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The LHC physics run will soon start, finally.
2008: 10 TeV  2009: 14 TeV

Physics top priorities at the LHC (ATLAS&CMS):

* Clarify the Higgs sector

* Search for new physics at the TeV scale

* Identify the particle(s) that make the Dark Matter
in the Universe

Also:
® LHCb: precision B physics (CKM matrix and CP violation)

* ALICE: Heavy ion collisions & QCD phase diagram

At this point, fresh input from experiment is badly needed



The Higgs problem is central in particle physics today

The hierarchy problem == New physics at ~1 TeV

) SUSY
GUT's Technicolor
Quantum gravity Little Higgs
Hiocos Extra Dim
88 Anthropic

( \ Dark matter

The flavour problem [Dark energy]



The main problems for the SM show up in the Higgs sector

2
Viiges = Vo — Wo'e+ X(W(b) +Hy, Yy po+ hc

/ \

Vacuum energy Possible instability

Voexp~(2.107 eV)* depending on m,
Origin of quadratic The flavour problem:
divergences. large unexplained ratios
Hierarchy problem of Y;; Yukawa constants



The Standard EW theory: L= L 0+ L g
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L ymm: Well tested (LEP, SLC, Tevatron...), L ;..: ~ untested
All we know from experiment about the SM Higgs:
No Higgs seen at LEP2 -> my> 114.4 GeV (95%cl) «__

Rad. corr's -> m,< 190 GeV (95%cl, incl. direct search bound)
@ V=<0>=~174 GeV; my=m,cosd, —» doublet Higgs



The Tevatron is reaching the SM sensitivity

Herndon, ICHEP ‘08

95% CL Limit/SM
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Tevatron Run 11 Preliminary, L=3 !
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Exp. 1.2 @ 165, 1.4 @ 170 GeV

Obs. 1.0 @ 170 GeV

July 30, 2008 ]

155 160 165 170 175 180 185 190 195 200

m(GeV/c?)

95%CL Limits/SM

Tévatron Runll freliminary | === 1.CLs Observed

L=1.0-3.04fb" e 1-CLs Expecied
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| quote:

“CDF/DO exclude at 95% C.L.
the production of a SM
Higgs boson of 170 GeV”



Experiments prove that all couplings are symmetric

Basic tree level relations: (accuracy few per mil)

[All corrected by small, computable f(m,?, logm,)
radiative effects]
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Yet the symmetry is badly broken in the mass spectrum!

Gauge symmetry predicts  All gauge bosons Massless
All fermions

In spectrum:

atom 173 a5 cey 8Slobal SU(2) symmetry!
Also, for example, m; and m are not 0
Spontaneous symmetry breaking ?

Currents, charges symmetric. Spectrum totally non symmetric

SSB in gauge theories — Higgs mechanism



That some sort of Higgs mechanism is at work has
already been established

The questions are about the nature of the Higgs particle(s)

One doublet, more doublets, additional singlets?

SM Higgs or SUSY Higgses

Fundamental or composite (of fermions, of WWV....)

Pseudo-Goldstone boson of an enlarged symmetry

A manifestation of extra dimensions (fifth comp.

of a gauge boson, an effect of orbifolding or of boundary
conditions....)

Some combination of the above



Suppose we take the gauge symmetric part of the
SM and put masses by hand

Gauge invariance is broken explicitly.
We loose understanding of accurate validity of gauge
predictions for couplings.

The theory is no more renormalizable, but what is the
problem at the LHC scale?

The most immediate disease that needs a solution is
the occurrence of unitarity violations in some amplitudes

To avoid this either there is one or more Higgs particles
or some new states (e.g. new vector bosons)

Thus something must happen at the few TeV scale!!



With no Higgs unitarity violations for E,, ~ 1-3 TeV

Unitarity implies that scattering amplitudes cannot
grow indefinitely with the centre-of-mass energy s

In the SM, the Higgs particle is essential in ensuring
that the scattering amplitudes with longitudinal weak

bosons (W, , Z,) satisty (tree-level) unitarity constraints
|[Veltman, 1977; Lee-Quigg-Thacker, 1977; ...] Zwirner

An example: A(W: W, — Zp Zr) (s> T”’%V)
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2
v .mj S
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[ — _E . ;
v2(s — m3)

If no Higgs then something must happen!




Theoretical bounds on the SM Higgs mass
800 L L T I B I

A: scale of new physics
beyond the SM £00

Upper limit: No Landau s, 400
pole up to A
Lower limit: Vacuum 500
(meta)stability

No Landau pole

Vacuum stability

- A NI T AR N A
The LHC was designed to 09 106 109 1012 1015 1ol
cover the whole range A [GeV]

If the SM would be valid up to M ;, My then m,
would be limited in a small range

Lower now >

b — 128 GeV < my < 180 GeV
® ecause of m,




Higgs potential 4 “Wrong” sign

: . 2.2 . .4
Classic: Vie] = —u"¢" +Ard u2>0, A>0
H 2 Hz B Mgy
¢=}U+E —> v = > = T
.4 .4 s> ) RG_ 4
Quantum loops: “d = Ao ‘1+~f1u_2+...\ mp (A (A)
(Ren. group improved pert. th) ' A ""I i«
¢ = [exp (v (1)drle
\Running coupling t=InA/v h=top Yukawa
P — (1) = constla? + 30h7 — 9} + smalll
2 m
iti iti i = —H and hy, = —
Initial conditions (at A=v) 0= 2 0r — 7y
v



Running coupling t=InA/v h=top Yukawa

X\
D) _ g (1) = const[D + 30k — 9t + small)

dt
2 m,
. . _ Ji. — !
Initial conditions (at A=v) Ay = —, and [l
4v
. yes
Too small m,? h, wins, A(t) decreases. V(o)
But A(t) must be >0 below A for the
vacuum to be stable
(or at least metastable with 3 n
lifetime T>TUniverse) Cabibbo et al ‘79........ vacuum Unbound
Altarelli, Isidori ‘79 energy
stabilit B 3 ag(mz) —0.118
y myg > 12954+ 2.1[m; — 171.4] — 4.5 9,006

o, (mz ] —'I:I'-llé?:]

@ Isidori, Ridolfi, Strumia ‘01



Condition for stability
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Adding the metastable possibility:

130*_1' AR 'y LT
L Instability ' 27~ Meta—stability. ~~”. < Stability
:} L Y 1'1 - : i L'.-"' - = P - * # ’
| o~ - _
S 1755 ; :
R i
3 - 90% cl
2 r ]
z I
E 170 - :
E i i
165 [ g .-.fj | L - . B
110 120 130 140 150

Isidori, Ridolfi, Strumia ‘O1

Higgs mass my, in GeV [ G.I, Rychkov,

a The unstable region is almost ruled out Strumia, Tetradis ‘03]



Upper bound (more interesting for the LHC) h=top Yukawa
=

P t=InA/v
‘f% = B, (t) = const[\® +30h> — 9k + small]
b m2 m
. . . H d h — _I
Initial conditions (at A=v) %o = o and o, =
Too large my? A2 wins, A(t) increases.
. Mo The upper limit on myis obtained
A1) ~ 1 — Dyt by requiring that no Landau pole

occurs below A
Rather than a bound

Landau pole

my < ~180 GeV if A~Mg; says where non pert
~ 600-800 GeV if A~o(TeV) effects are important
Caution: near the pole pert. theory inadequate. ?

Simulations on the lattice appear to confirm the bound
@ Kuti et al, Hasenfratz et al, Heller et al



Summarising: in the SM

Isidori, Rychkov, Strumia, Tetradis ‘08

500

.§....§...

Higgs mass my, in GeV

||§|||

: Instability _
u [ | | | | | | | | | | | | | | | | i

10 10° 10 10" 102 10" 10 108
scale of new physics A in GeV



Precision Tests of SM

The only recent development in this domain is the decrease
of the experimental value of m, from CDF& DO Run I

The error went also much down!

(Run | value: 178.0+4.3 GeV)

March ‘08
This has a small Top-Quark Mass [GeV]
effect on the quality
. CDF . 1725 +1.8
of the SM fit and on 1

the my, bounds e T 1727 +1.8
EiDoF: 9.2/ 10
m l . l
t My LEP1/SLD 172.6 * 132
quallty l LEP1/SLD/m,,/T\, 178.7 151.§
Summer08 :
140 160 180 200

m. [GeV —

ICHEP'08: 172.4+1.2 GeV . _LGeV]

&



March ‘08

Overall the EW precision Measurement Fit | 10™7-0%0™%
tests support the SM and
a |ight Higgs. m,[GeV] 91.1875+0.0021 91.1874 |
,[GeV]  2.4952+0.0023 2.4959 m
ol [nb]  41.540+0.037  41.478 e——
The Y2 is reasonable: R, 20.767 £ 0.025  20.743 m—
A 0.01714 + 0.00095 0.01643 m=m
A(P) 0.1465 + 0.0032  0.1480 W
x*/ndof~17.2/13 (~199%) R, 0.21629 + 0.00066 0.21581 M=
R, 0.1721 +0.0030  0.1722 |
_ : AL 0.0992 = 0.0016  0.1038 T—————
Note: does not include A% 0.0707 = 0.0035  0.0742
NuTeV, APV, Moeller A, 0.923 + 0.020 0.935 =
and (g_z)lLL A, 0.670 + 0.027 0.668 !
A(SLD) 0.1513 +0.0021  0.1480 —
sin07(Q,) 0.2324 +0.0012  0.2314 =
_ SPTRR, m, [GeV] 80.398+0.025  80.377 M
ay 3¢ deviation: ry[GeV]  2.097 +0.048 2092 ¥
m, [GeV] 1726 + 1.4 172.8

@ March 2008 0 1 2 3



Electron g-2: A recent measurement Odom, Hanneke,

D'Urso, Gabrielse '06
= (g-2)/2 = 11596521808.5(7.6) 10°13

8 _ | +r:g( )+C4('T) +Cﬁ(g)3 +C3(E)4+ Best determination
2 s

™ of 0gep
+a,. t+a T ,
pr " Radiome % o= 137.035999070(98)
da;, small S
Value given in Aoyama et al ‘07, after a
a(hadron) = 1.671 (19) X 1012 theory error was corrected
a(weak) = 0.030 (01) X 10~12 10 5 PPP=10% 5 10
T T | B  — | p—  p— T @ llEllElnHI]":?:-n Ig-ll'ia;"-"ér'ﬁ ':lE'j':'IE:ll e l':é I:lE':I':'IG:nl
H- Harvard (2006) F"SEEUDE?, . ._II , glgu::tmng UW (1087) |
THO o 85 8.0 05 100 1057 B
h"h"-‘""'“'-a.._,_ 10 ____,_..r.---...-..,_...---
UW ( 1 98 ?) (k) Rb(2008) |_“'_Il_:'_'»;ul-;I:«:;:*irzn gl; Harvard (EDDE]
L L : L .. Ll e =. it 1000) |_.._| quantum Hall (2001
fELreEn ", ; , ' y muonium hfs
1 BG 1 85 1 90 a-: Jmepﬁsnn: et-: “ 0)
{1908) . . ol gle::tmnlg, Ly :198?]

(@/2-1.001159 652 000) /1072 =° " 0 @ ewoiee

ot - 437.005 000y /1078
\L/



Muon g-2: more sensitive to new physics by (m /m)2~2 104

BNL '04-'06: a,= (11659208.0 + 6.3) 10°'°

E 220~ + Avg.
- F M sM _ QED , EW , _had
e, 0 { } - a," = a; a, a,
s 200 - i /l
E [e'e]
1gu:_ ..............................................................................................................................................
1“02,_ ................................................................................................. } ..........................................
-“rug_ ................................................................................................................................................. - L by L
1EDE,_ ......... Ex pErI mEn t .......................... Theury ...........
150
hELd L'C' 'C‘!ﬂl,u. ) J(‘ RI:S I:S]
Cp 4m= ds "

N o(eTe %h&drc}ns}
R{’E} - J(E+E_HH+P‘._} ?



From the latest value of a. (G. Gabrielse et al., 2006):
ot = 137.035999710(96),

", o

| Eidelmann, ICHEP'06
Contribution @y, 10—1Y
Expermment 11659208.0 = 6.3
QED 11658471.94 £ 0.14
Electroweak 15.4+=0.1=x=0.2
Hadromnic 693.1 = 5.6
Theory 11659180.5 = 5.6

Exp.—Theory

27.5 = 8.4 (3.30)

{

aQFP — (116584718.09 £ 0.14 £+ 0.08) - 10— 11,

Mostly VP-LO
VP-NLO = -9.8%0.1
LbyL = 12.0£3.5

Knecht, Nyffeler'02
Melnikov, Veinshtein'04
Davier, Marciano '04

‘07: 29.518.8 (3.4G) Hertzog et al ‘07



N

[CHEP-2006 July 28, 2006
New eTe™ Data Based Calculation of ahad E2
/3, GeV qhad.LO 1-10 Sah=d.LO o
2m 4.6 £3.1 1.0 73.0
1, 8.0 +£1.04+0.3 5.5
D 5.7 +084+0.2 5.2
0.6 —1.58 h42+194+04 7.8
1.8—-5.0 41.1 £0.6 0.0 6.0
T/, 7.4+ 0.4+ 0.0 1.1
= 5.0 0.9+0.24+0.0 1.4
Total 690.9 & 3.9¢p = 1.9,24 £ 0.7gcD 100.0

Higher accuracy of e
compared to 15.3 of EJ, 1995 and 7.2 of DEHZ, 2003!

T

+e~ data: the a™41© error is 4.4 (0.63%)

S.Eidelman, BINFP

p.17/24



From e+e- data: ~3.3 ©

Observed Difference with Experiment:

a P — g SM

» p (27.5 £ 8.4) X 1010

®» 3.3 "standard deviations"”

Davier/Hocker

DEHZ 03 (e*e™-based)

180.9+8.0 L ik

DEHZ 03 (t-based)
18956638

HMNT 03 (e’ -based)
176.3+7.4 | v

J 03 (e'e-based)

i79.4+59.3 (preliminary)

TY 04 (e*e™-based)
180.6+59 (preliminary) —{—

DEHZ ICHEP 2006 (e*e™-based)
180.5+56 (preliminary) ——

BNL-EB21 04
208+5.8

*—~——_ Hadronic contr.
from data.

T VS e+e-
discrepancy

140 150 160

a4, — 11659000

170 180

190

i
2

|
200 10

(1079




[[Foflee] = [Fof ieDd Fofi]

CVC in the 27 Channel. eTe™ vs. T

=
(X

=
P
|

01|

01 |

=
ra

0.3

03 04

Difference: BR[r] — BR[e*e- (cva)]:

Mode AT —ete)

“Gigma“

s ar rxv, +0.92 + 0.1 4.5
T~ a3zt —0.08 = 0.11 0.7
r-—=2x-x+x%_ +0.91x20.25 3.6

e*e- data on x-x+*x%°r? not satisfactory

LI I S I ILRLL B LR LA LI I I —r 1 1 —Tr r 1
r * CMD-2 _
CLED
1;"}:?.:%5 n;’;gm ] — % 2547 012+ 047
: o OLYA ]
] OPAL
mOpd -] % 254440172028
L3
i 265,44 0160010
! ALEPH prefminary
o | 2547 £0. 1020008
i g'e” GWG T Average
g 24524032 —8— e 2548 £0.10
N N P | \ R J1 ] L .
05 08 O0OF 08 09 1 11 12 23 24 25 26 27
a2 (GaV®) B{v —vm ) (in %)




Observed Difference with Experiment:

a,™ —a,™M = (27.518.4) %1010

®» 3.3 "standard dewviations"”

Could be new physics  1a 1a-10/100Ge VA 2
eg light SUSY ba, = 13-10 (MSUSF) '8P
oY

LS a, is a plausible
70 nE Lo
: location for a

new physics signal!!

But the e-t discrepancy is not understood:
theoretical errors underestimated?



Large Q2 precision tests

A ° 0.23099 = 0.00053
A(P) L 0.23159 = 0.00041
SIN20,,
A, v 0.23221 = 0.00029
O,c
The two most precise ﬂfﬁ_{_i * 0.23220 = 0.00081
measurements Oy 0.2924 = 0.0012
|
do not really match! Average iy 0.23153 = 0.00016

+“id.ot:11.8/5

This unfortunate S
fact makes the o
Interpretation —
of precision tests E . il Acf®) = 0.02758 = 0.00035

Iess Sharp ] | | | | | m.-'= 172.7 i.ElgGEH

I |
0.23 0.232 0.234
lept

@ singﬂﬁﬁ




Plot sin?6_4vs m

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

Clearly leptonic
and hadronic
asymm.s push my
towards

different values

sinzﬁﬁ“

0.2324
0.2322 -
0.232 [
0.2318 -
0.2316

sin Diﬁ world av. ]

0.2314

0.2312

0.231

SIN20 4

P. Gambino

M‘I =1

. lept. asymm

hadr. asymm._

M=172.6 GeV

M +10

2. lept

30 100 200

300 400 500
M, [GeV]



APz vs [sin26],.,: New physics in Zbb vertex?

After all the 3rd generation is somewhat special

The difficulty is that:
® No deviations are seen in A, (SLD) and R,

® A quite large shift in g, the Zbb right-handed coupling
is needed (by ~30%: a tree level effect)

2 2
81 8R
F=

3
817 SR

SM: g7=072>>g5=002  (Ap)s, =~ 0.936

from APrg~s(A,)., - A, = 0.055 + 0.018 > ~3 G

But note: (A,)¢p = 0.923+0.020, Ry ~8.°+8r?
also R,=0.21629+0.00066 (R.¢,~0.2157) &«



0.05

Q.04

0.05

0.02

E:gﬂ

0.01

-0.01

-0.02

-0.01

Choudhury,
Tait, Wagner '01

0.992 g,(SM),

1.26 go(SM)

\

Too large for
a loop effect.
Needs a ad hoc
tree level effect

/

Mixing of the b quark with a vectorlike doublet (w,y) with

charges (2/3, -1/3) or (-1/3, -4/3)? crwor

Or mixing of Z with Z' and KK recurrences in extra dim

models?

Agashe, Contino, Pomarol '06; Djouadi, Moreau, Richard '06



® The measured value of my,is a bit high (given m,)
(now came a little bit down from 80.420 -> 80.398)

March ‘08

W-Boson Mass [GeV]

2

| —LEP1 and SLD
LEP2 -t 80.376 + 0.033 | ee%CcL
>
Average 80.398 £ 0.025 3§
w2/DoF: 1.1/ 1 = 80.4
=
NuTeV ——A— 80.136 £ 0.084 E
LEP1/SLD 80.363 £ 0.032 80.31
LEP1/SLD/m, 80.363 + 0.020 | S0 ,,
' ' 150 175 200
80 80.2 80.4 80.6

m,, [GeV]

March 2008



Plot m,, vs m,

m,, points to a
light Higgs!

Like [sinZ0 ]

80.45
80.4
3
=,
<  80.35
80.3
80.25

P. Gambino
March ‘08
myy
M, world average
M, +10
= M, -1a
M=172.6 GeV
a0 100 200 300 400 00

M, [GeV]



Sensitivity to m,

Qw(Cs)
ﬁngﬂng[a'a'}
sin®a, (vN)

g ivN}
griv)

L Illll L] L] L] ¥
March 2008

“preliminary

10




only my, ~°  only m, My, m,
m(GeV) 178.7+12-9 172.6x1.4 172.8+1.4
my(GeV) 143+236-80 111+56-39 87+36-27
log[my(GeV)]  |2.16+0.39 2.05+£0.18 1.94+0.16
o(m) 0.119028)  |0.1190 27)  |0.1185 (26)
y?/dof 16.8/12 16.0/11 17.2/13
my(MeV) 80385(19) 80363(20) 80377(15)

WA: m,=80398(25)

Rad. corr.'s predict m, and m, very well. May be also m}|!

<>




Status of the SM Higgs fit

March 2006 m, =160 Gey

Winter ‘07 6
Sensitive -
Rad Corr.s ->  to log m, 5

log,,my(GeV) = 1.94+0.16 ? 4-
m,=87+36-27 GeV " =,

(5]
. , mhi =
" i —D.02758+0.00035
i} - 0.02749+0.00012
= % wee jncl low Q2 data

3_ -
4

This is a great triumph for the 2_’ )

SM: ~right in the narrow |
allowed range log,,m, ~2 -3 1- |
: | Excluded g reliminary
Direct search: m;> 1144 GeV  © — L Trelminar

30 100 300

m, [GeV]
At 95 9% cl

my, < 160 GeV (rad corr.’s)
my < 190 GeV (incl. direct search bound)



log,,my ~2 is a very important result!!

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

logm,-> logA + const

Any alternative mechanism amounts to identify the physics of
A and the prediction of finite terms.

The most sensitive to logm,, are &, ~Ap and &, (or T&S):

log,,my ~2 means that 3GFIHZW ? My

f. . are compatible with £ = — tg By | log— + f

1,3 dt! 1 7~ & Yw| 08 1

the SM prediction 4”2 Z

New physics can change the bound 12107 5

on my, (different f, ,): well possible! __ Grw {10 "H | }

Some conspiracy is needed to >l al omz O
C_BS|mulate a light Higgs 0_45"10_3



Barbieri, Hall, Rychkov

04— 71— T
| [Im=172.7 +2.9 GeV
We see that to | m, = 114...1000 GeV
shift m,, up 1U=0
0.2 - B
we need a new
physics effect  ~©1
that mainly - o- -
pushes T up _ m;=400-600 Glev
-0.2 - \ Tmt |
. m, :
0.4+ 22 Gk
0.4  -0.2 0 0.2 0.4



n

Here “Higgs"” means the “the EW symmetry breaking mechanism

Is it possible that the Higgs is not found at the LHC?

_ The LHC range is large enough:
Looks pretty unlikely!! "« -4 Tevg © :
the Higgs should be really heavy!

Rad. corr’s indicate a light Higgs (whatever its nature)

Such a heavy Higgs would make perturbation theory to
collapse nearby (violations of unitarity for m,,> 0.8 TeV)

e.g. strongly interacting WW or WZ scattering

Such nearby collapse of pert. th. is very difficult to reconcile
with EW precision tests plus simulating a light Higgs

The SM perfect agreement with the data favours forms
@ Of new physics that keep at least some Higgs light



Precision Flavour Physics

Another area where the SM is good, too good

* Light Higgs -> New physics at ~ few TeV

e But all effective non rinorm. vertices for FCNC have bounds
above a few TeV

Apparently the SM suppression of FCNC and the CKM
mechanism for CP violation is only mildly modified
by new physics:

an intriguing mystery and a major challenge for models of
new physics



The study of B decays (BaBar, Belle, CDF...) has revealed

no signs of new physics

= [omd

-I__

0.5

I|1ll|ll

-0.5

The LHCb experiment
at the LHC

will go further in

this direction



A hint for new physics in B, mixing (CDF&DO data)
UTfit analysis

Mixing amplitude = SM contribution + NP contribution

Sh —254. y 2i(NF _ 3. t ll
- idk AC;ME’ 213 + flEJPE’EH:'JE 9. <B H 1 |B )
B, € - = SYPEGHE — ‘::M
AN e =10 (B, By)
& eof Ui = o F Ui .
2" 60 All constraints .?- 3 Needs a large A
4::;— i{mzﬁf_
201~ Abs. value OK s
of Phase -> NP? :
-20F 150
a-l'-'IDl;— 15—
-60 FANP ~ 0.7 -->
C 0.5
jy T A A T R AT T
[h 20 40 60 80 100 120 140 16D 180
CEE NP
@ ~2.506 combined evidence 5



Adding effective operators to SM generally leads to very large A
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M(Bd—Bd} _ I (I 7 | 4 Cap — |
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M -

tree /strong + generic flavour y ,
- » A=22x107TeV [K]

., loop + generic tlavour . i
~1/(16 ) » Az2x10° TeV [K]

. tree /strong + MFV _ i
~ (3, Vi'V)? - » A=5TeV [K&B]

Cnp

loop + MFV
-

~ (3 Vi;'V)?/ (16 ©¥) A=0.5TeV [K &B]

But the hierarchy problem demands A in the few TeV range
only assuming c,p~ (v, V,;, V,;)* (or anyway small)

we get a bound on A 1n the Te"\mnge

eg in Minimal Flavour Violation (MFV) models
D'Ambrosio, Giudice, Isidori, Strumia'02



B-factories, CDF, DO..... have severely tested the CKM picture
(in the particularly dangerous 3rd generation sector).

The CKM picture is confirmed as the main source of CPV

This poses strong constraints for models BSM

Not only one needs small NP contributions at the weak scale.
But also to control feedback from high scales thru RGE

In particular additional constraints on SUSY models.



