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2.1 Propagators and vertices in the SM

1. STANDARD MODEL AND BEYOND

General structure of the SM

Spontaneous symmetry breaking in the SM M},\N\N : —ig”;
Counting of the parameters of the SM
Properties of the fermion spectrum in the SM o V e : —i?—?—ﬂh—/fwﬁ (V=W,2Z)

Baryon and lepton number conservation in the SM
Gauge anomalies in the SM ,

—1 EQ Fiu
A “pedagogical” example of GUT: SU(5)

The spontaneous symmetry breaking in SU(5)

More about GUTs

Hierarchy problem in the SM: the weak scale ie

1— )
+2‘/st7ﬂ( 3

Some properties of supersymmetry
Structure of a supersymmetric SM

Assumptions in the MSSM

M2
More about the MSSM with 3 =1- -—M%'Z-— (at the tree level)

Alimini 1992~ "
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2.2 1-loop oblique corrections 2.3 A warm—up exercise: the charge renormalization
in

Let us introduce the {unrenormalized sel] energies), 1-loop di- . ugh the
vergent integrals where all possible contributions from particles The electric_charge i8 defined expenmentaltl'ﬁnt?;) rges ) at
circulating in the loops must be summed up. Thomson scattering of an electron off & pro
2 _0:
q = N

¥ OB’ L =15,(¢%)
At 1-loop level for g #£0:

¥ QZ : —iZyz(q?) . : N : <

If we consider only the so—called “oblique” corrections, then
the 1-loop vector boson self-energies enter as radiative correc-
tions to the vector boson propagetors. Since the integrals are

divergent, a renormalizetion procedure is needed (if compatible le.
' . g —
with the theory). e o (_ zg—'i;)( B 18-,((12))('— ; .u;) =
2 2 q q
q q
MU SOV SR WO _i%;i(l—ﬂq(q?))
LY V] v v v v
e T 4 "“"‘O‘M“ (V=W2) where
M(q?) = £-(¢*) (vacuum polarization)
wol presual X o.,.z,., o 2 ()_.8 T g?
At Yo fore! — ( )

23
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So, in the Thomson scattering: e? — e?(1 - I1,(0))
k infinite!
The electric charge receives an infinite contribution. It needs a

= RENORMALIZATION PROCEDURE

Assume that the electric charge in the lagrangian is some un-
measurable “bare” charge eg, so that:

ey — ex(1— I1.(0)) = ¢?

/ !

bare physical
(unmeasurable) (measurable)

Call: be =eg — e (charge counterterm)

Then, neglecting 2nd order terms:

C=d(I-I0) = 2_m

[

and the counterterm if fixed.

The renormalization scheme works (and it does in QED) if

and only if this counterterm (or, in general, & finite number of
counterterms) is sufficient to calculate:

e all possible processes (relatively easy to prove);

* all possible terms of the perturbative series for each pro-
cess, removing the infinities (much more diffcult to prove)

GLF - Alimini 1992 2.4

An example:

RUTHEFORD SCATTERING (electron scatter-
ing by an external source at qg* #£0)

—_

6% 83 €y ( 2) _
- i
¢ ¢ 9

(_‘ii.gfﬁ (1= T, (%) + TL,(0) = TT4(0)) =
q

2 (1 i, )
S0 =T (") + Th(0) = 5 (1 - 1L(

Sl

¥ q Y 2 ) ;l( ) ﬁ.—" on

counterterm.

as a correction to the charge

" 1 2 .
At this point, if we look at IL,(¢") t the concept of “running

(instead to the propagator) we ge
charge™:

e?(g?) = e*(1 - 1,(¢")

2.5
GLF - Alimini 1992



Resumming part of the higher order terms, we obtain an im-
proved equation for the running charge:

e2

SR TIUIE, P LS (RTINS Q.
o (=Tt I T4 ) = )

It can be shown that the leading n-loop contributions are in-
cluded in such a geometric series. A more careful traitment

leads to:

82

(1 + Refl,(¢*))

e’(¢") =

GLF - Alimini 1992 2.6

i

2.4 Electric charge_renormalization in the SM

In the SM the charge renormalization is more tricky, since the
¥ propagator fts contributions from the vector part of the v-2
exchange at the 1-loop level:

>_5_O,§.< + >,_Z_,O.,l,< (the pure Z-exchange be-
ing suppressed at ¢> = 0)
This means (vector part alone)

P S D O
+ DLOEC + DO

l.e.
2 2 2 2 2
q 2 q q? cw q* — M7
=0 € ( $w D4z(0)
% (1 - 11,(0) + 222 2220
q 7( ) + Cop M%
GLF - Alimini 1992 2.7



2.5 Renormalization of the vector boson masses

so that
The correction to the vector boson propagator is given by:

e ez et = o
—iuv —10uy
c-My T gt
L —ig#y ) . 2 ( —tG )
s — (=% — | =
3 (q2 _ Mgv ( V(q )) q2 _ Mgv

after resummation

2—29!5:/2 . 2—2g,uu2 g : _
q* — My, q* - Mg, e

oV

_ —u _
q* - M}, + Zv(g?)

= *‘1‘:9}‘”
¢* — M2, + ReZy(¢?) + :ImZy(¢?)

28 GLF - Alimini 1992 2.9
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ReLy(¢?) is infinite

ImEy(¢?) is finite: it reflects the finite T’y and removes
the poles from the real axis.

Thle physical mass My is identified with the position of the
pole:

¢ - M% +ReDy(g®) =0  at q* = M} (on shell)

Y
M2, = M} + ReZy(M})

Thus the counterterm 6M{ needed to render M}, finite
(M2, + 6ME = My) is identified with ReZy (M7):

M2, =ReZw(My)
§M% =ReTz(M%)

_tg‘“’

The dressed VB tor is then: -
e dresse propegater 1S then ¢* — M} +ilmEv(g®)

GLF - Alimini 1992 2.10

Ignoring the ¢°-dependence of Ty, one is led to identify *:

M% —Im¥y = M;z/ - iI‘va = ImTy = FvMV

so that
ImEw =MwT'w

ImEz =Mzlz

In particular at the Z 0 peak the dressed propagator is propor-
tional to )

q* — M% +:Mz0z

It can be shown that the ¢*- dependence can be accounted for
(near the peak) through:

1
()'2 — M% +i-l.g;—Msz

* A decaying particle satisfies

M—-)M-—ig ie. M? o M?—iIM

GLF - Alimini 1992 2.11
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2.6 The on—shell scheme and 1-loop calculation rules

A very useful convention has been introduced (Sirlin): the re-
lation which connects VBM and mizing angle at the tree level

is written in terms of the the ghzsical masses Mw and Mz,
and becomes the definition of s;, at any erder:

52 :1—~M—32V
Mz

on shell scheme

We are now ready to attack the 1-loop calculation of quantities

as VB masses, scattering amplitudes and decay rates. The rules
are:

o The classical lagrangian L(e, Mw,Mz,...) is sufficient for

tree—level calculations. No distinction between bare and
physical parameters 1s needed.

e For higher order calculations, use can be made of the same
lagrangian, written now in terms of the bare parameters
L(eq, Mow, Mpz,...), which are connected to the physical
quantities e, My, Mz through the relations we have intro-
duced above:

[+ IB+66
M2, = M2, + §M3,

GLF - Alimnini 1992 2.12

o At the 1-loop level, including only oblique corrections,

be Sw L42z(0)
—_ = 2 i LA St A
2 . 1I,(0) + o M%

5M12v,z = ReEW,Z(MI%V,Z)

e At any order

The approach works since the SM is renormalizable

GLF - Alimini 1992 2.13



2.7 The muon decay, (¢, and Ar

The set of constants we have chosen is (e, Mw, Mz). However,
Myw is not known with the same precision as ¢ and Mz. It is
then convenient to “switch” to a different choice, (e, Mz, G ),
G, being the muon decay constant.

This is simple at the tree level, by identifying the 4-fermion
interaction

)
= i& Jiu) gie) J:(:é‘ = ‘u.y”'yp(l — s ),
A J"('.g) - EC‘T#(I - 75)”1}:

V2

2 2 gln) (e
© W —; ( €o ) cc Jee
. 2\/5301:: g - Mgw

At the tree level:

rapg 1
M2, = ——
Pualf A —.| =
\/i SsgwMgW M2, = Ty 1
27 V3G, $uCow
GLF - Alimini 1992 2.14

At the 1-loop level:

2
&
2 2
8s2 M2,

By comparing

that is:

W

ed (1 Zw(0)

2 2 T2 2 )
855, Mow 7 - Mgw 2 EME,

es (1 N 2W(O))

2 2 2
855w Miw Miw

G, &2 (1 s Ew(O))

V2 83 MZ,

2
MOW

On the other hand

’

2 _
‘SOw"'l_

\

GLF - Alimini 1992

be
el = (e + 8e)? = €? (1+2—:)

M3
| M§w=M%v(1+ W)

My,

=38, + ¢,

MY+ 6M2, ., 6Ma2_6M3V
M

M2 + 6M2 M2,

2.15
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so that

Gu _ _ e [ 2 c (6M% MR\ | Tv(0) - 8MG
5~ 8sTME e s\ M} M} M2,
or (; )
€
v~ e
i
where .
2 (ML EME\  Sy(0)— My, | cw B4z(0)
ar=00) - 55 (T - 5t )+ a e

is a finite correction.

It can be shown that the resummation-improved formula is:

G, ¢ 1

V2 8sIML 11— Ar

so that we can forget, at the 1-loop level, about M, and make use
of the quantities (Mz,e,G ), measured with very high precision.

In particular, we can use

st =1

w M%

My - etVv2 1 2+ | as an implicit
T "7 8s2G,1— Ar Wi | equation insj,

Note that Ar depends on virtual contributions, so that in the SM
Ar = Ar(m,, My) and also 3%, = s2 (m, My).

GLF - Alimini 1992 2.16

2.7 The process ete” — ff at the Z° peak

[N E
The tree level amplitude M
e ¢

63 [7#(I:f. —2Q¢54w) — I;'T#T'S} vy ['T#(I:{ - 2Qf5%w) - I:{'Yu'YS]

2 2 — M2
455.,,Cow s — Mgz

becomes, at the 1-loop level (neglecting y-exchange and v-Z mixing),

o [ - 2Qusk) - B ® [1u] —2Qy580) — B

2 .2
45Owc{)w

] -—M% +i%MzPZ
A

On the other hand

e2 e? 1 26e X —s2 (6M7 _SM%V _
T Wy M

2 T 442 2 2
4st Cow 50w e Sw

=V2G,M% |1+

L

§ML  6M},  Tv(0) - 5M3v] -
ME o My My

C Bz(0) Tw(0) Tz(MZ)-— 22(0)] _
_ 2 _ - =
=v2G,M% o
x_ finive !

GLF - Alimini 1992 2.17



2

At the same time, s2, in the neutral current trasforms according

to =
P EML SME
go=st i (B -S| —x.n
0 2\ M My L v
L;uih—[
So, we get

e An overall muliiplicative factor p (finite) for Z—exchange am-
plitudes

o A multiplicative factor k (finite) for s2 in the expression of
the neutral current (NC)

It can be shown that this is true for any NC amplitude A.
We have then the following rules to obtain a 1-loop corrected
amplitude:

e Write a NC amplitude at the tree level in terms of G,

e Multiply the amplitude by o and s2, in the NC by «
e Dress the Z propagator (at the Z peak)

This is the so-called “improved Born approximation”

GLF - Alimini 1992 2,18

2.8 The universal corrections Ar, Ap, &«

A more careful traitment of the electroweak processes at the
Z° peak requires also the inclusion of the v-Z exchange con-
tribution. This leads to the following expressions (assuming
=1+ Apand k =1+ Ak):

4

Lz(0) Tw(0) Sy 272(0) .
_ _ _gSw finit
Be==yr" ~ 3, "0, M} (finite)
2 [6M% MY s Dyz(M3)— E,,z(O)) :
_Suw J0%w e t
e ( M2 MZ, T e M (finite)

~

The improved Born approximation can be used also in the
7 decay widths and in the low—energy processes (if small ¢*-
dependent terds are ignored).

m

Note that the asymmetries at the Z° peak, being cross—section
ratios, do not get contributions from Ag but only from Ak,

The general procedure to calculate theoretically the measured
quantities at the 1-loop level in terms of the electroweak pa-
rameters is essentially the following:

1) Fix my, My
2) Calculate Ar — Mw — s,
3) Calculate Ap and A«

4) Use the improved Born approximation for the neutral current
processes

GLF - Alimini 1992 : 2.19

pr——

T —

e



1. Radiative corrections in the SM @

1.1 General approach

Gauge group

SUE@)L BU()y —2 U(1),

-

v=<Hy>

three parameters
at the tree level

o <=

fixes the interaction scale

from

mixing angle

gauge boson masses

it follows _ .
3 typical mass restoring the e.w.
v = ({2Gp) ‘= 250 GeV unification, derived from the

low-energy 4-fermion coupling

well measured from
u-decay (see later)

the third parameter can be

_ M well measured at
G LEP (see later)

in conclusion...

three parameters
at tha tree level

it follows that... @

at zeroth order (Born approximation) each physical observable
is given by

R?=R7(g, g.v) = RY (&, Gg, My)

fundamental
constants

Including |

\ new
parameters

with the well-known functionai dependence

AR (m,) ~ m% /MVZV + subdominant terms

AR (My) ~ In(M 4 /M) asymptotically (large M)

\ "screening theorem”

due to the “custodial SU(2)"

[Radiative corrections|depend on jog] |




Radiative corrections will include @ the right behaviour at poles being guaranteed by @
|

all one-loop contributions
O(a.og) contributions

O(a2) and O(ad) in I (hadronic width)

A A 2 A
Re £y,(M2) =Re £,;(M2) =£.(0) = £,7(0) = 0

resummation of higher order terms (where possible)

The renormalized self-energies are expressed in terms of the
non-renormalized ones through the following - finite - relations

In particular "oblique corrections", the corrections to the gauge
boson propagators,are universal, i.e. the same in all processes:
the bare propagators Dy.Z,W

Dg'r(s} )

il

@

|
=
(=]
15|

Sw

,Sa2(0)  ew (EZZ(M%) EWW(MEV))]

A-.-Z(-")xng(-ﬁ)_uwz(o)'*'s[- 4’11’% -

0
Dzals) M2 M3,

Diyw (s) s = Miyq

. ek — 5% Taz(0)
Caz(s) :SZZ(S)_SZZ(O)+(‘Q'"A'{%)[—S"ﬁ(0)_2 W +

swew M3
after insertion of the self-energies Zy,z,w and the usual renorma-

. . . . C?’N -—_ S%‘V Ezz(ﬂof%) Sww(M;ﬁv)
lization procedure, transform in the renormalized propagators A ML MG
A
Dy.zw
) . : : -1 . _ cw Eyz(0)
Do (5) Dyz{s) s+ Lay(s) L42(s) Sww(s) = Tww(s) - Tww(0) + (s — M7) [—227(0) - 2;\; jVI% *
D.z(s) Dzz(s) =1 £,2(5) s—M}+Lzz(s) . & (SzaM3) Sww(M2,)
e 2 3 53 M ME,
wa(s) i 8 "“MW +2WW(3)

e



Let us define the vacuum polarization functions @ 1.1 The electromagnetic vacuum polarization and Ax @

ﬁYY (S) = Re _X:Y_Y..(.@

]
\ ) — !
[, (s) = Re &= ! y

Zzz (8)
M55 (s) = Re ——~-
2z (8) s - M2
A corresponds to
A Zyw (8)
aw ()= Re Tz a0 2 I8 @J; Lo
w o Jp @dy - 0 “? H - aq2)._kl_~@2_..ﬂ
q° q% + 2, (d?) q
with
The relevant (finite) corrections are then given by
(LEP physics: Aa(M2))
Aa(g?) is a QED correction:
@ contributions of heavy particles decouple

o contributions of light quarks are |mportant
and affect the precise estimate of oc(MZ)




Approach:

estimate of the hadronic contribution Aoz(l\d%)h through a
dispersive representation, independent of quark masses,

/< |Re)= o)

Aa(M3) = & M % ds —R(s) __  nhadronic cross-section of
Z'h In s(s-M 2) the normalized process
2 z

4my ete: —=> y —> hadrons

an interpolation of the experimental measurements of o(s) gives
Jegerihener (1991)

main source of
theoretical uncertainties
in the RC estimates

Note that Born approximation with o —> a(M%)
was able, until 1993, to reproduce the experimental
quantities within *l1c

l

1.3 Charged currents, W mass and Ar

At the tree level the W mass is related to the 3 fundamental
constants

M\?v) o

M2 1- =

The correction to the W propagator induces the correction
to the charged current coupling constant G¢

H H
W
- " o u—-decay
Ve
i.e.
q2-MZ - Zyy(a?)
G = Gs:[ W WW = Gg(1-Ar)
2

qz'M\EN g°=0

k

F— -

-

e

R,



P
P

=

.GF is defined in terms of Ty

1 _Ggmﬁ _aMme QY25 _ .2
&= e(-egs )t ()& -]

A
L Gr includes explicitly
U QED corrections

As a consequence, the relation between the W mass and the
other fundamental constants is modified into (Sirlin)

M2(1-M2ﬂ)= ne _ mo(M3)
w M2 2Ge(1-Aan  V2GE(1 - Ary)

N
*genuine” ew correction

(gED contribution extracted)

The mass spectrum,
which contributes
to Ar,, contains My,

The equation is then
implicit in My, and must
be solved by recursion

=

1.4 Neutral currents, Z mass and Ap

corresponds to

NC NC NC NC NC NC
Gr ®sz —> Gg(1 - 4n) Ju @ = Gpp(s) By
s - M3z s~M§+ﬁZZ(s) s-M%

{Veltman)

Dominant contribution to Ap{s) from isospin-breaking effects:
asymptotic one-loop contribution from the top quark mass

2
oo 16ms2c? M3

Non-minimal Higgs content induces further contributions
(non-minimal Standard Model): in general

> 2

+ - ® Ih sums over the
_ Eh Vh [Th (Th2 12) T3h] Higgs representations
Born 2 Zh Vh T3|-,

P

e v, Higgs v.e.v.'s

e Th SU(2), quantum
numbers



1.5 The weak mixing angle and Ax @

A further contribution to the J° component of JNC p comes from the
v-Z correction

Cw ZTZ(S)

= - sl = Ju- BRI -g ) = - shk(a)g

The radiative correction is reabsorbed into an "effective mixing
angle"

An equivalent parametnzatlon can be used, by introducing

x'(G%) = 1 + Ax'(q?) through the relation

sk k(@) =sfox(@®) wih  sfo=s{
ar, =0

it follows

2
AK'(9?) = Ax(g?) + —r—z' Ax(M3)

which isolates the "genuine electroweak correction

1.6 Higher order corrections to Ap and Ar

Ap(0) = Apyom + APgyp
with

apy . =3%[1- (&-19) x, - 32 (£ +1)]
and similarly for Ar

2

(

®

We can extract the “1_Particle Irreducible” terms out from Ap(0):

8v2x2

m
xt..GIF t)

c
2 w
Ar=Arg o +Arg gy = Aa(MZ) - ;—2 APgom + Alsyb

W
Then a geometrical resummation is performed

1
1- Apdom

;
1- Ac(M2)

\1+Apd0m

1+ Aa(M2) >

The W mass is now expressed through the recursion relation

My === 5|1 +4f1 -——=\1 - Apg )\ + 4} | .
Wo1-Apy 2 [ \IZGFMﬁ( pd)(1 - Aa(M3) S)

(Halzen & Kniehl) ,

with non-negligible effects for m, > 100-150 GeV.

E———

i
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2. Model independent parametrization

At zeroth order (but with QED corrections included) all physical
observables, as chiral couplings of quarks and leptons (qiﬁ, 9 p
C1.2), W mass, total and partial Z widths and asymmetries, can
be expressed in terms of

using

which satisfies

no( M5
cue S"%Ozx/ze( IVT)Q
FMz

At this point the "genuine" weak corrections are contained in

AK'(s)

Aty || Ap(s)

® neglecting the s-dependence of Ap and Ax'
® performing the substitution s2, — 's2
@ introducing Ar,, in the expression of Mw
@ muitiplying by Ap where necessary

we obtain a model-independent parametrization of the radiative
corrections affecting each observable

m_ oo dR, dRi .. ,9R;
R, = R +5 Ap +E—)-§-%—OAK +8Ar Ary

Equivalent parametrizations in terms of linear combinations @
of Ap, Ax, Ar:

{Altarelli & Barbieri)

(Paskin & Takeuchi)

related by

oS = ds2e, = 4s2ciAp + 455 (cL - si)AK

al =g, = Ap

1

4
Sw | 2 2 4 5

.o Ar, - 4s.C, Ap + Bs, Ax
W w

oU = - 4sie,=-4

In the model independent approach Ap, Ak', Ar,, are unknown. In

the Standard Model they depend on m, and My: retaining only the
dominant terms

3Gem? 3GEMS o (M
= gz dnz o W" Mz)

sgz-%%—‘zlln(%)

e S (M) o Geltl (1)



The model-independent approach, however, contains
several approximations, when compared with the approach
in the Standard Model:

@ vertex and box corrections are not included

@ the s-dependence from low (s = 0) to high (s = M%)
energies is neglected

@  all contributions beyond one-loop cannot be included
(for example, the resummation discussed before)

In order to reduce these effects, two approaches have been
followed:

Expansion of the R;'s performed around values R ; (m{, My,)
estimated in the SM at the "reference point" (mj, M{,)

precise estimate of the "non-oblique" corrections at the
reference point, but approximation less reliable far from it

(Ellis, GLF, Lisi)

Box and vertex corrections added to the g;'s ("hybrid" ¢;)

estimated for three variables. A fourth ¢, ¢,,, added in order
to account for the important venex*

(Altaretli, Barbieri, Jadach)

(Altareii, Barbieri, Caravaglios)

3. Precision electroweak measurements @,

3.1 The fundamental parameters t

After the inclusion of ew+QCD radiative corrections, estimated in:
the SM, each physical observable is given by

C" =C%w,Gp,Mz) +AC (@, G, My 05 ,m;, My)

fundamental constant:

but the inclusion of QCD corrections at the Mg scale
gives  (Jegerlhener 1991)

main source of )
theoretical uncertainties
in the RC estimates

e

‘Gp | measured with great accuracy from p-decay, including

QCD corrections

M, measured with high precision at LEP \

TE o e et s

-

The error, however, is not neglected. It is included in the
theoretical uncertainty affecting the parametrization




in principle, a free parameter 3.2 Low-energy experiments

but ... vq interaction from deep-inelastic scattering v

mdependently estimated from a QCD analysis of the ve interaction at accelerators and reactors

hadronic jets at LEP. A recent estimate gives e
J €q interaction from parity violation effects

(Catani, Marseilte, 1993)

error mainly of theoretical origin: ' . . .
hadrorglzanora gghs)jr orders in . from an overall analysis of the NC/CC data of all the deep-inelastic
. . perturbative scatterin imen
Two possible attitudes: ttering experiments
i 2
5 o _ ' ! Ry Iy model-independent
o take o ¢(M3) from jets, including the error in the . Quark Parton Model 2 ?ﬁ;afggt"ﬁg?:cﬁ é’rf
theoretical uncertainties Re .90
5 Ry . U%l (correlation effects and
® derive a.¢(M>) from the precision ew data, and : . with QCD effects 0 theoretical uncertainties
compare with the value coming from jets Rs dR taken Into account
m, The main goal of the preC|5|on electroweak physics for From all the data concerning

several years. Now i

§ at the pp collider: ! :
‘:. vye  (accelerator) model-independent
parametrization of

the ve interaction

(COF @ FERMILAB) : Vg€  (reactors)

M Only remaining totally unknown mass. Rather elusive

H dependence on the e.w. parameters ('screening o
theorem" due to the ‘“custodial SU(2)"). Present ?B%[j}gey*g;ggon in atoms
experimentat lower limit ’

" model- Independant'
etrizal f

asymmetry in uC scatterin
(LEP) ‘ {(polarized p at CERN)

as mmetry in eD scattering Coy-1Coq
polarized e at SLAC) 2



3.3 _High-energy experiments:j;"

ete” (LEP, SLD)
pp  (UA2, CDF)

The largest amount of precision data. A short discussion required

here. We distinguish
lineshape | parialwidths and cross-section in the process
measurements. _
ete” —>» Z —> {f at the Z peak
given by

GeM3 2 4
FfT = NC W 1 '4|Qflsw+80fsw]

O = M2[2
2z

Including y-exchange and vZ interference

2
s 121 Voo Ty +@Nc(S'Mz) .
2,2 2,242 ]
(s-M7)" +s l“z/Mz Mz S

o¥(s) =

Cannot be reliably estimated from
the tit. Estimated in the S§M, but
essentially independent of the
model in the extensions of the SM

Experimental estimates start from the above formula, with a fit to
the different cross-sections, after deconvolution of the
bremsstrahlung effects and correction for experimental efficiencies
and acceptances.

The quantities measured at LEP are then (assuming lepton

universality)

9,

Mz , Iy
and

/

T =T +Tg+T +T; +T, - 0 _ 107 rereln

W=+l +I +T; + 1,5 appearing op =12n o

o Z'Z
Iy

Iy =Toee- + ru"u‘ + e through Ry, = =

\ ete-

As far as hadronic partial widths are concerned, LEP measures

T with a vertex contribution ~ m? !
r‘cE
asymmetries | At LEP, with unpolarized beams, one measures

asymmetries in the final states (exclusive
cross-sactions)

+ o Ty _ %~ % N e b5 5
Arglee —> 1l =595 = A Al AR
— T G - Op T
Apol(e+e *—aff) = _—.—GL'*'GF] 2 ApOl '

:
]

L
-

r——

AT

e



With polarized beams, SLD measures

A larization| then "production*
LR = &, +0g asymmetry with inclusive measurement

\

probes e-coupling independently of final states
does not require the assumption of universali
o highest precision on s2 from a single measure

®

(before march-avril 1994)

In the first analysis the value is used A =0.100+0.044

CHARM It

but the last value exhibited by SLD is

A _ =0.1637 £0.0075

LR
U which implies

2 -
- S‘”l =260
SLD

discrepancy t

Estimate of the W mass, using the measurement of M, at LEP to

avoid the error due to the energy scale calibration.
Present estimate

My =8022+£026 GeV (UA2 + CDF)

_ LE.
+ ve
Boulder - _
-+ eq
ALL
CDF + UA2 My
WID
LEP HE

SLD




4. Comparing theory and experiment in the SM
: {before march-avril 1994)

All radiative corrections included: 1loop + higher order estimated
contributions (ac, a2, a2, resummation, ...)

best determinations of
goals compatibility between different sets of data
discrepancies === "new physics" ?

To derive informations on the top quark mass quite
usual. We give a "historical" survey of the subject:

@ LE data are able to put an upper limit on my

@  ALL data put lower and upper limits on m,
for fixed My

7 GOV for Mp=My

@  ALL data constrain m, independently of M,

@ What about the most recent value of A, g
measured byiSLD 7

IR

®

The determination of My from precision data is rather
controversial. A brief "historical' survey is reported:

My can be costrained at fixed m,
{note the ambiguity in the behaviour of WID+M)

for my =145 GeV

Central value depending in a critical way on
the value of m¢.Low values slightly preferred

+300

.27 GeV

1 With aS(Mg ) fixed at the jet value (LEP) we can derive

the allowed regions in the plane (M., m,)

Limits on both parameters simultaneously
(note the correlation induced by the LEP
measurements)

T



.—@

, 2
Assuming also ag (Mz) as free parameter,
complete analysis in the (M, my, og) space.

® Ayx? =1 ellipsoid in the (M,, m,, o) space

@ Best values of the three parameters:

m, =140 ,, GeV

+0.007
og = 0.116 0.008

@ us(Mg) is essentially independent of m, but positively
correlated to My: assuming "typically” My = Mz

+16

m, =146, GeV

= 0.117 £ 0.006 + 0.001 (M, ) + 0.002 (M)

@ Inthe past discrepancy between og and asl )
Now agreement. ’jets ew
in conclusion ...

iImpressive agreement between the different sets of

data.
Impressive agreement of the data with the SM.

(after march-avril 1994)

CCFR + ...

CHARM Il + ..,

Boulder + ...

CDF + UA2

LEP

SLD

Moreover ...
CDF

and

v



: | @ 5. radiative corrections beyond the SM
4'. Comparing theory and experiment in the SM

(after march-avril 1994) 5.1 Why beyond the SM ?

Several reasons justify an analysis beyond the SM, even if the
large effect related to the top quark mass in the MSM tends to
mask other possible minor effects of new physics.

has been measured by CDF at Fermilab

@ Large, unnatural, and unjustified, mass difference between
@ Contours in the (My, m, ) plane of all the e.w. light and heavy quark
data (ALL) including (+) or not including {-)

@ Impossible to predict fermion masses, quark mixings, Higgs
mass, number of generations.

@ The three couplings of SU(3)., SU(2)_, U(1)y do not
the SLD measurementof A\ g (xALR) converge to the same value when evolution equations are
) applied starting from the known MSM mass spectrum.

the CDF kinematic fit to m, (xCDF)
@ There is no place for gravity.

l

Minimal Standard Model as low energy limit of a GUT 7

@ Indications on M from different combinations of
precision electroweak data

This would answer to the two last points.

am—

-



If the SM is considered as the limit of a GUT theory characterized
by a new scale A, with |A>>v

U

the lower scale v is destabilized, since the new scale A contributes
through radiative corrections to the masses of the scalars of the
theory:

hierarchy

MG = O (A%) >> v problem

U, requires

“fine tuning" at the level of radiative corrections
(cancellation between M3, and corrections
O(A2) with precision of the order v¥/A?)

U

a new symmetry ensuring the cancellation of divergencies

naturainess
problem

scalar (Higgs) fields no more fundamental: compositeness

If naturalness is required, —
only two possible wayouts

5.2 The supersymmetric option

Only the supersymmetric extensions of the MSM (SUSY theories)
do not present quadratically divergent radiative corrections.

J

Stability of the breaking scale.

A soft breaking of SUSY must be introduced, with

MSUSY= 1-10TeV

The hierarchy

v < Mggy

<<Mgayr

leads to a satisfactory unification of the three gauge couplings
Olgms Oy » Og At @ scale Mgyt = 10'® GeV, compatible with
the present limits on the proton lifetime




5.3 The Minimal Supersymmetric Standard Model (MSSM)  (31)

The simplest version of SUSY theories. it satisfies

® Agreement with the present phenomenology

© Minimal number of parameters

Only one supersymmetric generator, which introduces the SUSY
partners of the usual particles. Two kinds of particie-sparticle pairs:

spin (1, 0) : chiral supermultiplets as ({, f) and (H, H)

spin (1, -%) : vector supermultiplets as (V, V)

MSSM requires:

{to preserve L and B invariance)

U

O sparticles produced in pairs

o) lightest SUSY particle stable
After a soft breaking of supersymmetry, two parameters must be
introduced

mg universal mass of scalars

. : o
ml universal mass of gauginos (M- = —— my)
2 9 dgur 2

Higgs sector] of the MSSM: @ ,

Two doublets, with v.e.v.'s v,, v, and coupling parameter u *
(the coefficient of the term pH  H, in the superpotential)

After spontaneous symmetry breaking: |
2 neutral Higgs with CP = +1 and masses related to v,, v, (h, h") -

1 neutral Higgs with CP = -1 and mass m, (A)
2 charged Higgs with masses m3s = m3+ M2,
from the constraint vZ + v3 =v?

-Uv tanP = v, /v4
only 2 independent parameters —

Mg

After diagonalization of the neutral Higgs mass matrix

2 2 - 2
mh!h-=—;_~ [m§+ M5 +—\/(mﬁ+M§) - 4m§M§c§B]

|

m, <M, <m,, (at the tree level)

In conclusion, (8) parameters

mO' mg, mAI tanBl l-l

to be addedto m,



5.4 Radiative corrections in the MSSM @

When mgy, mg, my, L grow, sparticle masses become larger and
larger. It follows

“light* SUSY st

the only “signature” of the MSSM being m, <M.

Stili valid at 1-loop: in fact

radiative corrections =\ "decoupling” of the
from a soft breaking sparticle spectrum
In particular, m, = My
My == o0

uncertainty strongly
dependent on the
top quark mass

but with the limit : :
N m, <M; +30GeV -

Radiative corrections in the MSSM include:

all supersymmetric contributions to "oblique” corrections
contributions to I, of sparticle decay channels, if open

supersymmetric corrections to the Z ->bb vertex

threshold effect for chargino and neutralino masses slightly
over the kinematical limit M,/2

Properties of the MSSM radiative corrections:

¢ Purely supersymmetiic corrections (m; -independent) are in
general smaller than the corresponding MSM corrections

# corrections induced by sfermions (in particular the doublet
stop-sbottom) are of the same sign as those induced by m,

@ corrections induced by charginos on the decay widths for
m_+— M,/2 canbe of opposite sign with respect to those
induced by m,

@ corections induced by charged Higgs to the Z—>bb vertex
have the same sign of those induced by m,

@ corrections due to the Higgs sector before the decoupling
are typical of the MSSM (they involve two doublets, with
effects on their masses and mixing)

Further constraint: unification of the couplings at MGUT

g(M3ur) = g'(Maur) = g (MEyr)

U if estimated in some SUSY GUT (for
example, the SUSY version of SU(5))

a prediction for Mgur (Maur ~ 10'° GeV)

a rather complicate expression for

sin®6,, (M2)|_

in terms of the couplings and of the MSSM spectrum, to be
compared with sﬁ, extracted from the precision ew data



5.5 Comparing theory and experiment in_ the MSSM @ 5.6 Electroweak data and model-independent parametrization |

Within the previous scheme, all radiative corrections in the MSSM . . b
are taken into account. It is remarkable that, in spite of the large precision electroweak data reported in the space (81, €5 gg): -
number of parameters, only in a few, well specified cases one . ,
finds an improvement with respect to the MSM. This allows to In the same space reported the |- for plausible values

derive limits on the MSSM parameters. of (my, My):

90 GeV <my <250GeV ; 50GeV < My <1 TeV

Only a few results reported:

|

The figure refers to old (1991) data. With the recent data, the &
agreement with the SM is considerably improved. At present °

@ Comparison between SM and MSSM as far as the
prediction of the Higgs boson mass is concerned,
for several values of the top quark mass

@®  Contours in the (m,, m, ) plane of ail the e.w.
data (ALL) including (+) or not including (-)

the SLD measurement of A ,  (*ALR) The model-independent approach, however, contains E

several approximations, when compared with the approach |
in the Standard Modei: *

the CDF kinematic fit to m, (xCDF)

@  Exclusion plot in the plane {mg, mg ). Comparison @ vertex and box corrections are not included
of the MSSM limits from radiative corrections (90
% C.L.), the limits on slepton and chargino _ 2
masses from LEP and the negative results of @  the s-dependence from low (s = 0) to high (s = M)

CDF searches for gluinos and squarks energies is neglected

@  all contributions beyond one-loop cannot be included *

p



5.7 Radiative corrections in technicolour theories @

pions

Bl cannot be ascribed to [ .
<tt> condensates

@ pions cannot be the longitudinal components of the gauge
vector bosons (My, = gfz/2 required)

@  <tt> condensates require large m,: m, = 200-250 GeV

then

New gauge (techni)interactions at a scale Ays >> Aggep required
for dynamical breaking.
Correct decay constant for technipions if

Fo=v : J\TC == El’__l; AQCD == 0(1 TeV)

i fr

It is assumed that the gauge group is SU(N+-) with

A
AN

\___
—

number of
technicolours

¢ N families of technifermions in the fundamental IR

¢ (bound) physical states = singlets of SU(Ny¢)

Radiative corrections depend on Nyc and Ny and are essentially
independent of the details of the spectrum.

In technicolour theories RC cannot be estimated perturbatively, the
Higgs sector being strongly interacting.

But RC can be estimated through dispersive representations of the
contributions to the self-energies, added to some further "ad hoc"
assumptions

By rescaling hadronic data and spectra of QCD to the technicolour
scale (Peskin & Takeuchi, 1992)

A N e rm -

-~ — - s

{ \ ™
‘ number of numbers of contribution coming
| technifermions (2 2) technicolours (= 2) fromMy=M>

Similar corrections to S are obtained also assuming that TC
dynamics differs from that of QCD (Appelquist & Triantaphiliou,
1992).

Assuming asymmetry in the hypercharge interaction of techniguark
doublets, it follows (Peskin & Takeuchi, 1992}

m2
ATye = 0.150 N¢ NTC_NTE

7z | number of colours
""" oftechnifermions

Technicolour theories are clearly disfavoured by
experimental data, in particular for large Ntc , Ny¢ .




precision electroweak physics exhibits an extraordinary agreement
with the SM, with

@ animpressive consistency on the top quark mass m,

@ first indications about the Higgs mass My
(supersymmetric Higgs !7)

very difficult to extract indications of "new" physics. At present

@ Higgs mass consistent with a light supersymmetric
Higgs (too optimistic ?1)

@ technicolour theories poorly compatible with the data
(in particular for large Ny, Nyp)

@ some discrepancies still remain:

=msmedy What about A, p measured by SLD?
e why a rather slow m, when extracted by Ty, ?

 Furtherwork is needed !

A
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