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A short course on the EW Theory

We start from the basic principles and formalism
(a fast recall).
Then we go to present status and challenges
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General formalism of non abelian gauge theories

®,(x): multiplet of fields (a=1,2,...,n)

Internal symmetry: ®_(x) —» ®P'_(x) = U, P,(X)
L

A=12.... N P'=Ud internal: x unchanged

s tA: generators
— i AcAl — " AcA 2
Infinitesimal transformation

Generators may:. commute abelian
not commute non abelian

[th 5] = iCpgct* Cagc. Structure constants

AR define the group
Tr tht® = 1/2 0,5 «<—— depend on normalisation

In fund. repres.
Tr[tAtB] tC :'?CABC — compl.
antisymmetric
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U= exp[iZAtAsA] Global symm.: €A constant
Local or gauge symm.: A= gA(X)

Consider a lagrangian density invariant under a global symmetry:
L[, a”-:D] = L[D', a”-:D'] = L[U®, a”U-:D]

In general it is not invariant under gauge symmetry:
a“{UtIr} = U{a”cb}+ {SHU}-:D = U{a“tb}

But L[®, D,®] is gauge invariant if (D, @) = U(D,®)

D, Is the covariant derivative, a linear operator that

' : AA :
generalizes a” —> D” — a”+1g2r V”(,t):a”Jrng”(I)

v P b\ |
Def.: V = ;AV gauge fields
1 2 u
A:]- M " 1 _]. ]. —]_
Solution: Vi = UV U -—(6,U)U
: 1 1 Tl
G. Altarelli

This is how the gauge fields must transform



L AA | . 1 1 1
D” = a”+1g2! V”(,t):a”JrIgV”(,t) V“ = UV”U —E{SHU)U

Here is the proof that (D, @) = U(D, @)
(D, ®) = (3, +igV, D' =

=[a,+igUV, U _(a 0)yu ue =

—Us <I>+{/{¢>+fgw o {/Mp—

=U(3,+igV )@=U(D D) Electric charge

e
Note: The abelian case (QED) U=exp[1Qe(x)]

Ve E””—»QV »Qv-—gv__fgae(x);'/zé/‘{
g=-e

finally:
1

G Altarelli ~ Ordinary gauge invariance V'H — VH__- EHE(I)
for the photon €



Kinetic term for VAll
[D,,.D,]® = igF,,® From (D,®)’ = U(D)®

one gets (F,®)' =UF,®
Fo =UF, Ul «—— orF,/o'=UF, UMD

™~

Thus: Adjoint representation
TrF, PV =TrUF ULUFUL=Tr ULU F Fw=TrF, Fw
Note: F,=2,FA,t* and

Tr F W= 2., FA JFBRVTT tA (B = 1722 FA  FAW
H—J
1/2 &

Thus a gauge invariant lagrangian is given by:

G. Altarelli Lym = -1/72.1r FIJVFW+ L[, DpCD] Yang, Mills



[D,,D,]® =IigF,,® =——> [0, +igV .0, +igV 1D =
ig{o, V, -9V, +iglV, V 1}

Fi=08,V,~0V, +ig[V

l vy

p
or, from F,, = 2,FA tA and [tAtE] = iCygctC

A

uv

A A B..C
F ap vv N avvp _gCABCvp vv
Note the abelian limit

va - apvv_avvp
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The Electro-Weak Theory

At first sight unification of electromagnetism and of weak
Interactions looks difficult:

 QED Is a vector theory, charged weak currents are V-A,
neutral currents are a mixture of V and A
— violation of C and P

* Y IS massless, W*, Z are very massive

In the SM the first problem is solved by making particles of
different chiralities to transform differently:

the SM is a “chiral” theory

The second problem leads to the concept of spontaneously
broken gauge symmetry and the Higgs mechanism.

G. Altarelli



Chirality Y : Dirac field

: 1 —vys _ 1 +ys
Det.: 4, = — W wp = vy = $—5

1 +vg > _ 1 —vg

YR = 7 Y YR — 'lPRT":'ﬂ = WT

Y=YV, wEYe w1, {vwvs}_=0_

. . ' " 01
In the Bjorken-Drell basis: Vg = E 0} y' = 0o ' V5 = { }

o1 S 110
P.= 1/2(1+y;) are projectors: (all entries are 2x2 matrices)
P,P,=P,; P.P_=P_; P,P_=P_P,=0;
P, +P =1

P. project over definite “chirality”. For a massless

fermion chirality = helicity
G. Altarelli



s

wl'y = -
v "’( 7 7
Two classes of Dirac matrices:

['c=1,Y5 0, : commute with Ys

— WEew = wilewp+ wrlevy
e.g. a mass term

\

wMy = EMWRJF ‘I’_RM‘PL chirality flip

FA = Yu YuYs anticommute with Yz

—> Y v = vl gwp + Rl 4vp

e.g. cov. derivative term chirality no-flip

=~ — o~ — =~ — "



Note:
yMy = yyMygp+ypMy;

A mass term can be symmetric only if WY, and ¥, have
the same transformation properties.

A covariant derivative term can be symmetric also

If W _and W, have different transformation properties.

In the SM the symmetry group is SU(2)XU(1), but all ¥,
are SU(2) doublets and all W, are SU(2) singlets.

|:”:| ' ”R: dR |:v:| ' vR (?): ER
dir elr
G. Altarelli



The Standard Electro-Weak Theory L = Lsymm + LHiggS

Glashow, Weinberg, Salam
Lsymm (INtroduced by Glashow in ‘61 for leptons) Is a gauge

theory for massless fermions based on SU(2)XU,(1)
3

1 A _Auv 1 v — . — .~
Lsym.m. ! E vaF _a_B!_lVB + WriDyp+wpiDyp
A=1

* There Is a W ; term for each quark or lepton multiplet

oA A ]

A A A B __.C
s FA =0 Wi—o, Wi—ge p WoWS
Embedding of the
* Bl_l‘v — SI_IBV_S'\;BI_[ electric Charge in SU(Z)XU(].)
«—— SU(2) Q=1+ =Igt—5

Tr tAtB=1/2 B fixes norm of g,g’




All W, are weak isospin doublets
All W, are weak isospin singlets

t3,
u, +1/2
d, -1/2
Ug
dr
V. +1/2
e -1/2
Sr

G. Altarelli

t3;

o O

YL

1/3
1/3

Q=t3+Y/2
Yr Q
2/3
-1/3
4/3 2/3
-2/3 -1/3
0
-1
-2 -1



Gauge couplings to fermions
. A LA ., 1

(O Charged Currents

1 .2 1 . e T
oAW1 AWP) = gl _W—JW"’!HE]: [r W +1WJ
J2 J2 2 2
1 2
-+ 1 2 —+ +
£ =t it we = VW
J2
Putting together L and R:
-+ -+
t; 1-—y t, 1+
_ul 'L 5 IR 3 _
Py : + : W= + h.c.
R IV R/ R } )

G. Altarell As t*,=0 for quarks and leptons, CC are pure V-A



t"=0 gl_l«”f”E%' 1_;5 yW 3 Wi ¥
(v )| M = (v, u—){gé M= v
L i
2— 2(1-v5) 1 — (d-v5)
2 v“*f Zﬁ H.jz_I”%V.E?}“ Zﬂ vV,
negllglble/ ~ we anticipate the W mass

2

— % — Gp—
gz vt (I=vswer, (1 -vs)v, = —=v, v (1 -v5)n. ey, (1-y5)v,
Sy, J_

Relation with old Fermi theory GF gz
(tree level) > T =
G;=1.16639(1).10°5 GeV-2 42 Sm%{,

G. Altarelli



Neutral Currents . .
O Relation with y and Z:

gISWS + g'gﬂ { W3 =sinB,, A:fc_:osew Z, Def. of
B,=cos6,, A,~ sinb,, Z,, sinB,,

Photon couplings: pure vector, ~Q
Ay multiplies: sty =1+ §COSUy * 5

Since (t3+Y/2)_z=Q for gsin6,=g’cosb,=e or g/g = tgb,,
we obtain:

Y 1 — Y 1+
_ 3 L Vs 3 R 15 _ L
ey [(f + ) —= + (g + ) —5—1wA"= ey QpA'

G. Altarelli



Neutral Currents . .
O Relation with y and Z:

g!3W3 + g'gﬂ { W3 =sinB,, A:fc_:osew Z, Def. of
B,=cos6,, A,~ sinb,, Z,, sinB,,

Z couplings are now fixed:

gcosOp, ?3 —g'sinBy; - g = (gcos Oy, + g''~:~i11'E]'w)?‘?jh — g'sinfy, - 0
/ \ Alvllﬂ
Q-
chEIW
= a‘ — (Jsin E]'
EDSE]W( Q W)
1 —v 1+

: . g - 3 5 3 e 2 1

Finally: Cﬂﬁﬁww?”[rL 5 +ip- 5 Qsm O vz
8 wo_ U
2cosyy ¢ T 71 =75) + f(1 +75)-20sin" By, Ty Z = Tcos6y, VYl 1¥Z



As for CC we can derive the effective 4-fermion interaction
at low energies

f f 2 |
— — |
>wa< gz vy Ly 5——F SR I 1)
f 7 f 4cos By q —my

Gp 2
At g2<<m,2, recalling that — = -5
2 SmW

2

I”W - —, M '
Ly = ~2Gp ———— %y [ Jv v [Ty

m-cos 0
Z W

We shall see that p,=1 to a very good approximation.
Thus the intensities of NC and CC processes are comparable

G. Altarelli



3

3- and_ 4-gauge Ly = - }1 E Fime_ %1 B,, Y.
couplings i~
A A A B...C _
va - SMLVV —SVLV” _gEABCLVp LVV BPV B GPB"’_G"BP
3
S 1 A LA 1 A B vC
3-gauge coupling: -3 E F. F W_>2. E'ZlgEABCa”WvW'H w"
. A=1
WW / 1,2 -> W
must be
7 3->VZ
Y _ €123
W Only W; not B!
. 3 —cj
Oyww = gsinB,, = e W =sinb,, A +cosB,, Z,
(obvious) W
J,ww = gCosB,, = ecotgl,, Y4 w
larger by factor ~1.83
( g y ) y’Z’W %/AW_

4-gauge coupling: i—ngWEWE(WIBWVC_WICWvB)



3-gauge coupling: The SM prediction is very special

In general, assuming em gauge invariance and CP there are
6 parameters (5 for P and C conservation) for (y,Z)WW

SM
K, k; 1 W magn_etic moment: .e/2mW(21+ky+)\y)
Ay Ay 0 W electric quad. mom: -e/m~ (k-A,)
92:(f7) 0

Data are obtained from cross-section and distributions for
ete - -> W*W- at LEP T—/—>

The 4-gauge coupling is for LHC, NLC

e’ W+ P
G. Altarelli e W- ¥




ete -> WrW-

G. Altarelli
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Spontaneous Symmetry Breaking

Borrowed from the theory of phase transitions:

Ferromagnet (Landau-Ginzburg, classical)

At zero magnetic field B

2
F=F(MT) = FyI)+ %E(T)Hﬁ %ﬁ(?)(ﬁz) +...
“— T~ e
Free Temperature M small

energy Magnetisation (analogue of renorm.ty)
_ _ _ _ A(T)=0: stability
F Is rotation invariant.

Minimum condition: % =N —>[H2{T}+?~_{T}ﬁ2]ﬁ =0

Two cases:
@ (1) 20 u2(T) < 0
Solution: M=0 Solution: My2= —l2/A

G. Altarelli .y
N Critical temperature Te: PX(Te) = 0



WK =0 u2(T) <0
Solution: My=0 Solution: Mg2= —4/A

1

Here the
actual symm.
IS rotation
around z

T A line of m
Unique minimum: no SSB

Ima; SSB

The symmetry is brokeN when
the system chooses one

. Altarelli ' ini '
G. Altarell particular minimum point



Goldstone Theorem: When SSB of a continous symmetry
occurs there is a zero mass mode in the spectrum with
the quantum numbers of the broken generator.

D;(x) —» P () = U; ®i(x) O@, ~ iZerMAQ~ igt;p

| _ tA: generators
U= exp[|ZAtAsA] ~1+ IZAtASA +0(e?)  ga %arameters

Hami_ltonian — I - ‘a”d)‘z L V(o)

density
¢@°: minimum of H (note constant: no gradients)
. oV 0
minimum —» — -
ﬂqllr _
O=0
symmetry —» 3jV — ﬂ E-¢ = ﬂf..q;. =0
¢, o, Y
another derivative at a v
the minimum — L9
I8¢, o

q:"P




2 :
gV 0 ;.2 0 1%2 B
I.. - — M .I.. L] — I — ﬂ
ad’kad’i o ytb} ki r;;‘b‘; ( ¢'ﬂ)

This is an eigenvalue equation for the (mass)? matrix M2:

All generators leave
=> @ (“the vacuum”) inv.

symmetry

Either  (t¢y) = 0 for all t4

Non vanishing
eigenvector of M2 with
zero eigenvalue
Goldstone boson

Or for some t* (f¢p) =0 ==

For each broken generator tA, there is a GB with the
guantum numbers of tA

G. Altarelli



SSB: quantum versus classical

For finite 1 d.o.f. quantum effects remove degeneracy

e.g. Schroedinger eqn.: V(X) = — p2x2+Ax4
. Eigenvectors:
V> = <> =a [g ]_> >
<+|V|-> = <|V[+> =D a Eigenvalues:

b~ exp[-dh] (tunnel) = axb 3
\ While, for o d.o.f. and o volume

/ Vacuum Is unique!
= : : <V|H|V'> =9,
g L

and vacuum Is degenerate

Also, classical potential corrected by quantum effects
Vo ~ -p2@%+ AO4 + yd(logd2/p? + ¢) +...

G. Altarelli Classical Quantum corr’s
tree level loop expansion



SSB in gauge theories: Higgs mechanism

In general SSB ====p Goldstone bosons with quantum
numbers of broken generators tA :

2
Mii =0V M2tAQDO = O tAPO £ 0

In gauge theory with Higgs mechanism

Symmetry broken by vacuum expectation values (vev) of
Higgs field (scalar fields otherwise Lorentz also broken)

=———=> No physical Goldstone bosons. Become 3rd
helicity state of gauge bosons with t* quantum
numb’s that take mass

The Higgs potential has an orbit of minima, and the
Higgs fields, like magnetisation, take a particular direction

G. Altarelll  symmetry restauration possible at high T (early Universe)



“wrong” sign

Simplest abelian U(1) model (Higgs) ‘/

1.2 . 271 2,,2 1 4
L=-1F + (@, —ieA )¢ +ou’lof— 2ale
Invariant under (U = exp[iQe&(x)]): {Au = A=A +3 (x)
2 (Qe=9) b= ¢ = "My

0 V i 0
f ¢ = — = |— — constant=<0]|@|0>
7 >~ (real 2 0) (¢ |9|0>)

one must shift (small oscill.s about field=0):

x)+v . 1
(<0|p|0>= <0lx|0>=0)
1.2 122.2 12 2.2 2 2
L = _EIFPWJFEE v AM+EE P AH+E pl-’A!_l-F L (p)
G. Altarell \ mass term  NO X(X), A, massive

(same number of d.o.f.!)



1 2 1 2 4
L = _EIFW+ (6, —ieA, 4"+ 1l lldal
oor [
LR
o(x) = LY xplien (x)/ /2]
A2
L 1pr (122,22 12202 2ovA®+ L ()
A uv T8V Au Tl P AT e PYA T LP

o) = 2 (W)’ 1, (e + v

2 4 4
Expanding:
1 2/1 2 3. 2 1 2/1 2 3 2 1 22
L, [Fl — AV |+ = -
(p) 2[-3' 2!* 2™ 2p |k2|,l zl,l |+ 2p I +..

G. Altarelli The P mass has the right sign!



The Higgs mechanism was discovered in condensed matter
physics. e.g.: Superconductor in Landau-Ginzburg approx’n
Free energy N Wrong sign
2
A FD+%BZ+$\($_2:'EE)¢\ —alolt+ et

|@?: Cooper pair density (e-e-: charge -2e and mass 2m)

“Wrong” sign of a leads to ¢ # 0 at minimum

® No propagation of massless phonons (w = k v)

e Mass term for A -> exponential decrease of B
Inside the superconductor
(Meissner effect)

G. Altarelli



L = Lsymm + LHiggs In general @ = ¢ (several multiplets)

l s
Ligiees = (D, 0)T(D"4) = V(61¢) ~ [¥Tppé+he.]

d

7 = 2 4 " 4 2
V(oTe) = wolo+r(oTo)

No more than quartic
for renormalisation

Only weak-isospin doublet Higgs ¢ contribute to
fermion masses (), doublets, Yy singlets)

All non trivial repres.s break SU(2)xU(1) and
give masses to W*and Z

Minimal model: only one Higgs ¢ doublet
G. Altarelli



singlet

_ b
Fermion masses: [wyPwpd+ he ]
¥
doublet doublet

With one Higgs doublet: gf’l._pﬂlpﬂad) —> Mg = gV

A

Ugly: each mass one new
coupling

Large mass ratios (m/m, m,/m,...) imply large
coupling ratios

Fermion masses demand a more fundamental theory
(at Mp?)
G. Altarelli



Gauge Boson Masses Liges = {DLI¢}T{D*‘¢}+....

. A A Y
DH¢ = [a”—l—;g;:t W” +1g EB“]I)

Zero photon mass -> Q unbroken

Recall:
Wi3=c,Z+syA
tgeW:sW/cW:g’/gl

Qv=(t3+Y/2)v=0: only neutral — €.g for a doublet:

components of ¢ have vevz0
+ |2
2|t

o my W W = g Y W

/ 3 ., I
gcwr —2 .S'WEJU

ol 2 -

i’”ZZ A

Z, z“

- [5-(2] -
€ i

t3v|2=v2/4

Qv=0— N 5 I L T f‘i‘y 32, Lu
_(chJrgsW) ‘r U‘ ZHZ = |REWJ| ‘I U‘ ZHZ

G. Altarelli Thus, for one doublet @:

2 J—
IHW =

122 _ 2 2
Eg"d’ —IHZEDS W




.TH2
W 1

For doublet @ Po0= 55 = (Tree level)
1 7COS EIW
1 +- -+ 2 33 2
;E{:rrﬂr:}vq} %:{r{ml}—rr}vq) _
In general: py = =
;2{}‘3}‘3:} vi ;2{}‘31‘3:} vi =1

In general, at tree level, p, = 1 + Ap,. In the SM with
radiative corrections: pgy = (1 + Apgy) Po

Exp. puts a strong bound @ 3(;me
on Apy: Apgyr =
pO Sﬂzﬁ

(Po)exp = 1.0004+0.0006
(m,~115 GeV) PDG'03 | Note: v=23/4G1/2~174 GeV
itarelli @ m%v _ 132‘:2 and Gp _ gz
G. Altarelli 3 7 SM%F




Higgs couplings H: physical Higgs field

~ _ Note: normalisation

; 0 Charged g ¢fa"e
B(x) = “’D{“"} = |, H T
o | A2 Neutral ZﬂHHé‘ H
- Recall:
D¢ = 0,118 fﬂwﬁﬂg'gﬁqdi 2 122 2 2
_ My = 58 V' = mzcos Oy
|
Ligiess = (D, ®)T(D"&)+ .o = %a”Ha”HJrL{H, W, Z)
, 2 2
LHWZ) =g %WHTW”HJF %Wm 9 f 5 ZZH + 3 S _77HH
2./2¢ 8::
W W
2 «” \,

—=W, FTW'H = gmyW TW'H

> : fs‘
Fermions (after diag.)

. My 14 172  —
G. Altarelli f fwaRTHE G mflpﬂwﬂg



Higgs width and

branching ratios

| 1
LK

I'(H) [GeV]

10

il

141]

/.

My K=V

]tuj '

0,01
LI / anl 5 L1

[, ~few MeV near the LEP limit,

o

Ly

Branching Ratio

f—

n

b

05—

02

01

T e ———————

e ————— E |E | —
-~

-

e

300

~few GeV for intermediate mass, ~1/2(m)3
'y, myin TeV) for heavy mass.

L
500
m e [GeV]



Note

® In spite of myp~m_, B(H->11) ~— 3B(H->cC)
Due to QCD running masses m_-> m(my) — 0.6 GeV

® |[n spite of m, >m,,, B(H->WW)~3-4 B(H->tt) for heavy H
Due to behaviour of W polarization sums

(k+k’)2:mH2
A% A Bu®* Bv ' v ’”H ’”H
;S’EH €ve PEWZ‘_gH‘*#— MWFH_ 2 ‘m ‘ _‘m ‘ +3
A, \ My / W/ W/
and I (H->tt)~B3 (P-Wave), M (H->WW)~B,,
2 'm -
B g t 3
Bi°=1-4m32/m? Iy = NC32E[IHH} Py
2 2 ) 2 4
G. Altarelli FW = (il [MH] ISWIHH 1—4”;W+ 12[%}
T\ My _ my Mgy _




Quarks and leptons exist in different flavours

within one family and across families

v, EEE"-."H IIIvT

ddd e 555 n bbb Tt

At tree level only charged-current weak int’s change flavour

. A A
e e

g I'H
|
q q q" q1| q’I’V q1I1V q" I q1|
QCD QED Neutral curr.s Higgs
G Altarelli GIM needed only 1 Higgs

per charge sector



Fermion masses Lﬂiggs = -y lypd+he]

\ Yukawa

Only Higgs doublets @ can contribute atriy

Masses arise when @ is replaced by its vev v it more doublets

_ _ X
Mlp = pyMyp+ WRMTWL M=Tv (=%l"V)
By separate rotations of the L and R fields one can make
M, real and diagonal: U rUr=URrU" =1
P 420 = Uy

a0 — ——> |M,..=U*"MU,= U"_M*U
Ll_,Rdlag - URL|JR ‘ diag L R R L

M commutes with Q =——>  Separate rotations for
up, down, ch. leptons, Vv’s

e.g UY z, Ud qetc

G. Altarelli



_ , Left-doublets
CKM Matrix U ﬂ U (et )

— [oJ[5] (5]
%Lw

d’ b b}
/ W-eigenstates JL3 b
d’ d Vud Vus Vub 1 d] Mass
s'| = Verm Sb = Vg Ve VY S eigenstates
b L Vig Vis Vip JLDb,

Ve Unitary (change of basis):  V*V=VV*=1

Neutral current diagonal in both bases:

(E’,E’,E’)[S,’] - (E,E,B)VJL[S]
b . Lb
or

An equal number

— - - — — — of up and down
d'd’+s's’+b’b’ = dd + ss + bb needed

Glashow-Iliopoulos-Maiani ‘70
G. Altarelli



The neutral current couplings are:

1 - 1+
_ 3 s 3 15 .2

COS EIW

\ zero for gé&l
For GIM to work all states with equal Q must have
the same t3, and t3;

was not true in old Cabibbo theory: d.=cosB.d+ sinB.s
(u,d.), doublet , s, singlet Sc= -SInB.d+c0sB:s

@ In the t3 part there is_acdC but not s.s. and the
FC terms cosB.sinB.(ds+sd) are present

The charged current couplings are:

_u o d
Sy (1 -y5)d- W, = Vegy = Up Up
2.2
G. Altarell —. u.
Note: kinetic terms diagonal in both bases  ¥piv o, iy + ...



More Higgs doublets?
H

|
Beware of FCNC, e. g. a1 s

To avoid FCNC (and CP viol) in the Higgs sector you need
to have at most 1 Higgs for u-type quarks,

1 Higgs for d-type quarks, 1 Higgs for e-type leptons,
(1 Higgs for v-type leptons)

In fact diagonalisation of masses M=l 1vi+ [2v2+ .,
guarantees diagonalisation of couplings '@+ M 2@+ ...

only for a single term (then masses and couplings are
proportional)

For example, in SUSY models there are HY and HY that give mass to
t3=+1/2 and t3=-1/2 states, respectively.

G. Altarelli



Counting Parameters in V

Assume there are N down quarks: D’ =V D, V — NxN unitary matrix

~ 2
V.~ NxN == N® complex numbers  ——, 2 o parameters

unitary matrix - N2 unitary conditions

Freedom of phase def.: TOTAL:

2N quarks -> 2N - 1 relative phases N2-(2N-1)=(N-1)2
(currents YW insensitive to overall phase) physical parameters

cfr. a NxN orthogonal matrix has N(N-1)/2 parameters
O0™=0"0=1 -> N2-N(N+1)/2=N(N-1)/2

N (N-1)2 N(N-1)/2 angles phases
2 1 1 1 (6;) 0
3 4 3 3 1
4 9 6 6 3

G. Altarelli



A phase In V, = CP Violation

— — h.c.
U Y VoD WH + DY VU WHH

Parity: . PLIJLP_l = PUg T: creates f, ann. .
Charge conj.: CYC1=CUgr’ — @ ann. f, creates T
Time Rev.: Ty, Tt = TK\LIJL
Complex conj. of c-numbers: T antiunitary
TeT-1=c*TYT? [x,p]=IH

(CP) ULyp.VCKI\/I DWH(CP)? = DLypVTCKI\/I U W+H

If V is real then V'=V+ and CP invariance holds,
otherwise is violated. Note CPT always holds:

(CPT)ULVHVCKMDLWH(CPT)-:L - Lyuv+CKI\/IUL\N+u
G. Altarelli
o Any Lorentz inv, hermitian, local L is CPT inv.



A simple example

Three charged scalar fields A, B, C for the decay A -> B+C

All products are

L = AAB*C* + h.c. = AAB*C* + A*ATBC
normal-ordered

(CP)L (CP)-1=AA*BC + A*AB*C*  (Under CP A<-> A* etc)

(TCP)L (TCP)1 = A*A*BC + AAB*C*

TCP is always true while CP invariance holds for A real

G. Altarelli



1 O O C13 O Slse-ié C12 312 O N
V — 0] C23 S23 0] 1 0 -S> C12 0
1

Maiani 0 - 525 Ca $138°0 s o0 PDG'02
=sino
S1p=sinBc ) s,,~ 0.2196+0.0026
[013 Ci2 Ci3S12 S13€ :| S,3~ (41.2+2.0)103
~ e CysS )
CE szz S;3~ (3.6+£0.7)103
Wolfenstein parametrisation: S12 = A
S,3 = AA?
S13 €71%= AA3(p-in)
1-22/2 A ANS(p=in)
v~ A 1-)2/2 AN2 + 0(A%)
AN3(1-p—-in) - AMN? 1
A = 0.85+0.05

24 n2)1/2—= 4+
G. Altarelli (p N ) 0.40+0.08



More precisely Syp =

S,3 = AA?
S13 €719= AA3(p-in)
1 1

Vo= 1 =x\2_ ) 2
L= oA — oAt +44%),

| 1
Vi =1— AN Vea = =X+ 5APN[1 = 2(0 + in)],

2
Vis = A+ 0OT), V= AN (o —in). Vg = AN + 0O,

1
Vie = AN + SAN[L =200+ in)],  Vea = AN (1 — 0 — i)

=n(1 - ¥/2)

G. Altarelli



Unitarity Triangles VV* =1->V,,V*, =9,
For example: V. V*,, =0 ?
a —» d S b

AN3(1-p-in) - AAS+ AAN3(p+in) =0

Can be drawn as a triangle (other 5 triangles are either
equivalent [V,,V*, 4] or too flat)
All have same area —~J

In SM all CP violation
is proportional to J ?

2¢Area = J = nA2A5~n(0.85)2%(0.224)6 ~n 9- 10>

J ~ S15, 8713 5,35IN0 Jarlskog

G. Altarelli _ .
Note: th:|th|e"B, Vubzlvuble_Iy



Lubicz, Durham ‘03, hep-ph/0307195

b= p(1 - ®/2) = 0.178+0.046
A =n(l-M3/2) = 0.341+0.028

G. Altarelli



Gauge theories broken by the Higgs mechanism are
renormalisable ‘t Hooft, Veltman

Masses are given to W, Z and fermions while gauge Ward
Identities and current conservation remain valid.

Essential for renormalisation!

e.g. massive V propagator (V=W,Z)

"quv / Bad UV

V —8uwt 3 behaviour

‘]v* ‘]u .THW

7 2 /
q - my

But current conservation q /=0 dumps it

G. Altarelli



Current conservation crucial for renormalisation

But beware of chiral anomalies Adler Bell, Jackiw

A remarkable cancellation occurs Bouchiat, lliopoulos, Meyer

A V V
. We need Tr[t3(t3-2Qs2,,) (t3-2Qs2,,)]=0
A: ypy5
In fact it Is true! For each family
V: yp V yH U d o y
% % e.g. Tr[t3Q?]= % 3 ’g % 3- %_%.IJF%.O =0
f
colour

Similarly for Tr[t3t3Q]= Tr[t3t3t3]=0

Great!! But why?? Grand unification? SU(5): 5 -> [ddde*V]
G. Altarelli



In QFT when a symmetry of the classical theory
IS broken by quantisation, regularisation and

renormalisation

Examples

Scale A. -> Breaking of scale inv. due to reg./ren. that
Introduces a mass scale
(cut-off, subtraction point or....)
massless QED, QCD

Axial A. -> Breaking of chiral symmetry y’'=exp(iy;0)¥
due to a clash of reg./ren. with gauge Inv.

1L il LAY [.l"lr’ !_[vpﬁ
0,J5 = EF F F Fio

Important for °-> yy, polarized DIS,....
G. Altarelli



Beyond tree level: radiative corrections

2 G
. F
From the tree level relations gz = and g sy = ¢ = 4na
SIHW J2
2
—> 5%,,, - e . Sw =S By
“'EGF My
.. . I
Combining with “; =pg=1 = S%F _ o Mw
1M 7COS EIW m
one obtains: Mw "”%v _ ma
o TR e
' errec
f_ 2.
: N , m ) wa(m-) 1
With radiative corr’s: 1——? My = - T A
. Mz J2Gp 1=y
2 / Depends on def. of
mn .
G. Altarelli Y = (1+2p,) sin2@,, beyond tree

2 level
M 7COS EIW



sinZ0,, is usually defined from the Z->pu vertex:

g = f . r u
zmsﬁwwv”(g‘v 2AYs)WZ
w2 1
1 I
2 2
g{cfﬁgi =1 —4|Qf‘sin O gif”gizl—‘l”“ O s
_ _ _ ) :rm:x(mz) 1
sin?0 differs from s?; defined as:  sp¢p = 5
NEGF m
o N ‘,1 My _,,”2 _ no . q
ecall. 0 W — a rad. ColIT..
\ H!é.}" ,\& GF y

Sin%64 = (1+Ak’) s?,

Ar,, Ap, Ak’ at one loop all contain terms of order:
Gem?y[1, m#/m?, log(m=,/m?)]

G. Altarells \ \ m,, m,, do not decouple!



In the standard EW theory heavy loops do not decouple

Decoupling: for M -> « we can drop diagrams with
Internal M lines

For example: running of a, o, not affected by heavy quarks

Y. g Cq Y. g

COﬂdItIOI’]S fOI’ decoup“ng App|equi3t, Carazzone
The theory with no M should still be renorm.
Couplings should not blow up with M -> o

In QED, QCD one can decouple m,
In EW sector one cannot decouple m, m:
* breaking of gauge inv. (t-b doublet, G.(m?,-m?,))
* couplings of longitudinal W, Z grow
with masses (Higgs mechanism)

*
G. Altarelli ===



One-loop diagrams leading to Gcm?, terms: ?

3,+ L 3,+

W W Enough sensitivity
W\'W\'WO”WWW“ ——> Ar,, Ap, AK to correctly estimate

m, from rad. corr.s
Note: self-energies universal. All heavy particles enter.

—D
Z t b 7 W

W t —> €

b Wil—b

At one-loop Gm?, terms are absent. While m;>>m,
directly breaks SU(2), Higgs couplings are invariant
In lowest order. At two-loops (G:m?2,)? terms are present

Veltman, Van der Bij
This i1s unfortunate: small sensitivity of rad. cotrr.

G. Altarelli tom, -> GFm2w|09(m2H/m2W)




Theoretical bounds on the SM Higgs mass

800 1 T T T T

/\: scale of new physics Hambye,Riesselmann ]
beyond the SM 800 m, = 175 GeV = —
3 -

Upper limit: No Landau J ** —
pole up to A _
Lower limit: Vacuum 200 | —
(meta)stability -
ﬂ_|||||||||||||||_

109 108 10¥ 1p1% 1010 1pl8
A [GeV]
If the SM would be valid up to Mg, Mg, then my,

would be limited in a small range
G. Altarelli



Higgs potential / “Wrong®sign

2.2 4
Classic: VIl = — "¢ + 1o u=>0, A>0
H 2 HZ my
. ol q)z " RG A
Quantum loops: L = Ao 1+~,x111—2+...‘ ) ).(A)d' (A)
(Ren. group improved pert. th) ' A 'jl g
o = [exp v (1)dr]o
Running coupling t=InA/v h=top Yukawa
P
PO~ 6, (1) = constD? + 30k} 9y + smalll
mi; m
Initial conditions (at A=v) Ay = — and iy, = v
Ay

G. Altarelli



Running coupling t=InA/v  h=top Yukawa

\
d% = B (1) = constDn* +30h% —9n* + small]
> m
- ., s _ H .F.r-t- — _I
Initial conditions (at A=v) %y = —; and My, v
Ay

Too small m,? h, wins, A(t) decreases. 1 V() yes

But A(t) must be >0 below A for the
vacuum to be stable

—> my= ~135 GeV if A ~ Mgyp
(or at least metastable with

e - f N
lifetime T>TUniverse) Cabibbo et al, Sher, vacuum Unbound

Altarelli, Isidori energy

stability mu(GeV) > 133+ 2.0[m(GeV) — (175 +£2)] — 1.6 ﬂ:f'mga];zﬂ.llﬂ

[a,(mz) —0.118]
0.002

metastability  mu(GeV) >117+29[m(GeV) — (175 £2)] -2.5

Isidori, Ridolfi, Strumia



AN

Q.6

Q.0
-0.5

—~1.0

G. Altarelli

Altarelli,Isidori

I I L 1 I I || T 1 I i | | 1

m=174 GeV a,(m,)=0.118

-
Frm—
-

| | 1 L _|_ 1 L

10 15
Log,,(A/1GeV)



m, InGeV

]-gﬂ'\.'\.'l.l.'|'|'|'\.'U'l.|.'|'|'u'\.'\.'-5'\\.".'-'-'\.'\.'-'«\.'-'-'\.!'-".'."-'\.'
""" LT T R R A T T T T T A A T T T I S T T B TR

lnstﬂb]]]t}r'-'-'-'l'\.'l.l.'u'-'\.'\.l.'-'-'\.'\.'-'-'\.

]_Ej'.’ L T T T T T T T R TR T T T T F T T R O T T T S|
L -
L T T T T T T T S T T T O A A T T T S T

rr

]

Isidori, Ridolfi, Strumia
180 |

175

170 |

L1O 120 120 140 150 160
my in GeV

D_]_ ‘I T T T T T T T T T T T T T T T T
e
s
L LN
AN 05|
0.05 | w0~
L v \\,_L
| [t "~ I
p— F \‘-\'\ Hx T
Here m,=115 GeV —> - *:fax Y. Tt~ e______m, = 165GeV__ __
a.,(m,)=0.118 O ST el
. “Hx S T~ __ m = 170GeV_ __]
—0_05

G. Altarelli —0.1



Running coupling t=InA/v  h=top Yukawa

\

ame) _ B, (1) = cansr[lz L3N —9hT small]
b : m,

» » "H ond he. =
Initial conditions (at L=v) g = —5 and /o, = —

4y
Too large m,? A% wins, A(t) increases.
3z }*—n The upper limit on m, is obtained
() ~ 1 — byt by requiring that no Landau pole

occurs below A

_ Rather than a bound
my, < ~180 GeV If A~Mgr says where non pert
~ 600-800 GeV if A~o(TeV)  effects are important

Caution: near the pole pert. theory inadequate. ?

G. Altarelli  Simulations on the lattice appear to confirm the bound
Kuti et al, Hasenfratz et al, Heller et al

Landau pole



Precision tests of the SM
_ Some are well known
Input parameters:

- a, G, my
A, G, My, mf@t’ a,(mz), My, My, mmmm)> SOMe are less precise

a(my), a,(my), m;
my, IS unknown

Computed rad corr: e complete 1-loop diagrams

®* ren group improvements (large logs)

In practice replaced by a(m,)

®* Dyson resumm’s of some large terms

® selected dominant 2-loop corr’s.
eg Gem2a,, Ge2m4, Ge2m2....

Precision data: I';, Ry, oy, Ry, Aleg, A% o1 Ay APrg, My, Qupy e

Output: check consistency of SM, constrain m,...
G. Altarelli



Status of the SM Higgs fit

° ] “al-tl'ﬁ-:u'-.: I.I|'|'I+|'tr.'|il'lt:.-'l
Summer’03 Vo A =
Sensitive t —0.02761+0.00036
- 1 == 0.027470.00012
Rad COI’I’ASf to Iog rnH 4 - l;1_1-—'»."'n.fi’[huznu’[MuTE‘u’ —
- }
This is a great triumph for the % -
SM: right in the narrow allowed
window IOglOrnH ~2-3 G.Excl_ud{—_:-d_ _ Prglimin_ary-
20 100 400
Direct search: m > 114 GeV m,, [GeV]
All Z pole All data All but NuTeV
my (GeV) 1715615

my (GeV) 891122

IPErE 17534
9623 i
os(M2) 01187 +£0.0027 0.1186 £0.0027 0.1185F0.0027

y2idof (P)  14.7/10(14.3%)

25.4/15(4.5%) 16.7/14(27.5%)

G. Altarelli




log,,my —2 Is a very important result

Drop H from SM -> renorm. lost -> divergences -> cut-off A

logm,-> log/A + const

Any alternative mechanism amounts to change the
prediction of finite terms.

The most sensitive quantities to logm, are £,~Ap and &;:

log,,my —2 means that 3G
f, ; are compatible with _ _7FMw 20 | JMH

: .. El - 2 g W Og +f1
the SM prediction A" 2 Mz
New physics can change the bound ~ 12107

' Grpm mn
on my, (different f, ,) S {lﬂg_ff+f3}
| 122”21l ™z

G. Altarelli —v—

0.45 103



The EW theory: L£= L g + L higgs

1
— _%l[a“Wf—avﬂfs—igEAECWﬁﬂff]z +| ¥ = wR,L - i(liﬂfs)w
A chiral theory:

5 VHLIL

1 2
ZlouBy—o B I (£, V)p=(1, Y)p
. Y
+py! [16”+3Wﬁfﬂ+g'Bu§]w 0 = }‘3+ Y/2
2
Crriges = o —igWit® —igB Z1el
+ V[$Tp]l + Py e +h.c
with
VieTel = u’(eTe)” + n(ote)’
L ¢mm: Well tested (LEP, SLC, Tevatron...), L ;s — untested
Rad. corr's -> m;,<193 GeV P 2do

but no Higgs seen: m,>114.4 GeV; (m, =115 GeV ?)

. _ . |
& Altarell Only hint my=m,cos6,, doublet Higgs



Overall the EW precision
tests support the SM and
a light Higgs.

The X2 is reasonable
but not perfect:

x?/ndof=25.5/15 (4.4%)

Note: includes NuTeV and

APV [not (g-2),]

Without NuTeV:

(th. error questionable)

x?/ndof=16.7/14 (27.3%)
NuTeV —

G. Altarelli APV  —p

Winter 2003

Measurement Pull

{DmeaE_Dm:lfﬁmeas
-2 -2 -1 EJ 1 2 3

m, [GeV] 91.1875+0.0021  0.02
T, [GeV]  24852+0.0023 -0.38
Opgg [NB] 41540+ 0.037  1.67
R, 20767 £0.025  1.01
A 0.01714 +0.00085 0.79
AP 01465+ 0.0032  -0.42
R, 0.21644 + D.OD0BS  0.99
R, 01718+ 0.0031 -D.15
AP D.0985+ 0.0017 243
AZE 0.0713+0.0036 -D.78
A, 0.922+0.020  -D.B4
A, 0.670+0.026  0.07
A(SLD) 01513+ 00021  1.67
sin8¥'(Q,) 0.2324+0.0012 D82
my [GeV] BD426+0.034 117
T, [GeV] 2139+ 0.069  0.67
m, [GeV] 1743+ 5.1 0.05
sin"B,(vN) 02277 +0.0016 294




NuTeV Neutrino-Nucleon Scattering

Muon-(anti-)neutrino quark scattering:
charged current (CC) neutral current (NC)

Paschos-Wolfenstein relation (iso-scalar target):
1

0 v V)= yc (V) 2 i . 2 nfon—shell)
R_= = 4 = = ——sin ¢
— ﬂ'ﬁ:(v)—ﬂ'm[?] gLngF [gi.q gﬂq PP ud 2 W

+ electroweak radiative corrections
Insensitive to sea quarks
Charm effects only through dy; quarks (CKM suppressed)

Need neutrino and anti-neutrino beam!

G. Altarelli [copied from Grunewald, Amsterdam ‘02 talk]



NuTeV's Result

1

M2
sin" @ M — 1 ——2 = 0.2277£0.0013(stat.} = 0.0009{ syst.
W ”.1
.'. z

M, —(175GeVY' M,
- i) Higps e
0.00022 G T +0.00032In A [P =0l

Factor two more precise than previous vN world average

5 =
":2 0.26 - World Average sin“®, (excl. NuTeV) E
@ 0.25 F 0.2277 £0.0024(exp)£0.0019(th):

A ' /DOF=4.79/4
0.24 | } -
0.23 | | } | :
0.22 | {
-corrected for CCFR+NuTeV m =1.3810.14GeV;
0.21 [shaded band shows £6m, :
B 1 1 1 | ¥

FMMF E616 CDHS CHARM CCFR NuTeV
v Experiment

Global SM analysis predicts: 0.2227(4) Difference of 3.0 o!

G. Altarelli [copied from Grunewald, Amsterdam ‘02 talk]



WIRBPINION! the NuTeV anomaly could simply arise
from a large underestimation of the theoretical error

The QCD LO parton analysis is too crude to match the
required accuracy

A small asymmetry in the momentum carried by s-s

could have a large effect
They claim to have measured this asymmetry from
dimuons. But a LO analysis of s-s makes no sense

and cannot be directly transplanted here
(a *valence corrections are large and process dependent)

A tiny violation of isospin symmetry in parton distrib’s
can also be important.

S. Davidson, S. Forte, P. Gambino, N. Rius, A. Strumia

G. Altarelli



Atomic Parity Violation (APV)

®* Qy Is an Iidealised pseudo-observable corresponding
to the naive value for a N neutron-Z proton nucleus

® The theoretical "best fit” value from ZFITTER is

(Qw), = -72.880+0.003

®* The “experimental” value contains a variety of QED and
nuclear effects that keep changing all the time:

Since the 2002 LEP EWWG fit (showing a 1.520¢ deviation)

a new evaluation of the QED corrections led to
Kuchiev, Flambaum ’'02

(QW)exp = -72.83+£0.49 Milstein et al ‘02

So In this very moment (winter ‘03) APV is OK!
G. Altarelli



Gambino, LP'03

Such a s’rmnge asymme’rry (I)

Strange quark asymmetry
Non-perturbatively induced by p <-> KA
A positive s- reduces the anomaly

Inclusive v-DIS L
Barone et al (BPZ99) "™
found s-=0.002 -
Racentlz updated

(Portheault et
couldn't access dimuon datal

i ns {charm production

NuTeV has found (low x)
5=-0.0027+0.0013




The new CTEQ fit

L]
o LIFI LI T
= ] ] ] T

San pencss Asymmsny

sl Olh dnide

e TR H =
—— BFE “with ecfi® 3
— Cel-MuTel 7

CCFR/NuTeV

! : |:4;Jll¢fllncum L=
R

L]

AT TITII T IT AT ITr [T oT

‘omerssm A svrameiny

S =m0 delide

- e

¥ l,f"
i \\T - -l:.| i

U s imne= [ Most reasonable range 0.001< s- <0.003




A strange end?

| oo, | 130 | 04 | -00065 |

. FATTRY I T
OOt s Q.00 ow T o | 100 Jooom

N o J1 tor | e [hooo2
| et | 126 | 100 [ 000

0.0012 < 8s?,< 0.0037

Given present understanding of hadron structure,
Rpyw is no good place for high precision physics




(9-2), —30 discrepancy shown by the BNL'02 data

(Numbers in units 1071) Jegerlefiner (02) -
LO hadr. 638.8 & 6.2 HMNT, ‘excl.’ |
683.1 £ 5.9+ 2.0,.;, HMNT, ‘incl’ Davier et al. (02) (z) -
full a, 11659172.6 £ 7.7 ‘excl
11659166.9 4 7.4 incl ’ Davier et al. (02) (e*e") —
ENL EB21 11659203 £8 new world av.
(0.7 ppm!) Hagiwara et al. (this work) (excl.) +=
EXP-TH 304 +11.1 ~ 2.7a, 'excl’
J6.1 £ 10.9 ~ 3.3e, ‘incl’ Hagiwara et al. (this work) (incl.) —=
. and Exp. accuracy comparable! o o i i
EW ~ 152104 These uniﬂt 25 50 75 100 125 1?2101??122;]“;:5 250
LO hadr ~ 683.1+6.2 Lk ?
NLO hadr ~ -10%0.6

Light-by-Light —~ 8x4

(was ~ -8.5£2.5)
G. Altarelli

hadr.




Gambino, LP'03

The spectral function from e‘e-

DEHZ (03)

DEHZ (02) (e*er)
Hagiwara et al (HMNT) NEW result:

HMMNT (02 d.
q hadL0=691 7+5.8 . FEHE
H — HMMT (02} {incl.)

Jegeriehner (02) ——

HMNT (03) fincl) et |

---- New CMD-2r's re-analyskd data —--------

Using t data below 1.8 GeV Davier at al (DEHZ) || "t . 0 —=e 4

— T | || | | | I ii§ | i i :I i [}
ﬂuhﬂd'LD—-?Dg-oiB-l +1'2F,E12'BSU(E} nln 1|:u- 1:.‘l:l 11& W 180 a:l:- alm
2 M 10'" - 11659000

exp




The spectral function from t decays

before

[Ciewier, Eidelman. Hockar, Zhang)
s B B

T Anarnge
by

=]
53

£ 1
||I ik x I."l

| “ﬁsi“ IILHII [Im

=
e
o
=
=
s
uc 0
1

s
Ll_-
_—

o
ba

Wudlpheativa o eelon

>6% difference! cannot be isospin

breaking. Needs further study. Data?
After new CMD-2 for A__=(11-13+7) 10-%(was 21)




Impact on a(M,)

a(M;) appropriate parameter for EW

21
129 1280 1238 1287 wfM 2l

T.r|lll..ll |llrl|llll|lll|lIl|lll|lll|lll|l
e VooorKartin & Zepperfeld (24
L 4 . | 'Eldnlmun .&Ffllzg-ark;hnar 9z
P by ¢ BUrEharct & Fistrzyk (95)
E ' ' :l—i:—llﬁs.ll':lmlnﬁl‘[r'%é.l | 95
- s H H H ' = NELIrain
Al i e AlEmany e al. -
bottleneck for precision EW —e— ! Doy k Rodenberg (37)
i | | | jDavier & Hocker (97)
1 im0 1 Rulin & Steinhauser (98]
i b |Grmie et al. [98]
¢ Hmg o 3 SErer(Be]
s I |Du'.'ler& Hocher (92
i e i Eidalman & Jogarkhnar )

s==i Meyy BES datla |n'|]-|:|dmaj O
TR R thlartin st al, (00] taxd. |

Do P ' hartin et al. con firel)

' i :Elurman::lt.&& Flatrzyk 101}

} Jegarlehner (011 (Feinteg ral)

i lzgarl=hner (01 iEuslidesn

e Troconiz & Ynourain (01]

-2 re- nnl:.'aal:ln x data usad . "
|
|

Aa,_=0.02768+0.00036

Burkhardt & Pietrzyk 2003
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i
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= ﬂuﬁgfﬂ#gj w107

i1

=}
)
i}
[}
=




Question Marks on EW Precision Tests

® The measured values of sin?0, from leptonic (A R)
and from hadronic (AP.;) asymmetries are ~30 away ——>

® The measured value of my Is somewhat high ——>

® The central value of m, (m,=83+50-33 GeV) from the fit

IS below the direct lower limit (m,=2114.4 GeV at 95%)
[more so if sin?6 4 is close to that from leptonic (Ajz) asymm.

my < ~110 GeV]

Chanowitz;
GA, F. Caravaglios, G. Giudice, P. Gambino, G. Ridolfi

Hints of new physics effects??

G. Altarelli



Comparison of all Z-Pole Asymmetries

Preliminary
e —e—] 0.23099 + 0.00053
AP —— 0.23159 = 0.00041
A(SLD)  —a— 0.23098 + 0.00026
g —v— 0.23217 £ 0.00031
Ay * 0.23206 + 0.00084
<Q, > E 0.2324 + 0.0012
Average - 0.23148 £ 0.00017
8 Yidot 10215
. ar
= G
0 Gl
&) i
= ..o = Al o= 0.02761 £ 000036
107 L= 91.18/5 + 0.0021 Gey
| _ m!‘. 1743£5.1 GeV
0.23 ID.pE{ﬂE 0.234
.2 le
G. Altarelli

Effective electroweak
mixing angle:
sin0 ¢ = 0.23148 (17)

y2Indof = 10.2/5 [7.0%]

A-posteriori observation:
0.23113 (21) leptons
0.23217 (29) hadrons

But is really:

A((SLD) vs. Ag,b(LEP)

Both:
2.9 ¢ difference

[copied from Grunewald, Amsterdam ‘02 talk]



Plot sin?6 4 vs my,

Exp. values are plotted
at the my, point that
better fits given my,,,

0.2325

0.232

b5

sinE'El

G. Altarelli
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Question Marks on EW Precision Tests

® The measured values of sin?0, from leptonic (A R)
and from hadronic (AP.;) asymmetries are ~30 away ——>

® The measured value of my Is somewhat high ——>

® The central value of m, (m,=83+50-33 GeV) from the fit

IS below the direct lower limit (m,=2114.4 GeV at 95%)
[more so if sin?6 4 is close to that from leptonic (Ajz) asymm.

my < ~110 GeV]

Chanowitz;
GA, F. Caravaglios, G. Giudice, P. Gambino, G. Ridolfi

Hints of new physics effects??

G. Altarelli



Plot my, vs m,

m,, points to a
light Higgs

Like [sin20.],

G. Altarelli
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—"__fffvgg: New developments (winter ‘03)

BDE | | | | | | | I I
m,, went down 3
(ALEPH: -79 MeV).
Still the central value 3045 b |
points to m,~50 GeV S

W-Boson Mass [GeV] . BO4

pp-colliders T 8045410059 F
LEP2 - 80.412+0.042

80.35
Average - 80.426 £0.034

y5i0eF: 0.3/ 1

Now: 80.426+0.034
Was: 80.449+0.034

. | | | | | l 11“:»1 I I
G. Altarelli 50 100 150 200 250 300 350 400 450 500

My [GeV]



Question Marks on EW Precision Tests

® The measured values of sin?0, from leptonic (A R)
and from hadronic (AP.;) asymmetries are ~30 away ——>

® The measured value of my Is somewhat high ——>

® The central value of m, (m,=83+50-33 GeV) from the fit

IS below the direct lower limit (m,=2114.4 GeV at 95%)
[more so if sin?6 4 is close to that from leptonic (Ajz) asymm.

my < ~110 GeV]

Chanowitz;
GA, F. Caravaglios, G. Giudice, P. Gambino, G. Ridolfi

Hints of new physics effects??

G. Altarelli



Sensitivities to my,

The central value of m
would be even lower if
not for AP,

One problem helpes the
other:

AP vs A ; cures the
problem of Az, my,
clashing with

m,>114.4 GeV

G. Altarelli

A(SLD)
sin“a(Q, )
my, [GeV
Ty [GeV]

Sin"B,,(vN)
Q,,(Cs)




Some indicative fits Most important observables:
Note: here 2001 data m, my, ', Ry, a5(my), GQED,SInZGeff

Taking sin?0_ from leptonic or hadronic asymmetries as
separate inputs, [Sin?6.4],and [SinZ0.],,, with
0 1op=128.936+0.049 (BP'01) we obtain:

x?/ndof=18.4/4, CL=0.001; my..¢,=100 GeV,
m,< 212 GeV at 95%

Taking sin?0_ from only hadronic asymm. [SinZ0],

x2/ndof=15.3/3, CL=0.0016;

Taking sin?0. from only leptonic asymm. [SinZ0 ],

x?/ndof=2.5/3, CL=0.33; Mynya=42 GeV,

my< 109 GeV at 95%

| Much better x2 but
G. Altarelli
T jash with direct limit!



It is not simple to explain the difference [sinZ6], vs [sinZ0],

In terms of new physics.
A modification of the Z->bb vertex (but R, and A,(SLD)
look ~normal)? | >

Probably it arises from an experimental problem

Then it is very unfortunate because [sin?6], vs [sinZ20],
makes the interpretation of precision tests ambigous

Choose [sin?0],: bad x? (clashes with m,,, ...)
Choose [sin?0];;: good x?, but m, clashes with direct limit

In the last case, SUSY effects from light s-leptons, charginos
and neutralinos, with moderately large tanf3 can solve the
my, problem and lead to a better fit of the data

G. Altarelli GA, F. Caravaglios, G. Giudice, P. Gambino, G. Ridolfi



APcp Vs [sin20],..,,: New physics in Zbb vertex?
Unlikely!! (but not impossible->)

2 2
b 3 8L &R
Er+ 8
_ _ 14+ 252 _ _o.846
For b: gL = 8v— 84 = — L+ 3% = —U
Sp — 2yv+tga— %52 — 0.154

S 27 = 0.72 >>g% — 0.02
< (Ap)g,, =~ 0.936

From AP;=0.0995+0.0017, using [sinZ0]e,
=0.23113+0.00020 or A,=0.1501+0.0016,
one obtains A,=0.884+0.018

(A))sy - A, = 0.052 + 0.018 -> 29 0

A large 0ggr needed (by about 30%!)

But note: (A,)gp = 0.922+0.020,
R,=0.21644+0.00065 (R,q,~0.2157)

G. Altarelli



0.05

0.015

Choudhury,
Tait, Wagner

0.992 g, (SM),
1.26 g(SM)

the b quark with a vectorlike doublet

OgR Ap(from Aygp %
004 - _ . _ -
003 | T
0.02 |
g I T A
e . ! P R e e
00L F = ——— . 'y L
0 ..}.if ..... £
R, .
0.0L [ ° iy
.'II' ,:
.‘||" r;I
-0.02 !
001  -0.005 0 0.005 0.01
EEL 6g|_
A possible model involves mixing of
G. Altarelli

(w,X) with charges (-1/3, -4/3)



It is not simple to explain the difference [sinZ6], vs [sinZ0],

In terms of new physics.
A modification of the Z->bb vertex (but R, and A,(SLD)
look ~normal)? | >

Probably it arises from an experimental problem

Then it is very unfortunate because [sin?6], vs [sinZ20],
makes the interpretation of precision tests ambigous

Choose [sin?0],: bad x? (clashes with m,,, ...)
Choose [sin?0];;: good x?, but m, clashes with direct limit

In the last case, SUSY effects from light s-leptons, charginos
and neutralinos, with moderately large tanf3 can solve the
my, problem and lead to a better fit of the data

G. Altarelli GA, F. Caravaglios, G. Giudice, P. Gambino, G. Ridolfi



EW DATA and New Physics

For an analysis of the data beyond the SM we use the
€ formalism GA, R.Barbieri, F.Caravaglios, S. Jadach

One introduces €, &, &, §,such that:

Focus on pure weak rad. correct’s, I.e. vanish in limit of

tree level SM + pure QED and/or QCD correct’s
[a good first approximation to the data]

Z,W
Are sensitive to vacuum pol. €, &, %-»M

and Z->bb vertex corr.s

(but also include non oblique terms) &, —» w
b

Can be measured from the data with no reference
to m, and my (as opposed to S, T, U)

G. Altarelli



One starts from a set of defining observables:

O, =my/m; T, A¥g, Ry

€2 €,

O[] = OB [1 + Ay & + ...]

O,’Bon™ includes pure QED and/or QCD corr’s.
A, Is Independent of m,and m

Assuming lepton universality: I, Atp --> T, Al

To test lepton-hadron universality one can add

G. Altarelli rz, Oy, RI to FI etc.



€, and &5 are related to Ar, Ap and AK’

2 2 2
5 ] Crar— 3§ C
Large Ggm?, terms in __ ATy~ Wz Wﬂk'm—gﬂp

Ary, Ap and Ak’

g1 =Ap

2
5

2
—Zﬂrw — ZSW.&E

‘w—Sw

In addition €,

arises from the
Z->bb vertex

€3 = E%—,Fﬂ.p + (E%F — s%ﬁr).ﬁk'

e Large Gym?, terms are only in €,
e Main my sensitivity in &,
® m,, sensitivity through Ar,, In &,

~ JRelation with S, T, U: the shifts from new physics
G. Altarelll Jare proportional AS ~ A€, AT ~ A€, AU ~ AE,




€vs my, Il

N I Y N I I Y O O
: £ .103 :
i 1000 N I
With sin28gq |3 i
S——
from leptons . : i
€, low -> = 1000 3 1
- B My =113 —1000 GeV]
> my, large. [ i -
€3 also low-> | «~——CDF -D0O——||  sin2e,, from ]
> m, below | leptonic asymm. | |
direct limit. [ b |
81 b OK B ! N
L 113
40— —
_|||||||||||||||||||||||||||||_
G Altarelli 160 165 170 175 180 185

GA, R. Barbieri, F.Caravaglios

m; (GeV)

190



GA, R. Barbieri, F.Caravaglios

WO T T T T T T [ T T T [ T T T T I T T T T [T 1T
€ VS mtop g 103 -
i 1000 I
. : - 3 — |
from all data [ 2 ]
82 low -> C 1000 i
B My =113 —1000 Ge V]
-> my, large. o " -
€13 OK I «—CDF-DO—— sin€e,, from ]
s L all asymm. |
[ i |
L 113
A0+ —
_|||||||||||||||||||||||||||||_
160 165 170 175 180 185 191
G. Altarelli m; (GeV)



The EWWG gives (summer ‘03):

£,= 5.4+1.0 103
£,= - 9.7+1.2 103
£,= 5.25+0.95 1073

€,= - 4.7+1.6 103  Non-degenerate

: _ much larger shift of €,
For comparison:

a mass degenerate fermion multiplet gives

2
Gpmn
F'''w 4 For each member
Aey = N 2[ 3[T3L T3R] of the multiplet

-

One chiral quark doublet (either L or R):
Ae, =+ 1.4 103

(Note that &5 if anything is low!)
G. Altarelli



a: my, I, R, [Sin?0],

b: my, I, R, 5, 0, R, [SIN?8],
c: my, I, R, 5, 04, R, [SIN%0],+[sin?6];

[

3

Note:
1o ellipses (39% cl)

SM, m=1%4.3+3.1 GeV
113 GeV = my = 0D GeV

€1

3

4 a g
€4 X 10*

—'f

- m,=174.325.1 GeV /

[ 113 GeVEmy =500 GeV

'8 " il
_f —-2

I

= o
& =
<9 y
W b
10| v

_ €3
_11 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

3 4 4] G (i

€q X 10"

€5 depends on sinZ0: low for [sinZ0], (m)

7



MSSM: mg = 96-300 GeV, m,_= 105-300 GeV,
U = (-1)-(+1) TeV, tgB = 10, m, = 113 GeV,

—11

My = Mgr= Mgz =1 TeV

T
+: meazured values
blue: 1 o
| red: M3=EM ]
— . 5M, my=1123 GeV-135 3eV |
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
2 3 4 ) 5
€q ¥ 10"

G. Altarelli

| red: M3EM

T | T T T T | T T T T
+: measured values

blue: 1 o

— : SM, my=112 GeV-135 GeV |

3

4 2 G
€1 X 107

7



1M v BGE’E?
o 60 YO 80 8 00 110 120

1O orrrrr T T T 1 11 T T T T T2
s-leptons : tan g= 10 ]
a'I“—dS'VS 05 -  mp=105 GeV .
ga‘fginos - 4=1000 GeV 5e, x 10° :
must be 0.0 e, x 10° =
as light as - 2 ]
possible —0.9 [~ -
given the - ]
present exp—1.0 |~ —
bounds! - ]

—1.5 —
_210 :I | | | | | | | | | | | | | | | | | | | | | | | | | | | I:
30 100 110 120 130 140 150
mpg (GeV)
G. Altarelli

In general in MSSM: m?z=mZ%+m?2,,|cos2f|



Light
charginos
also help
by making
€, COIT'S
larger than
those of &,

G. Altarelli

l.ﬂ B 1 f 1 1 | f 1 1 f | f f f f | f f f f ]
i tan g= 10 :

0.5 — mg=96 GeV -
- u=1000 GeV ]

20 e xagl e
_05 :_ _:
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_E.U B ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] ]
100 150 <00 <00 300

mp (GeV)



dm, (MeV}

150 e 200 e T T T ]
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- 1 150 F -
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G. Altarelli



1.0

] ] | ] ] ]
tan = 10

Th_e sign of g5 f_ mp= 105 GEE.[:
KIS - mgizgﬁ GeV
Irrelevant 00 —
here. -
But crucial for_{]_5 - i
(g_z)p E
-1.0 de, x 10° -

This model §

. -1.5 —
can also fit -
(g-z)u _2'0 B ] ] ] ] | ] ] ] ] | ] ] ] ] i ] ] ] ] ]

—1000 —500 0 500 1000

Approx. 1 (GeV)
at large tgp3: o Exp. —300

G. Altarelli g~ 130 10-11(100 GeV/m)? tgp



tan3=40, A=0, sign()>0

D->s-y

am

G. Altarelli

T
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Djouadi, Kneur, Moultaka
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The Standard Model works very well

So, why not find the Higgs and declare

i - )
particle physics solved: First, you have to find it!

Because of both: ——> LHC

Conceptual problems

e Quantum gravity
 The hierarchy problem

and experimental clues:
e Coupling unification
 Neutrino masses
e Baryogenesis
e Dark matter
 Vacuum energy

G. Altarelli



Conceptual problems of the SM
Most clearly: ® No quantum gravity (M, ~ 101° GeV)

® But a direct extrapolation of the SM
leads directly to GUT's (Mg, — 106 GeV)

Mgyt close to My, E
® suggests unification with gravity as in superstring theories
® poses the problem of the relation my, vs Mg - Mg,

Can the SM be valid up t0 Mgy~ Mp2? « 'N€ hierarchy
problem

Not only it looks very unlikely, but the

new physics must be near the weak
6. Altarelli B EUEY




Energy scale

The hierarchy problem

A

Assume:

M, g;’ai?tty“m « A TOE at A~Mg~Mj,

Maur GUT * A low en. th at o(TeV)
e A "desert" In between

== The low en. th must be
renormalisable as a necessary
Low energy condition for insensitivity to
Mw |l effective th. physics at A.

the cutoff can be seen as a parametrisation
of our ignorance of physics at A]

But, as A is so large, in addition the dep. of ren. masses and
couplings on A must be reasonable:
e.g. a mass of order my, cannot be linear in A if A UMgr, Mp,.

G. Altarelli



With new physics at A the low en. th is only an effective
theory. After integration of the heavy d.o.f.:

L.: operator of dim i

L=0(A)Ly+ o(N)Lg+ 0(1)Ls+ + o(L/N) L+ 0(1/AN2) L +..

|\ J |\ _J
Y Y

Renorm.ble part Non renorm.ble part

In absence of special symmetries or selection rules,
by dimensions ¢,L; ~o(A*") L,

L,: Boson masses ¢?. In the SM the mass in the Higgs
potential is unprotected: ¢c,~ 0(A?)

L3 Fermion masses Y. Protected by chiral symmetry

and SU(2)xU(1): A —>mlogA

L, Renorm.ble interactions, e.g. Py"yA,

L..,. Non renorm.ble: suppressed by 1/A* e.g.1L/N\?{PyWyWy



Indeed In SM m,, m,... are linear in Al

e.g. the top loop (the most pressing): m,2=m?
3G

t
2 2
< > — 6mhlmp ——5 M, ;‘1 ~(0.3A)
h h m/i:ﬂ: f

N—~0(1TeV)

2
bare+6mh

The hierarchy problem demands
new physics near the weak scale

N\: scale of new physics beyond the SM

« A>>m,: the SM Is so good at LEP
« A\~ few times G /2 ~ o(1TeV) for a

natural explanatlon of m,, or my,
Barbieri, Strumia

X The LEP Paradox: m,;, light, new physics must be so close
but its effects are not directly visible

G. Altarelli



Examples:

® Supersymmetry: boson-fermion symm.

exact (unrealistic): cancellation of dp?
approximate (possible): A~ Mg gy-Mg g4

The most widely accepted

® The Higgs is a Uy condensate. No fund. scalars. But needs

new very strong binding force: A..,~10°Aqcp (technicolor).
Strongly disfavoured by LEP

® Large extra spacetime dimensions that bring

My, down to o(1TeV)

Elegant and exciting. Does it work?

® Models where extra symmetries allow m, only
at 2 loops and non pert. regime starts at A—~10 TeV

"Little Higgs" models. Now extremely popular around Boston.
. Does it work?
G. Altarelli



SUSY at the Fermi scale

Many theorists consider SUSY as established at M;,
(superstring theory).

*\Why not try to use it also at low energy
to fix some important SM problems.

*Possible viable models exists:
MSSM softly broken with gravity mediation
or with gauge messengers
or with anomaly mediation

Maximally rewarding for theorists
Degrees of freedom identified
Hamiltonian specified
Theory formulated, finite and computable up to M;,

— Unique!

G. Altarelll Fylly compatible with, actually supported by GUT'’s



®Coupling unification: Precise

SUSY fits with GUT's _ .
matching of gauge couplings

From doep(My), at Mgy fails in SM and
sin?6,, measured Is well compatible in SUSY
at LEP predict Non SUSY GUT's
a.(m,) for unification ———= 0s(M;)=0.073+0.002
(assuming desert) SUSY GUT's

_ B N a,(Mm,)=0.130+0.010
EXP: a,(m,)=0.119+0.003 T Langacker, Polonski
Present world average Dominant error:

thresholds near Mg,
® Proton decay: Far too fast without SUSY

* Mg, — 10%°GeV non SUSY ->1016GeV SUSY
« Dominant decay: Higgsino exchange

While GUT's and SUSY very well match,
(best phenomenological hint for SUSY!)

In technicolor , large extra dimensions,

o Altarel little higgs etc., there is no ground for GUT's




GUT's Effective couplings

depend on scale M o
a.(M) The log running is

computable from
spectrum

po oW b1

My logM Meur M

The large scale structure of particle physics:

* SU3) @ SU(2)se U(D) unify at Mgy; _ Tic
e at My;: quantum gravity Newton Mif

g r~1033 cm
Superfstring theory: /

a 10-dimensional non-local, unified theory of all interact’s

G. Altarelli The really fundamental level E



By now GUT's are part of our culture in particle physics

o Un|ty of forces: G OSU(3)y @ SU2)y U(1)

unification of couplings
« Unity of quarks and leptons
different "directions" in G

« B and L non conservation
->p-decay, baryogenesis, v masses
e Family Q-numbers
e.g. in SO(10) a whole family in 16

« Charge quantisation: Q = -1/3-> -1/N

colour

Most of us believe that Grand Unification

must be a feature of the final theory!
G. Altarelli



Neutrino masses point to Mg,
well fit into the SUSY
picture and in GUT’s
and have added considerable
support to this idea.

G. Altarelli



Log,;m/eV ~ —— Neutrino masses

1 b are really special!
c 1 @
8 S u mt/(AmZatm)1/2~1012
d u
6 e Massless V's?
, ® N0 Vi
®* | conserved
2
Small V masses?
0 o WMAP
Upper limit on mv / ° VR very heavy
(Amz )1/2
L @m3)re o * L not conserved

“\  KamLAND
G. Altarelli



A very natural and appealing explanation:

Vv's are nearly massless because they are Majorana particles

and get masses through L non conserving interactions
suppressed by a large scale M ~ Mg ¢

n o~ M m < m, ~ v ~ 200 GeV
v M M: scale of L non cons.
Note:
m, (A m?,,,)1/> ~ 0.05 eV

m ~ v —~ 200 GeV

@ M~ 101> GeV

Neutrino masses are a probe of physics at Mg !

G. Altarelli




Baryogenesis ng/n,~101% ny <<ny

Conditions for baryogenesis: (Sacharov '67)

« B non conservation (obvious) —

e C, CP non conserv'n (B-B odd under C, CP)

* No thermal equilib'm (n=exp[u-E/KT]; ug=Hg, mg=myz by CPT

If several phases of BG exist at different scales the asymm.
created by one out-of-equilib'm phase could be erased In
later equilib'm phases: BG at lowest scale best

Possible epochs and mechanisms for BG:
e At the weak scale in the SM Excluded
« At the weak scale in the MSSM Disfavoured
 Near the GUT scale via Leptogenesis
Very attractive
G. Altarelli



Possible epochs for baryogenesis

() BG at the weak scale: T, ~ 0.1- 10 TeV

Rubakov, Shaposhnikov; Cohen, Kaplan, Nelson; Quiros....

In SM: e B non cons. by instantons (t Hooft)
(non pert.; negligible at T=0 but large at T=T,
B-L conserved!

e CP violation by CKM phase. Enough??
By general consensus far too small.

e Out of equilibrium during the EW phase trans.
Needs strong 1st order phase trans. (bubbles)
Only possible for m,<~80 GeV
Now excluded by LEP

G. Altarelli



Is BG at the weak scale possible in MSSM?

® Additional sources of CP violation

Sofar no signal at beauty factories

® Constraint on m,, modified by presence of extra
scalars with strong couplings to Higgs sector

(e.g. s-top)
® Requires:
m,<80-100 GeV; m

Espinosa, Quiros, Zwirner; Giudice; Myint; Carena, Quiros, Wagner;
Laine; Cline, Kainulainen; Farrar, Losada.....

<m,; tgp—~1.2-5 preferred

s-topl

Disfavoured by LEP

G. Altarelli



Baryogenesis A most attractive possibility:

BG via Leptogenesis near the GUT scale

T ~ 1012%3 GeV (after inflation) Buchmuller,Yanagida,
_ _ Plumacher, Ellis, Lola,
Only survives if A(B-L)#0 Giudice et al, Fujii et al

(otherwise iIs washed out at T, by instantons)
Main candidate: decay of lightest vV (M~10%° GeV)

L non conserv. in V, out-of-equilibrium decay:
B-L excess survives at T, and gives the obs. B asymmetry.

Quantitative studies confirm that the range of m;from
v oscill's Is compatible with BG via (thermal) LG

In particular the bound m, < 101leV Close to WMAP

was derived
V\

G. Altarell Buchmuller, Di Bari, Plumacher



Most of the Universe is not made up of
Dark Matter . Srs: . ~1, 0.-004, Q, ~0.3

Most Is non baryonic dark matter and dark energy

Cold Non relativistic SUSY: 1

C at freeze out

Good clustering at small distances
(galaxies, ...)

Neutralino:
Good candidate

Axions not excluded

Hot Relativistic Could be v's
c at freeze out ——>» g t-

Relevant for large scale mass distrib'ns Q,<0.015 (WMAP)
Conclusion:

Most Dark Matter is Cold (Neutralinos, Axions...)
Significant Hot Dark matter is disfavoured
Neutrinos are not much cosmo-relevant.



But: Lack of SUSY signals at LEP + lower limit on m,,
—)  problems for minimal SUSY

4
3 o M, H

® |In MSSM: mimmicszﬁjL 5———In ;::NBU GeV
Axmpsin B m,

So m, > 114 GeV considerably reduces available
parameter space.

mER‘ - Barger ef al. Phys Rev D49({1954)4908
® In SUSY EW symm. > _ 3 mi{mt) = 160 GeV
breaking iIs induced oo '.,4
by H, running uﬁﬂm - TP
Exact = [ my,
location 2001~ :
implies 0 o My o _ my
G. Altarelli constraints 10,2 10* 10° 100 10"
| ~ 4 Q (GeV)




m, can be expressed in terms of SUSY parameters
For example, assuming universal masses
at Mg; for scalars and for gauginos

2

2 2 2 2 _
M7= Cq iy + Coiy + C,A, + €y c,=Cc,(m,a,...)

Clearly if m,,, m,,... >>m,: Fine tuning!

LEP results (e.g. m,, >~100 GeV) exclude gaugino
universality if no FT by > ~20 times is allowed

Without gaugino univ. the constraint only 2 - 2
: - - - L eluine T
remains on mg,;;,, and is not incompatible
[EXP. - Myin, >~200GeV]

Barbieri, Giudice; de Carlos, Casas; Barbieri, Strumia; Kane, King;
Kane, Lykken, Nelson, Wang......

G. Altarelli



Large Extra Solve the hierachy problem by bringing
Dimensions gravity down from M;, to o(1TeV)

Arkani-Hamed, Dimopoulos, Dvali+Antoniadis; Randall,Sundrun....

Inspired by string theory, one assumes:
e Large compactified extra dimensions
 SM fields are on a brane

e Gravity propagates in the whole bulk

y. extra
R dimension G.~1/M2. -
. — R: compact'n N eI
y radius Newton const.
Mg, large as
y=0 "our” G weak
brane
tf . . .
S ) The idea iIs that gravity appears weak
| as a lot of lines of force escape In
G. Altarelli

extra dimensions



r >> R: ordinary Newton law
y=0 brane

e .
2 T a2 2
r A PIF

r << R: lines In all dimensions

Gauss in d dim: ~ |

1
F~ 2 d—4 2

m (mr) “F

By matching at r=R

(MP : = {Rm}d_4
I
@ Form=1TeV, (d-4 =n)
n =1 R= 10 cm (excluded)
n = 2 R= 1mm (close to limits)
G. Altarelli n=4R=10°%cm



Limits on deviations nyms _
from Newton law V(r) = =G ——(1 + ae ")

Larnoreaus
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FIG. 4. 95% confidence upper limits on 1/r-law violating in-
teractions of the form given by Eq. (2). The region excluded by
previous wotk [2,3,20] lies above the heavy lines labelad Lrvine,
Moscow and Lamereaux, respectively. The data in Fig. 3 im-
ply the constraint shown by the heavy line labeled Eot-wash.
Constraints from previous experiments and the theoretical pre-
dictions are adapted from Ref. [8], except for the dilaton pre-
diction which is from Ref. [14].



Generic feature:
compact dim. Kaluza-Klein (KK) modes

@ p=n/R m2=n2/R?2 (quantization in a box)

*SM fields on a brane

The brane can itself have a thickness r:
1/r >~1TeV r <~101" cm

=y KK recurrences of SM fields: W,,Z, etc

cfr: ®Gravity on bulk

Many 1/R >~102 eV R <~0.1 mm
possibilities:
®Factorized medtric:

ds” = dxdx" + h(y)dy'dy

*Warped metric:  Randall-Sundrum

-2kR -
G. Altarelli dﬁz — € |q}|l’| }l‘»'ds‘:”df‘:\r _Rz(pz



® Large Extra Dimensions Is a very exciting scenario.

® However, by itself it is difficult to see how it can solve
the main problems (hierarchy, the LEP Paradox)

* Why Rm) not 0(1)? () = &m)”
LIN ~ 1/R must be small (m,, light)

* But precision tests put very strong lower limits
on A (several TeV)

In fact in typical models of this class there is
no mechanism to sufficiently quench the corrections

® No simple baseline model has yet emerged

® But could be part of the truth
G. Altarelli



The scale of the cosmological constant is a big mystery.

Q,~ 0.65 m— ppo(2 103 eV)4~ (0.1mm)-4
In Quantum Field Theory: p, O (A yor)? Similar to m,!?

If Acutort — Mp) > p, 010123 pyp

Exact SUSY would solve the problem: p,= 0
But SUSY is broken: p,~ (Agysy)* = 10°° p,. v

It is interesting that the correct order is (py)¥* ~ (Agy)?/ My,

Other problem:
Why now?

So far no solution:
A modification of gravity at

0.1mm?(large extra dim.) P 4 —rad  Quintessence?
e Leak of vac. energy to other n\
. /\ o~
universes (wormholes)? vt
000 >
Now

G. Altarelli



Little Higgs Models Georgi (moose),
Arkani-Hamed & C.

(f;j [SU{Z}E} U(1)]> DSU(2) r::z? U(1)

global gauged SM

H Is (pseudo)-Goldstone boson of G: takes mass only
at 2-loops (needs breaking of 2 subgroups or 2 couplings)

cut off A ~10 TeV
A2 divergences canceled by:
om4,.,,  hew coloured fermion x
dM2ygauge W' Z', Y ~1 TeV
OM?,iqgs  NEW scalars

2 Higgs doublets ~0.2 TeV

| E-W Precision Tests? Problems
G. Altarell GUT's?  But signatures at LHC clear



e.g.: enlarge SU(2),,..« — global SU(3)

guark doublet — triplet

SU(3) broken spont.ly

Yukawa coupling:

?«.[ITL bTL }CTIJ expi i -

S

f

- N - _

Mlpig+ bty bty |hig— f}{TLIRfLTfL-I—

[
* *

top loop:

G. Altarelli

AR 0
P = expi
P 7 0
/]
expl. SU(3)
_ breaking
0 A
f_
N /7
N

coeff. A2 - - O- -
1:R

Af
XL QtR
/.

- Nt



Little Higgs: Big Problems with Precision Tests

Hewett, Petriello, Rizzo/ Csaki, Hubisz, Kribs, Meade, Terning

Even with vectorlike new fermions large corrections arise
mainly from W', Z’ exchange.
[lack of custodial SU(2) symmetry]

A combination of LEP and Tevatron limits gives:

f > 4 TeV at 95% (A = 4T

Fine tuning > 100 needed to get m,, — 200 GeV

Presumably can be fixed by complicating the model

G. Altarelli



Summarizing

® SUSY remains the Standard Way beyond the SM
® What is unique of SUSY is that it works up to GUT's .

GUT's are part of our culture!
Coupling unification, neutrino masses, dark matter, ....
give Important support to SUSY

® It Is true that the train of SUSY Is already a bit late
(this 1s why there iIs a revival of alternative model building)

® No complete, realistic alternative so far developed
(not an argument! But...)

® Extra dim.s Is an attractive, exciting possibility.

. ‘AI{_J}JIII§ Higgs models look as just a postponement
| (both interesting to keep in mind)



