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Summary of the Standard Model of
Particle Phys1cs o
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» Particles and SU(3) X SU(2) X U(l) quantum numbers

‘ gauge interactions
S N atter fermions

emRURERy el ukawa interactions
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Precision Tests of the Standard Model
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Lepton couplings \= Pulls in global fit: Summer 2006 §
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Status of the Standard Model _'_

| ’g  Perfect agreement with all
. accelerator data

. . Consistency with precision electroweak data
(LEP et al)

« Agreement seems to require -
weighing

» Raises many unanswered questions:
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j Openuestions beyond the
Standard Mo_del

What 1s the origin of particle masses?

due to a Higgs boson? + other physics?

Why so many types of matter particles?

Unification of the fundamental forces?
at very high energy ~ 101 GeV?

Quantum theory of gravity?

v 73 il | A




GRAVITATION
QUARTIQUE

EXTEA DIMENSIONS ?

.‘A"._ ...__ e o —j'f

A lot accessible s Some accessible only indirectly:

directly to the LHC Astrophysics and cosmology? ‘
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Some particles have mass, some do not t
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Where do the masses
’). come from?
= i

s

Newton: =
Weight proportional to Mass |

-
|

Finstein: % -'
Energy related to Mass d |

i Neither explained origin of Mass

| Are masses due to Higgs boson? ; . \

(yet another particle) U
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The Higgs-Brout- Englert Mechanism |

Postulated effective scalar ﬁeld potentlal

E [{_;"}_ — —Ji.ll“(_;i\‘l {;'.Ji' -+ )‘1[ 1’;';"-' {;"J' Jlg

Minimum energy at non-zero value:

O massive:
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Constraints on the Higgs Mass

h 4 -
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Masses, other quantities sensitive via quantum loop

corrections: . i . i Ta

My sin® Oy, = m.gg cos? By sin? By = (1 + Ar)

2GF
Ar sensitive to top, Higgs masses:
V2Gr ., 11 M3

mZ,(—In—= +...), My >> my
9 H 2 H !
167 ; ms

Preferred Higgs mass:
Compare with lower limit from direct searches:



Summer 2006

Indications on the Higgs Mass

3 - — = = T —

Sample observable: B  Combined information
W mass @ LEP & Tevatron o - - on Higgs mass

1 —LEP1 and SLD
LEP2 and Tevatron (prel.)

68% CL

(5}
Aot =
— 0027580 00035
=== 0 02748000012
=== incl. low QF data

| Excluded % o Preliminary_ ‘
300 |

: My, both reduced by - 2 G>



nggs Detectlon at the LHC
T =

. In several different channels §

(1 dt=30f" H - yy
= ® ttH(H — bb)
(no K-factors) H - 22" 5 41
ATLAS H - WW" o v
qqH — qq ww
qqH — qq1t
Total significance

- _ -1
|Ldt=10fb ATLAS
" [Ldt=30m" (no K-factors)

Signal significance
)
=
b

| here discovery easier
. my> 1144 6eV | ith H - 4 septons
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Theorists getting Cold Feet

* Composite Higgs model?

I« Interpretation of EW data?
* Higgs + higher-dimensional operators?
| » Little Higgs models?

. Higgsless models?

Kraml et al: hep-ph/0608079
e -




WEEF
i« Higgs field:

<0[H|0>#0
|+ Quantum loop problems -
j Cutoff

N Cut-off A ~1 TeV with | i

e New
inconsistent with

—10Te£
“
.
|

%4

Fermion-antifermion
condensate

Just like QCD, BCS
superconductivity

Top-antitop condensate?

needed m, > 200 GeV

precision electroweak data?

force?
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Heretical Interpretation of EW Data

-1% v lf i " 23 . ! . ' o -
- What attitude towards LEP, NuTeV? B

f Do all the data g | — | |
4 Either .

tell the SAme StOI'y? e Anomaly Two 36 Anomalies | saistical
- (Gienuine CL(Fit A) = (.02 | Fluctuation

Ay Anomaly
Genuine

vN Systgmatic error What mOSt

— of us think
CL(Fit B) = 0.17

Statistica

] —  CL(Fit B") = 0.067 Fluctuation |
__________ : CL(A, ®A,) = 0.004

Ay Systematic error

a N )
e RN W /) P E New [Physics
- 7 to Ingrease my

SN N T T T T

_ Statistical
CL(mH > 114) =0.05 Fluctuation 1

SM !
my <205 95% | |

D 1 1 11
10 20 &0 100 200 500 1000 2000

myg(GeV)
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Higgs + Higher-Order Operators

.’
2

Precision EW data suggest they are small ne .
y ’ 1 i ) 23 ‘_. A= .-b- - '- - _.. N 7 r—/, 1 _ ‘r
o |
Dimension six operator | ¢ = —1 | ¢ = +1 &} "ti 4 . k
Bowy 8L, 1 -
Owp = (H o HYW® B, | 9.0 13 -
we = (H70"H) Wi, By | But conspiracies [
Oy = |H D, H)|? 4.2 7.0
_ — ~ | are possible: m;; EEE
O'LL — E( L",r’luflfﬂ L:I 8.2 5.8 ld b 1 7
- b r
O = iDLy [ 14 [ 80 cowid be ldrge, g /
N even 1f beheve 0 ’

I 3 10 30 100
Scale of new physics in TeV

'lJErf,{ lower bounds on A/TeV § ‘ EW data
v .

Do not dlscard p0581b111ty of heavy nggs ;
>
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Little H1ggs Models

1 AoT

Embed SM 1n larger gauge group
Higgs as pseudo-Goldstone boson
Cancel top loop

" _} f 1 \ et (115 L ] .'.\2.' 1_}
OMy 4op (S M) ~ (115G eV )*( 0007

220 ~ 21} f >

with new heavy T quark [ 1 TeV

6Grme A
malog— < 1.2f
V272 M

New gauge bosons, Higgsesyi <5 TeV (m, /200 GeV)?

Higgs light, other new Mw’ <6 TeV (my /200 GeV)?
M., < 10 TeV

Not as complete as susy: more physics > 10 TeV
\ “! - ‘ el z A #

2

o2 o (LH) ~

physics heavy

—_"L“'-:n-.

i | =y
-~ Y & F— -
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UV completion ?

Generic Little sigma model cut-off

colored fermion related to top quark

nggs MO dels [ new gauge bosons related to SU(2)
‘ Y o -~ il

new scalars related to Higgs

(nggs as pseudO—Goldstone 2d 200 GB\L— 1 or 2 Higgs doublets,

2 possibly more scalars
boson of larger symmetry) P&
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Loop cancellation mechanism S L Ay
_ — T . — e =5 - ‘“ i.,, - ,__
m F/f:\ .-;’ -2 r{,’F i .N"-\\
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Little Higgs
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Higgsless Models?

0N
:

* Break EW symmetry by boundary conditions in extra |
dimension: |

 Warped extra dimension + brane kinetic terms?
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Haiku by Matsuo Basho v,
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In a way,

it was quite fun

not to see Mount Fuji
in foggy rain

R
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The Large Hadron Colhder (LHC)
’ !w .
- /au-.‘ L,.
Proton- Proton Colhder y

.

,":‘7Tev+ 7 TeV

—">

Primary targets:
*Origin of mass
*Nature of Dark Matter
-= *Primordial Plasma
% *Matter vs Antimatter
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LHC Progress Dashboard

\ j Mam dipoles

LHC Progress
Dashboard

Cryodipole overview

LHC Progress

A‘ Accelerator
Technology
B Department Dashboa I’d

Cryogenic line

=

Accelerator
‘ Technology
&0 Department

Cryogenic distribution line

1250 320 TEightseptor =k
L 300 f
%’ L s B ) My e RS P R I S
1000 260 -
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01-Jars01 01-Jar02 01-Jan03 01-Jar04 01-Jarkds 01-Jar06 01-Jard0? a _M
—— Cold masses delivered —Cryodipoles assembled 01-Jan-01 01-Jan02 01-Jan03 01-Jan04 01-Jan05 01-Jan06 01-Jan07

= Cryodipoles cold tests passed
= Cryodipoles prepared forinstallation

== Cryodipoles assigned to positioninring
= Cryodipales installed

m—Pipe elemerts delivered  =—de=Sendce modules delivered  =—e=Iistaller  =—e=Int2rconnected

Updated 31 Jul 2006

Accelerator to be completed 1n

4 Summer 2007,
First collisions November 2007

2 nrovided by

G. Riddane AT-ACR




Remammg LHC M1lestones

Lst magnet delivered October 2006

Last magnet tested December 2006

| Last magnet installed March 2007

Machine closed August 2007

| First collisions November 2007
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Machine Commlssmnmg

‘ . " g N E\\A . A
e Sectors 7-8 and 8-1 will be fully commissioned

up to 7 TeV in 2006-2007. If we continue to

commission the other sectors up to 7 TeV, we

will not get circulating beam in 2007

-

)J, * The other sectors will be commissioned up to
| the field needed for de-Gaussing.

N

* Initial operation will be at 900 GeV (CM) with
a static machine (no ramp, no squeeze) to
debug machine and detectors

- .'.y
[,
k< \.h

f-"\

.| » Full commissioning up to 7 TeV will be done in
| the winter 2008 shutdown
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~ LHC-B CERN
"a?.ﬁpo'nt B -T=" ATLAS ALICE
o | Point 1 <=z Point 2







ATLAS Experiment

Muon Detectors Electromagnetic Calorimeters

. Forward Calorimeters
Solenoid

End Cap Toroid

; Inner Detector
el Tnoid Hadronic Calorimeters

Diameter 25 m
Barrel toroid length 26 m
End-cap end-wall chamber span 46 m
Overall weight 7000 Tons
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36 Nations, 160 Insti

TRIGGER & DATA
ACQUISITION
Austria, CERN, Fnland, France, Greacs,

Hungary, ltaly, Karaa, Polared,

Portugal & witzerland, UK, LI
F

RETURN ¥QKE

Bamel: Czach Rep, Estoria, Gemany, Greeca, Russia
Erdcap Japan®, US&, Brazil

otal weight

SUPERCOMDUCTING
MAGMNET
All countries in CRS confribute

o Magnet financing in particular:

Finlard, France, laly, lapan®,
Korea, Swikarland LS4

12500 T

Overall diameter : 150 m

Overall length
agnetic  fiald

21.5 m
4 Tesla

&,

tutions, 2008 Scientists and Engineers (Nweber 2003

TRACKER

Austia, Bekjium, CERM, Finlare, France, Mew Zealard
Garmany, lkaly, lapan®, Switerknd UK, US&

HCAL

Barral: Bukarnia, Inelia, Spain®, UsA
Endcap: Belarus, Bulgaria, Russia, UkEins
HO: India

CRYSTAL ECAL
Belars, CERN, Chira, Craatia, Cypus, Frarce, reland
ltaly, Japan®, Porugal Russia, Serbia, Swizerlard, UK, US4

PRE SHOWER
Armenia, Belarus, CERN, Greece,

Irelia, Russia, Taipei Uzbekisan

FORWARD
CALORIMETER

MUON CHAMEBER 5
Bamet Auswia, Bulgaria, CERM, China,
Germariy, Hurgary, [aly, 5 pain
Erdcap Balams, Bukjania, Chira, & Orly through

Korea, Pakistan, Russia, Us & irchestrial contracts B

s
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The CMS Cavem




The LHC Physws Haystack(s)

~1/(1 TeV)?
« Most have small couplings ~ o?

B L

—= 1 e Compare with total cross section
1] m'::‘f.ﬂi‘;m:3 ~ 1/(100 MeV)?
- e Fraction ~ 1/1,000,000,000,000
| * Need ~ 1,000 events for signal

e Compare needle
~1/100,000,000 m?
. o ‘ ¢ Haystack ~ 100 m?

-_ * Must look in ~ 100,000 haystacks
AT N W § ‘

RN e

-



Huge Statlstlcs thanks to ngh Energy and Lum1n031ty

Process Events/s Events per year| Total statistics collected \
at previous machines by 2007

W- ev 15 108 104 LEP / 107 Tevatron

Z— ee 15 107 107 LEP

tt 1 107 104 Tevatron

bb 106 1012 - 1013 10° Belle/BaBar ?

H =130 GeV 0.02 10° >

g9 )m=1TeV 0.001 104 -

Black holes 0.0001 103 ---

m>3 TeV

(MD:3 TeV, n:4)

| LHC is a factory for anything: top, W/Z, Higgs, SUSY, etc....

mass reach for discovery of new particles up to m ~ 5 TeV
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Entry—level LHC Physms

B 5 SRl ~~ ik <
e Measure and understand minimum bias

" » Measure jets, start energy calibration

| ®* Measure W/Z, calibrate lepton energies
?j * Measure top, calibrate jet energies &

3 missing B

e First searches for Higgs:

— Combine many signatures
~ | —need to understand detector very well

| ® First searches for SUSY, etc.

N.




W Tald %

Standard Model @ LHC

' N RN TN .
. ]et mult1p11c1ty d1str1but10ns from data:

— to fix normalization for Monte Carlos
* W, Z: theory uncertainties will dominate

LEP2 and Tevatron (prel.)

— 5 MeV possible?
— remember LEP!

e Hope dm, <1 GeV

— underlying event, jet E

; o HOpe 6mW < 10 MeV _ — LEP1 and SLD

— eventually + 0.5 GeV?




Looking for New Phy51cs @ LHC

A 2 - T =
e Need to understand SM f1rst

— calibration, alighment, systematics

* Searches for specific scenarios, e.g., SUSY,
vs signature-based searches, e.g., monojets?

- |
o

| » False dichotomy!
e How to discriminate between models?

— missing energy: SUSY vs UED?

| \
L:;»: * higher excitations, spin correlations, spectra, ...

Y ’ﬂ . \ ; g
. [/ £




New Calculations may provide Shocks

= —

ATLAS

* ALPGEN q.«i—wuﬂﬂ

1'1.*

?
®

Pythia
LBNL-5564 | f _#

10200 2000 JDIZ."FJ 4000 §
M, (GeV)

Standard Model background comparable to SUSY 31gnal




‘ Still Much Homework for Theorists

“ = F A S - i - SN ) T e i
{ =

Still many processes uncalculated

L. pp — V Vjet ttH . new physics ﬂ
| 2. pp— H + 2jets H production by vector boson fusion (VBF) ||
5 3. pp — tibb ffH |
| 4. pp — tt+ 2jets ttH E

5. pp— VVhb VBF— H — V'V ttH  new physics *

6.pp — VV 4 2pets | VBF+ H - VIV

7.pp — V + 3jets various new physics signatures

8 pp— VVV SUSY trilepton

® Powerful new QCD techniques: SUSY, twistors |
e N AR = X



CMS
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A la recherche du

Higgs perdu ...

&

a(pp —-H+X)
Vs =14 TeV

m, =175 GeV 1051_
CTEQ4M o
a
--------- 10%,
~~~~~~~~~~~ o
------------ -
....... 4 =
10 0
L
3 o : 108 €
E nml ---- _ - g
L5k == Hit
gnm- 50% i - ..:"'i.._ ‘-""--... ""Il;g-:llg:""--... . 2 m
g / M. Spira et al. gg9.qg—=Hbb -, s 10
2 ouf Noa@co T -
5%

| Indirect information |



A la recherche

du Some Sample Higgs Signals

Higgs perdu ...

PR~ L | S

Higgs M,_,=440 GeV Jx1 0)
[l Higgs M,=130 GeV (x10)

Higgs M,=115 GeV (x10)
[ ee Drell Yan

O jets py,q > 50 GeV

[ y+jets (1 prompt y + 1 fake)
] y+jets (2 prompt y)
O vy box

m _d. i

Signal (135GeV/c?)
EW/QCD 2t+jets
[ ttbar W+jets

Fit to Signal

Fit to Z* (- 21)
-=== Fit to ttbar W+jets
—— Sum of fits

LI N L I L B O LB LB |

L=2301"

[Imy= 140 GeV
[ my= 200 GeV
[ my= 250 GeV
] my= 350 GeV
[ my= 450 GeV
C1ZzZ

[C1zvb

I

Nevts (30fb™) / 5GeV/c®

150 200 250

M, [GeV/c’] I

a2
[=]
=]




When will the LHC discover the Higgs boson?

— S0 discovery

- = - 95% C L exclusion

<
£
Z
8
A
3
g
z
E
5

CMS+ATLAS

LEP exclusion

400 500 600 700 R0OSO(LO0D
my, (GeVic))




What 1s Supersymmetry (Susy)?

| ’-;- The last undiscovered symmetry?

* Could unify matter and force particles
()| Boson >
Q|Fermion >

= |Fermion >

2 [inks fermions and bosons Sk

» Relates particles of different spins
0 - - L - -2

» Helps fix masses, unify fundamental forces

' e
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Loop Corrections to H1ggs Mass2

VN £ | .
. » Consider generic fermlon and boson loops

4'-
e
.
¥

g/ e Each is

= |

iy : 3
e N1 =
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It predlcts my <150 GeV

>
[0
O
L
0
o
>
h=
=
©
Ro
0
[
o

by EW data

JE Nanopoulos Ohve + Santoso: hep ph/0509331‘&
. T :

AN sﬁggéstéd N

e M=l L1 THDL 005
5in -"aﬁ:u.zsl?iu.ﬂ:m
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MSSM

World Avemge




Astronomers say
that most of the
matter 1n the
Universe 1S
1nvisible
Dark Matter

them with the
LHC
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| » Stable 1n many models because of

conservation of R parity:

N« Particles have R = +1, sparticles R = -1:
| Sparticles produced 1n pairs
Heavier sparticles = lighter sparticles
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Possible Nature of LSP | ._

3 No strong or electromagnetlc 1nteract10ns

* Possible weakly-interacting scandidates

(Excluded by LEP, direct searches) iy
(partner of Z, H, ) W

(nightmare for astrophysical detection)




Sparticles may not be very

Dark Matter
Detectable
Directly

My e (GeV)

My yse (GeV)

' CMSSM, pu=0

My vse (GeV)

My yse (GEV)

with 10 Te' constraint

LEEST, u=0
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JE + Olive + Santoso + Spanos |
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Classic Supers

mmetric Signature

y AT W .

\ e
Et = 330 Gav

"I.

>y
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7

Missing transverse energy

carried away by dark matter particles § o
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Z-candle normalization, Ef'“>2l]0 GeV

- =@ == Z{sux)s >=2) (Z-tag data)

s [z} 223} (e tag sfficiancy)

— 7{vv}4 >=2] (ditactly normalized 1o data)

Light sparticles
@ low luminosity

¥ _— 200 800 900 1000
% E™* (GeV)
y 3

mEUGRA HM1
--—- i+t

— Fim i+EWK
——+0CD

e
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1160
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b0 10D 1
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CMS E*° + multijets, 1 fb”

— mSUGRA LM1

[:3-3
—y
<,

g
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How soon will we know? | » WK

Initial LHC Reach for Supersymmetry

Discovery reach vs time with jets + E;™ss signature (most model-independent)

ot E mis Signature .
Mo iy susng < | ] | ATLAS

50 discovery curves

1400

M, (GeV)

| | band indicates factor + 2 variation
/| in background estimate

~| ~ 100 days :
up to 2.3 TeV

Discovery reach for
squarks/gluinos

~ "1 day" @ 1033:
up to 1.5 TeV

Time mass reach
1 month at 1033 ~ 13 TeV
0 200 400 600 S00 1000 1200 1400/1600 1800 2000 1year at 1033 ~ 18 TeV

0

the detectors and the backgrounds ...

1year at 1034 ~ 25 TeV :
But : it will take a lot time to understand | M, (GeV) ultimate (300 fb1)| ~2.5-3 TeV '
rl ¥
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Implications of LHC Search for ILC

In CMSSM

y . A
—g &
\ b ¥
X LY
L -
\

LHC already sees
beyond ILC ‘at turn-on’

CMS+ATLAS

10

2
10

LHC luminosity per experiment (fb '}

‘month’ @ 1032

‘month’ @ 1033

1 ‘year’ @ 1033

1 ‘year’ @ 10%*

Blaising et al: 2006
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\ Summary >

¥+ The origin of mass is the most pressing in particle
physics

Y Needs a solution at energy < 1 TeV

Higgs? Supersymmetry?

¥+ Lots of speculative 1deas for other physics beyond the
o Standard Model

Grand unification, strings, extra dimensions? ...

We do not know what the LHC will find

o Its discoveries will set agenda for future proj






