise measurements of #4,, & 7, constrain radiative
corrections & Higgs mass (weakly due logarithmic dependence)

‘ my (LEPII//LHC) = 80.369 + 0.016 GeV

[ 716y (LHC) = 172.47 £ 0.46 GeV

ultimate Standard Model test: compare direct
Higgs mass with radiative correction prediction.

T I T T T T | T T T T | ,: T T T | T T T T l T

;' B (] —

[} — 68% and 95% CL contours i M comb. = To -

(©) - . Ll m, = 172.47 GeV ]

— 80.5 — [ Fitw/oM, and m measurements V| -- 0=0.46 GeV —

E; B Fit w/o M,,, m and M, measurements —0=046©050,,, GeV -

[~ Direct M, and m, measurements _

80.45 — ]
current N ]
direct 804 . ; 7 =
measure- L _

_______________________________________________________________________________________ Y A—

M, comb. = 1o
— M, =80.362 = 0.014 GeV

’ci

80.3_— _
80.25 |~
T T B B | P B R
140 150 160 170 180 190
consistency between my, & m, from m, [GeV]
radiative corrections and direct measurements.
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Global electroweak fit

5

‘ Topand W massl

Y fitter[:
w, 10¢ — T &, g
< 9F J:]_S_W'!_"!l‘?."_" measurements d3s < oFE E__[sMfitwiom, measurements __ \> i
8 F New CMS m,, TOP-20-008 E 8 M,y from CDF Il w/o m measurements
= SM fit w/o'M,,, and M, measurements J E No M, and m, measurements
TE - T
E -8 | HC+LEP Average 3 ~@- LHC Average
6 = B CDF Il = 6 = -O- Pole mass, PDG average
5E E 5 E-\, % DO[PRD 95, 112004 (2017)
e o CLLEERE S ‘ -------------------------------------------------- —2¢ 4
3E = 3
2 ; —; 2
TN e —#—+--1c 1
0 E L . M 0 E. Pl ST
80.4 80.45
M, [GeV]

Consistency (with the exception of Tevatron
measurements) between my, & m, from radiative
corrections and various direct measurements.

170

160

150

140

A measure of Standard Model success: m; from
radiative corrections vs m, direct measurement.

Lo

T

R o H2o

SRR Al e e A= ¢

AT B il IR B
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IAIIIIIIIIIII]ITIIIIIIIIIIIIII

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

'EPJC 78 (2018) 675

T T T

‘ BEE Y e o

WAL _]

/ Results of the EW fit 7]

Measurements 68% confidence levels .

Tevatron ~— PDG .

+ LHC LEP EW WG —

& Gfitter, incl. M ]

| | } Tevatron T LHC (searches or nHweas ) ]
2000 2005 2010 2015

Year

m, [GeV]
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| Standard Model Higgsl

Electroweak fits = myg <152 GeV (95% CL).
Prefered minimum my = 1012°_,, GeV
Direct measurement (ATLAS+CMS) m; = 125.1 +£ 0.2 GeV

N 5 : ‘ T T | T T T ’1 I} T T T T T | T T T u T T L__
é 4.5 f_" [ smit 4 . fitter .&_
a £\ [y rom GOF o M, measurement | EPS
3.5 ;_ ~®- LHC combination [PRL 114, 191803 (2015)] _;
3 ' -
25 =
. ;
15 =
[ S L ey T ------ 1o
0.5 =
0 E 1 1 1 | | 1 1 | 1 1 -
20 100 120 140
M, [GeV]
; 300 B T T T T T T T I T T T T I T T T T | ]
8 - Measurements Results of the EW fit ]
= o - ¢ LHC 68% confidence levels E
=" il 1 Overall SM fit:
L —— LEP EW WG _
200 [ W Gitter — Xz = 13.8 for
C = Gfitter incl. direct searches ]
- W 1 Ngor= 19 =
150 | ‘\ 4 P-value =0.55
100 [- 1 (August 2023)
8 - 7 SMstill ve
- 5 EPJC 78 (2018) 675 -
o v vt oo TP T 4 reasonable !
2000 2005 2010 2015
Year
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Standard Model Parameters
‘ QCD: Q‘s(i\-’jz) 1
& EW Gauge / Scalar Sector: 4

g, u2h & a,by,My, My & o Gp, My, My

& Yukawa Sector: 13

Mme , My , Mr

mg , Ms , My,

My , Me , TN

01,02, 03,9

— 18 Free Parameters
(4+ Neutrino Masses / Mixings 7)
TOO MANY !
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