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History

* Fermi theory of 3-decay (34):
contact interactions between two currents (prototype of modern effective theories)

Gg . _ _
Lr = f Thyully + e = = @y (@)][e(@)"v(@)] + he.
- Parity nonconservation (56-57); V-A law (58); CVC hypothesis (G, ~ Gp) (58)
Gp . _ _
Lr = =5 Pl = Ms)n@)e@) (7 (1 = s)v(@)] +he. (=127
e Quark hypothesis (60); Cabibbo theory (63);
G

Lopr = ——LJIJA
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Joy = ey (1 —7s)e+ my N1 —s)p

J()‘h) = cosf.uy (1 —75)d + sinf. ay (1 — v5)s



Determination of G from pu —e +v.+vy,

M = - 7’”1 a(e)y (1 = y5)v(ve)u(vu)ya(l — vs)u(u)
1 Gum .
T 19273
Today
1 G.m., a(m,,) a(m,,)?
— = F 1+ —2H H
T 19273 H( * T ] + w2 21%
Flr] = 1-8z+82° —z* —122%Inx = 0.99981295
25 w2
Hilz] = = -5 +0(x) = 180793 (1959)
Holz] = ...=6.64 (2000)
1 1
-1 ot
= — 1 — =1 1
a(m,,) + o nzr+ o 35.90
m, = 105.6583715 % 0.0000035 MeV
me = 0.510998928 4= 0.000000011 MeV ==

(2.1969811 4 0.0000022) x 10~ s

g) » = m?/m?

G, = 1.1663787(6) x 10~ °GeV "~

Particle data book value



Fermi theory (or any effective):

* Not renormalizable

L] = 4, [¢] = 3/2 = [G,] = —2 >©<N (i

 Violate unitarity :
Ex.. v,(k1)+e (p1) = ve(p2) + 1~ (k2)

G

M = —iﬁﬂ(u)vk(l — ¥5)u(v)a(ve)ya (1 — 75)ule)
o G2 G2
M|™ = 7”Tr Fovu (1 = v5) k170 (1 — 75)] %TI‘ Doy (L = 5)p1 7" (1 —5)] = 7”328
-2 1 1
do = |M| 4—8(47T)2d(2
_ Gfbs

But optical theorem tells us the total cross section is related to the amplitude for elastic
scattering in the forward direction

1
or(v,,e” — anything) = EImA(S, J,0 =0)

A(s,1,0) = 167 Y (20 + 1)Py(cos )€™ sin Spinless particle

l=o0
o) _ , _ Om)
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Intermediate Vector Boson theory (IVB)

The contact interaction between currents is the result of the exchange of a heavy
charged vector boson

Lint = —gJ" W} +hec. T =Tl + Th

G/J/\/iE = QQ/MI%V
¢ < M3,

[g]=0 but theory not renormalizable; problem stays in the longitudinal part of the
vector boson propagator
g*” — kMY /MG,

N2
i (k) ' k? — M3, + ie

» >
L >

W/T Ak ‘/VL d*k

Similarly we expect unitarity problem in processes with longitudinal W's like
et +em =W+ W™



The Standard Electroweak Theory

Promote the IVB to be the carrier of a gauge interaction as described by a gauge Lagrangian
[’9

To any vector boson VAU there is an associated generator T* of the gauge group G forming
a closed algebra

[TA,TB] = ifAreTe, fAPC Structure constants of G
1 & _
Ly = —3 > Fo P 40D + | D, ¢l |
A=1 Gauge symmetry dictates the
; A
F;j}/ = 9 VA - (%VMA +g fABCVMBVVC Interactions of V"
N
D, = 0,—ig)y Vir4
A=1
N
Ay A
VAU interact with matter fields via currents Z Sy Vo g
A=1

Jf(q’) = \I’W’MTA\I’a J,jl(qﬁ) = CbTTAaqu - au¢TTA¢

AN
2,&53 X
For scalars there Is also a “sea-qull” term e R AVAV

Z QbTTATB ¢VNAT‘/BM e N
A,B=1



Fermions and scalars are arranged in representation of G. For massless fermions
the I.h. and r.h. components can be given different transformation properties under the
Symmetry

U, =180 U, =0y =0lEn

UiV = U, iU ; + U pipW - _
S L P Tt S 28

(W Dirac field)

Mass terms break the symmetry if 1.h. and r.h. fermions have different symmetry transformations

mU¥ = m\ifL\I!R -+ \IJR\IJL

Non Abelian group: N generators, f*°“# 0
Gauge symmetry gives trilinear and quadrilinear self- interactions of VA“

g derivative g* contact

Abelian group: U(1) (N=1, f**¢ =0)
QED: T'= Q, g =e, no self-interactions between photons

Gauge symmetry does not allow an explicit mass term m VAH VA



Getting the electroweak group (Glashow 61)

|.h. fermions enters into the weak charged current interactions.
|.h. and r.h. fermions enter into the e.m. Interactions.

Fermi charged current can be rewritten as a gauge current of an SU(2) group

Jf = 01— ys)e + ayu (1l —vs)e = J;, = lpym lp + quyuT 4L

qr = (Zi), I = (:i), Tt =1 tin, T Pauli matrices

Algebra of SU{2)

T4 = % (A=1,2,3), [T4T7]=i'POTC = [T, 1°] =iT° = Z% Neutral current
Lint = % (J; W JTEW ) 4 13w

Ji = (J;)T, Wt — Wl\i/ng, J3 = (ijyM%qL + ZLW?L

Q cannot identified with T_ but Q-T_has the same value on the members of the SU(2) doublets
[Q-T, T]=0

Electroweak Group: SU(2)x U(1), where Y =Q - T,



Fermions quantum numbers (one generation)

uy, dL uRr dR vy, €L CeRrR VR
Ts [ 1/2|-1/2] 0 0] 1/2-1/2] 0] 0
Y |[1/6 ] 1/6 | 2/3|-1/3|-1/2]-1/2| -1 ] 0

|.h. fermions are in SU(2) doublets, r.h. fermions in SU(2) singlets

Electroweak Lagrangian (gauge part, no mass terms)

3
1 | L -
»Csymm — _Z Z F/jlyFA'u - ZB/LI/BM + “pLDwL + ZmewR
A=1
F, = 0,W}—0,W + getPCWiwS
B, = 9,B,—0,B,
Dy = [au —i%( W —rtWT) —igT?W, —ig'Y B, | L

DYr = [au - ig,YB,u] YR



Neutral currents

gI°W;: +4¢'YB,  Lh.
g'YB, r.h.

Rotate the W?, B field to obtain a new field with vectorial couplings

WS = sinfw A, + cosOw Z,
B, = cosOw A, —sinby Z,

Au couplings:
gsinfy T° + g cosOw Y = e(T? +Y) = eQ; tan@W:g—,
I I
eV v [T° + Y] + ebry, YR = ey, Qv Vectorial current
Zucoupﬁngs:
gcosOywT? — ¢’ sinby Y = gcos Oy T — g’ sinfy (Q — T°) = cosgﬁw (T% — Qsin® Oy)

9
cos Oy

i | o a1 |
Yy [T° — Qsin® Oy | ¥r, + g tan Oy sin by Yry, Y vr = ﬁm TBT% — Qsin® by | ¥

g/



Effective 4-fermion interactions at low energy:

2 2
A = g Gy
R

Charged current:
8M3E, 2

2 G V2 G
—4g Z 1Zu ! W AR S ATI 1 Z 17
2C082”rM%J'uJ M_4\/§M%(30829J“J M:4\/§pJ“J ’

Neutral current: Lgf; =

Symmetry factor for 2 identical currents

1 L co | pnoy_ Gu (g - Z 17 _
pless =g Legp +Lopp) = 5 U T 4 0l J70) - p=

M,
M% cos Ow

Note: if | know sin 6, for example from N.C. experiments, | can predict M

V2 V29> _ V2 e? _ T« 1A
W 8G, 8G sin? Oy \/§Gu sin® Oy sin? Oy

1/2

T

A= — 37.28039(1) GeV
(ﬁG) (1)



In the IVB we expected the e"+e - W'+ W cross-section to raise with s (the C.M.
energy) when the W's are longitudinally polarized

—— NN
| IVB

e AVAVAV

et

But in our gauge theory we have two extra contributions from

W-|—

3
1 1
= FAFAM = 22 g B0, WAWEWE = g 9, Wiw? Wi
4 A=1 2
wt  vZ

e W~

@
+

W

Q)
+

w

These two diagrams cancel the bad high energy behavior of the neutrino exchange
diagram



Getting the masses via spontaneous symmetry breaking
The Lagrangian of the theory respects a symmetry, but the vacuum state breaks it

Consider a single complex scalar with a “mexican hat” potential (Goldstone model)

b= %{¢l+i¢g), L = 86" B,0—V(e), V(e) = m?|g + A|g|*

V(9)

(.
2<0, A>0 g _____ %

m?

The potential has an infinite number of equivalent minima for {;‘s|2 =~

The system will choose one specific minimum, breaking the global rotational symmetry



We can expand the scalar field around a real vacuum expectation value (vev)

— l ; ol i | _ o
¢:.VT§[L+H($J+EG{$J]* 11—\/ )

At the minimum of the scalar potential (= the vacuum state) we have (¢} =

v
V2
Up to an irrelevant constant, the scalar potential becomes
2 3 1. o 2y 772, L, 2 2y 2
V = (mv+A")H+ i{m + 3Av) H® + i{m + Av®) G

. . A , ,
+X v H(H* +G*) + i (H? + G*)?

Inserting the value of v the linear term vanishes, and the masses of the scalars become

m% = —2m? = 2 Av°, meé =0

x

G is the Goldstone boson associated with the spontaneous breaking of the global symmetry

In general: the number of Goldstone boson is related to the number of broken generators
of the symmetry
Broken generator: it does not annihilate the vacuum



The Higgs mechanism

Simplest U(1) model

L. _ A
L= _ZF'LL FMV + ’Sau T ZeA,ungP T (_m2) |¢’2 T Z ’¢‘4 m2 >0
D,
Invariant under:
¢ — ¢ = pexp[—ie(z)]
1
Ay, — A, =A,+ . Op€e(x)
. v
If < ¢ >= ﬁ
. . o . 1 X (@)
| shift the field ® and write it in polar coordinates: ¢(x) = 7 (p(x) +v) exp|+i » ]
| | - ~ x(@)
via a gauge transformation | can eliminate x e(xr) = »
1 1
L=—-FF,, + -e*v?ArA, + %e2p2A"AM +e*pvAF A, + L(p)

4 /21

No ¥, Aumassive (3 d.o..f.); x eaten by Au



SU(2)xU(1): (Weinberg 67, Salam 68)

ot
SSB via an Higgs doublet ¢ = (¢o)
1/2

L = Esymm + cHiggs + EYuk:
| _ f _{(—m2\pt tp)” . . .
Lriggs = (Du®) (D"®) [( m”)2T0 + A (') ] Renormalizable interaction
V(o1 ®)
*CYuk — —Yd&anﬁg - YU&L&)?#}L{ + h.C., wL — (:ﬁd) ’ (i) — 7:7-2@*
L

If <<1>>:(ff)
Nz

Shift @ and write it in terms of 4 real fields, p, X .X,.X, @s

¢ (x) = expliT - x(x)/v] (Mx())ﬂ) via gauge transformation | can eliminate x
V2 (unitary gauge)
0
Q =T, +Y annihilates the vacuum Q (L) =

V2

3 broken generators, 3 x's eaten: 3 massive vector boson, one massless:
SU(2)xU(1) - U(1),__



Gauge boson masses:

Du® = |0, —i= (1" W =7t W™) —igT*W? —ig'YB,| ®, ®—<d>

V2
g° 2 g° g*v?
My Wiwk = 5 I < ¢ > WJW“:7<<I>>T_T+<<I>>WJW“: 7 wiw#
% 2
1 2 7u _ 3 73 n _
2MZZ Z, = gcosOwT” — g sinfy (Q —1°) | <®>| Z'Z,, (Q < ¢>=0)
! in 0o )2 | T3 2, g2 3 2 1 g%? p
= (gCOSW‘I—g S1n W) ’T < ¢>‘ A ZM = (;032(9W ‘T < §b>’ A ZM = §mz ZM
2,2 2,2 2
gev 9 g“v M, : : :
M3, = - M= —2—— = p= =1  Only if the Higgs fields are
W 4 Z 7 4cos? Oy P M2 cos? Oy y J99

singlets or doublets

If there are several Higgses in generic representation (T, T )

0,3 <TTT-+TTF>| o v3  2a, T(T+1) — (T3)2}¢a vZ
da, 2 < (T3)2 > 5 V5 >, 2[(T3)%]4, vg

a a




We must have at least one Higgs doublet to give mass to the fermions:

doublet)dyblet singlet

EYuk — _Yd¢Lq)¢R qu(I)\Iju + h.c.
—Yd\/— (wLwR + ¢R¢L> \/— (Vivgk +UpvE) =< >
Y Ya
My = Nk mq = G

The p parameter fixes the relative strength of the charged-and neutral current interactions.
Its experimental value is very close to 1, but the exact value depends on the experiments
one is considering (radiative corrections enters into the game) . The value of p extracted in
neutrino-hadron scattering is (slightly) different from that of neutrino-electron scattering.

M2

p=1= cos® Oy M2 If I know M_ | can predict M

A2 A2 M2 4 A2 1/2
W sin? 0y 1 — M2, /M2 W { +[ M2]



The S.M. Is a renormalizable theory ('t Hooft, Veltman 71-72)

The theory is anomaly free

A7 YuV5 / \

1 4 1. 1 1 1
Tr(T°Q*) =3 = =+3-(—2) =+=-0+(—2)-1=0
2 9 279 2 2

However in the unitary gauge where only physical fields are present (the would be
G.B. are eliminated) the propagator of the massive V.B. has a bad high energy behavior

W kPR M
- A UV __g %%
iBw (k) =~ k2 — M2, + ic

and the theory seems to be not renormalizable by power-counting arguments.
However, it is possible to choose a smart gauge (RE gauge)

where the V.B. propagator has a good high energy behavior
—1 kH kY

Al (k) = (€~ 1
Bk = ar e 0 T Ve an




U(1): ¢ = ¢1 + P2;

unbroken

<P >=0,< g >=0

broken
o mixing eliminated via
| 1
Ay | — __—(O*A 2
NN o Fes = @A E Ly 62)
M 4
. ” , o1
7
m interaction
A#
@ o
\ /
A mass



Renormalization of the S.M.

In the gauge sector there are 3 parameters: g, g', v— 3 renormalization conditions.
Whatever renormalization scheme we use we want to express our results in terms
of the 3 best known parameters:

a = 1/137.035999174(35) [0.25ppb]  (a.)
G, = 1.1663787(6) x 107> GeV~?
Mz = 91.1876(21) GeV/c* (peakofo(eTe™ — all))

0(QED) =3 (2) a2

SN

Computed up to n=5

We need the radiative corrected relations between our renormalized parameters
and q, G“ and M,



Bare relations:

2
: govo My,
eo = gosinbw.,, g = gotanby,, My, = —, = 0 =1
0= 9o Wos Yo = 90 Wo Wo 9 Po M% cos? Oy

e = Vir«x

Natural to identify: 9 = gna,,
Ao B

renormalized

fine structure constant

Using the physical (pole) masses of the W and Z we have two possibility:

2
cos" Oy = —5- p=1 (1)
M
M2
cos® Oy # MV2V p=1+0(a) (2)
Z
_ ct = cos? Oy, si = sin® Oy,
Notation: 2 =252 §2=32— 55



On-Shell scheme

1) oc* oMy, OMZ  ReAww(My,) ReAgzz(M3)
& M2 M2 MZE, M2
Aww (¢%) Transverse part of the WW self-energy at momentum g°
Relation with G”
G

2
" 95 Aww (0) 2
bl 1 VYW L Vi + M2B

T | \
m v, H 1

AN

=
Y

?;

(&

(&
e

o A



separate e.m.

G 95 A (0)
0
e” oMy Aww(0) de?  §s?

- —— 1 W 2 _

832MV2V{ T, T Tz, PV MvBw o }

e? Re AWW(M2 ) Aww(0)

= — 21 w, 2

8 s2 M3, { + M2, M2, + Vi + My, Bw

c? [ReAzz(M%) ReAww (M3)
I1.,(0) + — ZJ) _ W
+7’Y()+S2[ M% M{%[/ ]}

{1+ A
— r

8 s2 M3,

A’Y'Y §
H’W(QQ) = _;g )
M3 4A2 1/2
My, = 22 {1 + [1 T M Ar)] Radiatively corrected
2(1 —
2 [ReAyzz(M2) ReA M2
Large contributions in Ar: I,,(0), — ZZ2( z) _ WVZ( )
S M7 Mz,



I, (0)

Contains hadronic contributions at low energy that cannot be computed in
perturbation theory

I (0) = P%(O) — Re H%(Mgz +Rell! (M7) < perturbative

Ve

— _ " Zpe ds Dispersion relation (Cauchy)

T mz (s — Mz —ie)

00 h
M? / ImlII7. (s)
4

but, from optical theorem

circle

S — *
Im nyb,y = —6—20't0t(6+€ — v* — hadrons)(s) R

using Re s
oiot(ete” — v* — hadrons)

R(s) =
(5) Orot(ete™ = y* = utp~)
(5) _ h 2 h _ OCM% > R(s)
AOzhadrons = IRte HW/W/(MZ) o H’Y’Y(O) 37 Fe LmQ dss(s — M% — iE)
ot R Mg [, A
R R d
€Lm2 S—MQ—ZG) 3T ¢ s SS(S—M%—iG)

Using experimental data

Using perturbative QCD



Table 10.1: Recent evoluations of the on-shell .fl.u'i.lﬂjl:'.ﬁg]. For better comparison
we adjmsted centrnl wlues and erors w0 corespond to & common eod fixed wmlue of
arg (M) = 012, References quoting results without the top gquork decoupled e
corverted to the five Aovor definition. Ref. [33] wes Agep = 380 £ 80 MeV; for the
conversion we nssumed o (M z) = 00118 £ 0u0a.

Referenoe

Result

Comement

Muortin, Zeppenfeld |23|
Eidelman, Jegedehner [24)

Geshkenbein, Morgunov |25

Burkhardt, Pietrzyk |249|
Swartx [27]

Alemanoy et ol |28]
Krasnikov, Rodenbeng [29)
Diacvier & Hidoer [0
Kithn & Sesinhnuser [31]
Ecler [19]

Davier & Hidoer (33
Groote =t al [33]

Muortin et al. [34)
Burkhardt, Pietreyk |35
de Troconie, Yodurain [34]
Jegerkehner [37)

Hagiwnrn et al. [38
Burkhardt, Pietreyk |39
Hagiwnrn et al. [40
Jegerlehner [41

Dwvier et al. [204

Decvier et al. [204
Hagiwnrn et ol. [42

L2744 £ D.DNIGE
OB} & 0.0
LTS X 0.0
(L (P25 £ OLONFT
L2754 4 0.0k
OLOZELS X D.ONKHG2
OLOZTET = D.DHIGS
OLO2TEL 4 D.ONNKZ2
OLOZTTE X D.OKKN1 6
OLOEZTTS £ OO
LT & D.OKKNLS:
OLOZTET X D.ONKIG2
02741 =+ 0.0 S
OLOE2TE} £ D.0KGE
L2754 = O.OCKN]AD
L0275 £ 0.0
OLOZTST £ D.ONKKZD
OLOE2TEH = 0.ONHIGS
LTI 4 D.ONKZ2
L2755 £ 0.00KN].
L2750 == OLOCKN]AD
OLE2TEE 4 0.0 1
L0278 = 0.0KN14

POQCD for /% > 3 GeV
PQCTY for % = 40 GeV¥
xs) resonance model
PQUCTY for & = 40 Gel¥
use of fitting function
el v decny dots
POCD for 5 = 2.3 GeV
POQCTD for % = L8 GeV
complete )

conv. from W2 scheme
use af CPCD sum nales
use af (I surmn males
incl. new BES dnta
PQCTY for % = 12 GeV¥
POQCD for 5 = 2 GeV?
cony. from MOM scheme
PQCTY for % = 11.09 GeV
incl. KLOE data

incl. selected KLOE dota
Adler function approach
ete— dntn

incl. v decny dnta

ete— dntn

Differences:

 Treatment of data
and errors

* Integration

* Threshold for PQCD

Ao = 0.031421
Aa = Aa® + Aa™ ~ 0.06

Q N 1
1—Aa 128

o(Mz) =



The other “large” term

c ReAZZ(M%) B ReAWW(MEV) 2
52 M M3,

heavy particles (M>>M )

Heavy particles contribute to the W-Z mass difference correction in the same way
as in the p parameter (relative strength between NC and CC interactions)

AZZ(O) 2
<1 tVz+ M BZ) Aww(0)  Azz(0)

~ 1
TTME T M2

(EETRTETTN

mg

Quadratic terms in m_are going to survive in the difference?



M, and M_ are degenerate in the limit g* -~ O.

Higgs potential is a function of  ®T® = (¢? + ¢2 + ¢2 + ¢2)
custodial symmetry SU(2) x SU(2),

_ §b+ ~_-7_ * ¢3 ) (& o ¢Ek) ¢+)
o= (o) o= () m-co-(5 G

1

Liigys §TT(DMH)T (DFH) — V(H)
DyH = 0,H+5gW, 7H— g B,Hry
1 v2\ 2
V(H) = A <§TT(HTH) — ?)

H — U HU}

If =0 LhHuiggshas global SU(2) x SU(2), invariance . -
W, -7 — U(W, DU}

(Ur.r = expliT - €1 R|)

10

(Y
SU(2), surviveswhen < H >= 7 (0 1) = Mw, = Mw

H — ULHU]
W, -7 — Uy(W, DU}



Lyvue = —Yd’QEL(I)@D}l{ — YU&L(@TQ% + h.c.

= Y@ZLH?ﬂR + AY@ZLH73¢R + h.c. Yr= (Z%’)
R

First term invariant under: H — UpHUp, v — Ur¥r, Yvr = UrtYgr

Corrections to the W-Z mass difference are due to hypercharge effects (g' # 0) or to
mass splitting within isospin multiplets

G, m?
6p"°P = Ne—t=— mp = 0
: 3G ]\42 M?2
5pHW99s  ~ tan Oy In —2- Mg > M
p 8\/_7r win 372 (Mg w)

Corrections proportional to )72 appear at two-loop but are too small to be important



Heavy particles do not decouple in dp. In a diagram if couplings do not grow with
mass heavy particles decouple, running of a or a_not affected by heavy quarks.

~ Aww(0) B Az7(0) W\/\/

op = 0 ’

Corrections to dp can be computed in the gauge-less limit of the SM, a Yukawa
theory with gauge boson as external non propagating fields.

Ly1 = (D,®)" (DF®) — V (dT®) — (Vi Btg + h.c.)
W, Z (no kinetic term)

Zy
Z3

gu
2 cos Oy

v 2 1 2
Liin = Z5 ‘a,»ﬁ — %W+| + 523 (%x?’ — Z) = p =

™ e

w.f.r, of the Goldstone bosons, Z = 1 + O(a)



?*O‘*' ) -

grows with the mass

X's are the longitudinal modes of the W,Z

Other non decoupling effectinZ- b b




Large counterterm contribution associated with d s* can be eliminated usinga M S
2 = sin2 éw(z)

M{%V:p Z ]-+ 1_ ~ 2 ~
2 p M7 (1 — Ay )

. M?
z€ 4A2 1/2 no

1
A2:_ 1 1 — my
= [

definitonof 8 S
wW

Z-pole physics:

Dominant contribution is the resonant Z exchange diagram

The bulk of the corrections can be absorbed into effective couplings

= Z(vu(gv — gaV5)¥
2c 2c
gl = T°= /p(T})

= k(M32) sin? Oy (My) ~ sin® Oy (My)  k(M2Z) =1+ .....

g{j = T]:c)’ —2Q)y sin® Oy = \/,B(T})’ —2Q¢ sin? 9£ff)



sin” Qg f¢ can be obtained from asymmetries
29095 _ 2y

Af == Ghevlr = Tt

dcosf 8

do ;7 P)A
orr _ 30}‘}15 (1= P, Ae)(1 + cos®0) + 2(A. — P.) Ay cos )]

Forward-Backward e’ polarization
_ — 3
Af + - — u ~ _AGA
rpleTe” = ff) p———— f

A? ~dat (g5 <gl)  Ae~0.15

f =1 one measures
Ac Ay but g~ gl one measures mainly

f =q one measures

Ae

T polarization
o) —olm)

n
o(tp) — +o(7mRr)

;Ol(e+e_—>7' TO) =
Left-Right

Faletem s =2L"0" L4 = o(e” L.h
A pleTe™ = ff) orton<IBS e or =o(e” L.h.)

Left-Right Forward-Backward

) Con)s — (o — 1 3
A (oo _lor —op)r —(oF — 8)r ~ A
rrgle’e” = 1) (or —op)L+ (0F —oB)r < |Pe| > 4 !



a,(exp) = 116 592 089(63) x 10~ [0.5ppm]

a,(th.) = a,(QED) + a,(hadronic) + a,(weak)

oo

au(@ED) =Y (£)" a2

TABLE III. Contributions to muon g—2 from QED pertur-
bation term a.fn:'{crf:rr}” x 10'!. They are evaluated with two
values of the fine-structure constant determined by the Rb

experiment and by the electron g — 2 (a.).

order with o '(Rb) with o™ (ae)

2 116 140 973.318 (77) 116 140 973.212 (30)

4 413 217.6291 (90) 413 217.6284 (89)
6 30 141.902 48 (41) 30 141.902 39 (40)
8 381.008 (19) 381.008 (19)

10 5.0938 (70) 5.0038 (70)

a,(QED) 116 584 718.951 (80) 116 584 718.845 (37)

a,(weak) = 154(2) x 1071

o ERM Mgy h
xr- =

c  m, mgp

a(Rb) = 1/137.035999049(90) [0.66ppb]



a,(hadronic) = a,(had .v.p.) + a,(had. NLO v.p.) + a,(had. [.1.)

/ T AN
'O

S

2

© g
a,(had. v.p.) = ;‘?L 2 ?SK(S)R(S) = 6949.1(37.2) exp(21.0)rqq x 10711

K(s) monotonically decreasing function for increasing s
a,(had. NLO v.p.) = —98.4(06) czp(0.4)qq x 10711
a,(had. 1.1) = 116(40) x 107 Models of low-energy hadronic interactions with e.m.

current
a,(th) = 116 592 840(59) x 10~

a,(exp) — a,(th.) = 249(87) x 10~



The main source of error in au(th.) comes from au(hadronic) where in the dispersion
relation enters the same experimental data that are employed in the calculation of

A&Eia)d.

If | change au(hadronic) | get a too light Higgs.

New Physics explanations:

One needs a relatively light not colored particle with couplings to the down fermion
enhanced with respect to the SM

SUSY

2
IOOGeV) tan 3

SUSY —11
a,, ~ (sgn ) x (130 x 10 (



SM Fit

One can make a global fit including “all” possible measurements and using the radiatively
corrected predictions for the various observable. The latter, besides aq, G”, M, and lepton

masses depend upon: (5)
me, Aahada aS(MZ)7 MH

Measurement Fit |O™e@_OM|/cMeas
1. 2 3
m, [GeV] 91.1875+0.0021 91.1874
T, [GeV] 2.4952 + 0.0023  2.4959
ol [nb] 41.540 + 0.037 41.478
R, 20.767 + 0.025 20.742
AL 0.01714 + 0.00095 0.01645
A(P) 0.1465+0.0032  0.1481 Predictions form, M_, M
Ry 0.21629 + 0.00066 0.21579 toowW A
R, 0.1721 £0.0030  0.1723
AP 0.0992 + 0.0016  0.1038
ALC 0.0707 £ 0.0035  0.0742 o ]
A, 0.923 + 0.020 0.935 Very weak sensitivity to M, without the
A, 0.670 + 0.027 0.668 o
A(SLD) 0.1513+0.0021  0.1481 Value of m_we cannot predict it.
sin®057'(Q,,) 0.2324 +£0.0012  0.2314
m, [GeV]  80.385+ 0.015 80.377
T, [GeV] 2.085 + 0.042 2.092
m, [GeV] 173.20 + 0.90 173.26
March 2012 0] ' 1 | 2 ' 3
FhOLd Fq
R, = . R, =



Top-Quark Mass [GeV]

CDF 0 172511.0

DO + 1749114

AVerage 1732 T 09
y*IDoF:6.1/10

LEPI/SLD 26 o

11.7

LEP1/SLDIm, T, — 17977

160 170 180 190

m T [GeV] March 2012

W-Boson Mass [GeV]

TEVATRON +  80.38710.016
LEP? -+ §0.376£0.033
Average 80.385£0.015
IDoF: 0.1/1
NuTeV —i— 80.136 £ 0.084
LEP1/SLD - 80.36210.032
LEP1/SLD/m, 80.363 £ 0.020
0 w2 @4 8

my, [GeV]

March 2012



805 March 201|2 : | T
LHC excluded

| —LEP2 and Tevatron
1 - LEP1 and SLD

68% CL

-
. -
-------




Global fit to MH

March 2012 m i = 152 GeV

o) _
L AOchad o
3 — 0.02750+0.00033
- ----- 0.02749+0.00010

- incl. low Q? data
1LEP LHC
excluded excluded
40 10 200



Alternative approach: | want to get a probability density function for M, in the SM using all

the available information, from precision physics and from direct searches (obviously
excluding LHC results) to see if the particle that has been discovered at LHC has a mass
compatible with the SM prediction (p.d.f # 0)

March 2012

Few observables are really sensitive A
to the Higgs

A (SLD)
sin®6'P(Q,)
Myy

1—‘W

Simplified analysis using

My, sin? ei‘j?;-
Q,(Cs)

Sinzemg(e_e_)
sin®,,(VN)
g (VN)

ga(VN)

asymmetries a "1"0

M, [GeV]



 Parametrization:
sin 6’2‘}7’; ( Héefp;) +c1 A1 + c5 A% +co Ay —c3 A3 + ¢y A4,

MW:M‘?V—dlAl—d5A%—d2A2—|—d3A3—d4A4,

where M Aajy
A=higdey A2~ gorer "

_ M4 2 _aS(MZ)
A= (mev) ~L A= b

c, d > O theoretical coefficients (depend upon the RS)

e Two quantities normally distrubuted

W = sin® 0.7 — (sin® 0177)° — cods + csAs — cady,
Y = MW MW doAg + d3sAs — dy Ay

 Likelihood of our indirect measurements © ={W, Y} is a two-dimensional correlated normal

F(O| In(my)) oc e X /2

T 1 08, 2 _ (a1—c1 In(Mpg /100)—cs5 In* (Mg /100)
X2=A"V1A V=, 88 ox. " ax, 0 (X1), A= (y—dl ln(MH/100)—d551n2(MH/1OO)>



- Using Bayes' theorem the likelihood is turnedinto a p.d.f. of M via a
uniform prior in In (M)
Mole—(7/2)

My | ind.) = t :
A ey S VPR

Likelihood

Bayes' theorem:  f(ulz) = ff(g%)-.f((;))dz\

prior

How (M, | ind) is going to be modified by the results of the direct search
experiments?

Ideal experiment (sharp kinematical limit, M ) with outcome no candidate:
- f(M ) must vanish below M_ (we did not observe)
- Above M _the relative probabilities cannot change (experiment is not sensitive there)

0 My < Mg

f(Mpg | dir. & ind.) = f(Mg | ind.)
T fiw indydar; M= M




Just Bayes theorem:

f(Mpg | dir.& ind.) o< f(dir.| Mg) - f(Mg | ind.)

Likelihood for the ideal experiment:

. pr ” B 0 My < Mg :
f(dir.| Mg) = f(“zero cand.” | M) = { | My > M. Step function

Real life:
no sharp kinematical limit, step function should be replace by a smooth

curve that goes to zero for low masses and to 1 for Mz — Mxkeyy
Normalize the likelihood to the no signal case (pure background)
(Constant factors do not play any role in Bayes' theorem)

L(M
L M( ) Likelihood ratio
(M = o) (should be providwed by the experiments)

R(Mp) =



R(Mpy) f(Mpg |ind.)

Role of R(Mpg) Q=R
R — 1 325 :I T | T T | 1T | T T I I | 1T | 1T | T |:
Region where the experiment is T - LEP =
not sensitive; N s :
shape of f(M_ | ind) does not 15 - E
change 10 b E
R <1 - -
5 ¢ .
Probability is decreased, - "
p.d.f. is pushed above M_ 0 - S i
R(MH) — 0 cuts the region 5 - - Exsg?t]eed background -
E SRR Expected signal + background E
R>1 _10 _||||||||||||||||||||||||||||1."||||||||||_

100 102 104 106 108 110 112 114 116 118 120
Probability is increased, m,(GeV/c®)
p.d.f is streched below M_ "
very large R(Mpg) prompt
a discovery



pdf(mg)

Combining direct and indirect information:

LEP+ TEVATRON
0.12 T T T T T T T T T T T
F 0.12 T L E A e
[ — EW fit LEP ]
0.10 e 7 [ — EW fit + LEP + Tevatron ]
[ .68 % Prob. Upper Lim . i 0.10 i i
| . 68 % Prob. Upper Lim .
0.08 F 95 % Prob. Upper Lim . - 95 % Prob . B
| 0.08 - o Prob. Upper Lim . 4
[ T
0.06 B r
I = 006 :
o L
L o
0.04 . = i
F 0.04 B
0.02 ] [
[ 0.02 i
0.00 e * ‘ » .
100 120 140 160 180 200 0.00 — — — ‘
100 120 140 160 180 200

my [GeV] my [GeV]

SM: M, between 114 and 160 GeV with 95% probability below 145 GeV



95% CL Limit on n

—
o

-1
101

It is where the SM predicts it should be

I | IIAlTlLAéI | IIIIIIIIIIII l | Izb‘llzl IDIa.tIa.I l o .ﬂ CTH‘SI T T T T 17T | T T 171 FI:T-II—E\:[III:ISI“IIHD: II:EI:BI-I:e‘ll:';l_|:I5I3fb-1lq
. 0p ] wn 1 —=— Observed =
- oS \s=8TeV:|Ldt=58591f" - Q2 B Expected (66%) | 5
C R 5 B 10" - Expected (95%) | o,
- H-yy, HOWW-liviv, H-ZZ- I o = i
N - - f —aq0
L i N 10—2 99%

A \

] D 153 199.9%

T 10 =

= a4 _

n 107E

B s :

107

D

Q 10-’5 E_
| CLISLimilts | | | | | 1 10_?;'""""""' o

1111 L 11 1 L 111 L 111 L 111 L 111 L 111 1111 110 115 120 125 130 135 140 145

10 115 120 125 130 135 140 145 150 m, (GeV)

m, [GeV]

My =126 £ 0.4 (stat.) £ 0.4 (syst.) GeV My =125.3 + 0.4 (stat.) £ 0.5 (syst.) GeV



Playing with experimental results not always works fine.

A —a—] 0.23099 + 0.00053
AP — 0.23159 + 0.00041
0,b
Aq = 0.23221 £ 0.00029
Jﬂk?t’)C . * 0.23220 + 0.00081
had
Q, X 0.2324 +0.0012
Average 4 0.23153 £ 0.00016
103 xdof:118/5
>
)
2,
T
S 105 22 Ao = 0.02758 +0.00035
] @5 me=178.0 £ 4.3 CeV

| t' 0.2IS4 I
. 2. lep
sin Beﬁ

- - - :
0.23 0.232

AYSLD) — A% ~ 30

‘e

0.2324

02322

0.232

0.2318

0.2318

0.2314

02312

023

M=172.8 GeV/
Wy -1
My +Hio
sin warld av.
lept. asyrmm
1 1 1 1 1 1
g0 100 200 300 400 500
Ml [GeV]




New Physics effects, where they could be?

New particles are going to contribute to the W,Z self-energies (process-independent
contributions) and to vertices (for specific processes). With M __ >> M,

where and what kind of “large” effects can we expect?

Self-energy: 3 types of NP contributions

Aww(()) B AZZ (0)
M, M3

* Oé(Mz)T X Hll(O) — H33(0)

T Isospin violation

Isosplitted particles: effects grow as the difference in the mass squared between partners
of multiplet. Top contributes quadratically, Higgs logarithmically

a(Mz) 1 5 c? — s?
4522 5 M_% {AZZ(MZ) - AZZ(O) -

x I3y (M%) — I3y (0)

*

[A,2(M2) — A,7(0)] - AMM%)}

CS

No-effects that grow quadratically with the masses, but constant terms possible (# 0, M __ — )
Top and Higgs logaritmically



o(Mz),, _ Aww (My,) — Aww (0)
452¢2 - Mz,
1
— 30 [268 (A,yz(M%) —
Z

X M% [I111 (M) — 11(0)]

w

U in many models is usually very small
U=0

1.0
Two parameters fit: .

=
1155GeV < My <127GeV T ©
- =0.5
600 GeV < My < 1TeV N
-1

2 Azz (M%) — Azz(0)
C
M7

Ayz (0)> - SQAW(M%)]

1

3 [M53(M7) — I35(0)]]

/ Isospin violation in the derivatives

[TT T T 1 [ T 1 ¢t [ 1t .1 1T [ 1 T T 1]
. & A

all (90% CL)
all (90% cL) | !
17 g Ry Rq
asymmetries
MW

v scattering
e scattering

APV

I
I
I -
I
|

AN

s T T 1 ¢

=1.0 0.5 1.0 1.2




Before the discovery of the Higgs one could envisage a situation in which NP contributions
were going to mask the effect of a heavy Higgs (“conspiracy”).

A

SM
Simple explanation: po= potoplpy =LdpeT)
AfW &S

1 4 A2 1/2
-2 plept
0 ~ —=<1—1-
Vel 2{ [ M%ﬁ(l—MW)]

. M (A()é)h my :
N 2 pleptyo H _ _ _
s befy)” 1”(M%> e [(Aa);; 1] “ [(mz’) e
c; >0

R po > 1

1 —

To increase the fitted M _: p = { op >0

Ary < 0

NP better to be of the decoupling type



Theoretical bounds on the Higgs mass in the SM

¢2

Vitiggs ~ Aot — [)\ + v In (A2)} o*r — A(A)¢’4(A)

¢ = qbeacpf (t"Ydt', t=1In(A/v)

Viiges > 0 — A(A) >0

A runs

i
dlog@Q

1672

{EME +A (127 +12Y2 +4Y2 - 942 - 3¢"7]

L9 3 3
Sg + 39 Jrrifg’E 51’?‘—51@‘1—?1’?}



M large: A* wins
non-perturbative regime

M small: Y  wins
vacuum (meta)stability

Running depends on

me, Og,. ..

A(my) — AMA) > 1

Amy) — MA) < 1

300

250

200

150

100

a4

- LEP exclusion
|- at =95% CL

A= 2T

e

10

—— Perturbativity bound

[] Stability bound

[] Finite-T metastability bound
B Zero-T metastability bound

Shown are ic error bands, w'o theoretical errors

Tevatron exclusion at =95% CL

12 14 16 18
|ﬂg1 ﬁ(ﬂ 1 GeV)

MH ~ 126 GeV: no problem with the Landau pole



Higgs quartic conpling A()

[]][] I I I I I I I I I I

My = 125 Ge¥

(.08 - ;
| A bands in
: M, =1731 0.7 GeV
0.06 - m i Mz} = 0. 1184 + 0,0007
0.4k -
0.02 -
0.00
—0.02 F
j .u 175.3 Gﬂ
—0.04 |

VE PR 11 1 L T Ty L T m"' m"* |n‘5 1Y

RGE scale g in GeV

Pole top mass M, in Ge¥

M, [GeV] — 173.1

My, [GeV] > 129.4 + 1.4 (

]E[] I T T T ll. .'I..i“? T T T '. {-:':::_-":___‘__L___'_-J-': : .H|H::
IS - Met=Stability, -]
175 P . ..-j,f.._,;\:.:,'_' : -
e .__.-' g "y 4 5 p
-
| Ikﬂ"?' x K
70 PR e =i
10 Stability
]65 r 1 I 1 1 1 1 1 i 1 1 1 1 i 1 1 1 L
115 120 125 130 135
Higgs mass My, in GeV
os(Mg) —0.1184Y |
— -YUth
0.0007

Full stability is at the border. Universe becomes metastable at A~ 10" GeV.
A never becomes too negative, small probability of quantum tunneling.
Lifetime of the EW vacuum longer than the age of the Universe.

SM ok up to Planck mass.



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54

