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Outline .

¢ Lessons from the past: Successful strategies of NP searches
Historic examples reminding us of the principles of searches for New Physics

¢ Status quo: The ever surviving Standard Model
Precision tests of the SM and consequences for the (B)SM physics theories

¢ The future: Application of the successful methods at future colliders

The next major machine: The LHC
... and a short look beyond the LHC

¢ Summary of the research area “collider experiments” in Hamburg

Disclaimer:
By definition a 30’-talk on “New Physics at colliders” is incomplete
Try to avoid overlap with other talks and focus on results obtained in HH

il

For illustration | label results with strong Hamburg involvement Hﬂl
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The very beginning

Searches for New Physics in HEP started
almost 100 years ago

Rutherford, Geiger, Marsden (1911)
Scattering of a-particles on Au-target
E~4.4 MeV

Experimental result:
Excess of a’s at large scattering angles

Interpretation: New Physics!

Atoms have a nucleus !
B 10-"“m, positively charged
B Carries almost the full mass of the atom

Successful strategy: scattering experiments

Scintillation sereen

Slits

Lead block
{for shielding)

Alpha source

Au target Phil, Mag. xxi, 669 (1911)

Atorn has
\ *¢substructure
.

Number of events

scattering angle
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@ SLAC 1967:
Scattering of electrons on protons
«~ Beam energies up to 20 GeV

¢ Experimental result:

= Proton structure (F,) is independent of
momentum transfer (Q?2)

@ |Interpretation: New Physics!

Fylx, 0%

= Proton consists of point-like partons (quarks) ! U0 asen s eens x=008
02
. . e : wpeete v s ees A x=0
@ Successful strategy: scattering experiments ! ® _
1. Use fundamental particles as probes Qf reessaesanozs ]
2. Use highest energy (Vs ’ :
’ ) oot e
= Heisenberg: momentum transfer determines oos} t o ]
resolution AX =1/ Ap p ,\I*kjwl"'f‘o’ssf
= Einstein: high energy allows production of 2 B PR
high mass particles E =mc? @(GeV
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Deep Inelastic Scattering at its best e

@ Following this path rigorously

¢ HERA, Hamburg (1992-2007)

Scattering of electrons (fundamental!) on
moving (energy - resolution !) protons

ISg
Nz = <)FETRA

= Energies: Vs= 320 GeV .
T s HIE_RA!&_III____
¢ Experimental result: § 10 “na Aot trd il
= Precision measurement of proton structure ] o _“;‘;
E1D“i » ——— SM e'p NC (HERAPDF 0.1) 2
. " . ™
¢ |Interpretation: Rty
10'3:3_-- * H1el’pcclIS—Dd{pml.b e
= Precise confirmation of QCD L amsescomorem
= Constraints on New Physics iy i o
e.g. quark are point-like: R<0.6:10-8m Y |
107" b
. . 10 10* o (GeVd
@ Successful strategy: scattering experiments e
pod i LU B N - e
1. Use highest energy (Vs) z | --wus'-v.** §§=$§3.$-wcm¥
2. Use fundamental particles as probes e e
ks 3. Use highest luminosity (L) “g"*"*"““"*‘““'“““*-**:-‘—-Z-ﬁfi#?i-".-T:
(c) Quark Radius Limits (prel.)
AR 10° 10° Q* (GeV?)

—
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The Standard Model .

& Successful strategy of HEP: scattering experiments
1. Highest energy (Vs)
2. Highest luminosity (L)
3. Fundamental particles as probes

¢ Result after (for) decades: Standard Model, SU(3)-xSU(2),xU(1), gauge theory

Matter: fermions (J=7%2) quarks and leptons in 3 families
Interactions: vector bosons (J=1) el.-mag. (y), weak (W/Z) and strong (Q)
Mass: scalar boson (J=0) Higgs (H), undetected

¢ The theory describes all HEP measurements with incredibly high accuracy

2032001 - HERA
LEP Prelimina ° Gy < F ,
S y g D@ Run Il preliminary > N # H1e'p NC 94-00
=10 8 o[ & H1epNC
ALEPH [L o Iy _|<04(x10) 2 E o ZEUS e’p NC 99-00
DELPHI Foif + =10 ;s o ke © ZEUS e'p NC 98-99
30k L1 ! 3 & ot ¥ . B g 1 ZL ep -
3 N ’ AT o O4<ly |<08 i === SMo’p NC (CTEQED)
i_ £ ik k 10 - — SMeo'p NC (CTEQED)

_ -3 o 1 :
= I I C A z2f T e 7
£ ur / i : © 10F E=198Tev 0 e n, 3
E — . \, L ‘\.'B K B W 3
<3 bt bars Inery T:". 1y L~08ft \ 10 T , 4
iy Eaciac 10 W\ RacoonWW | YFSWW 114 [ Rene=07 \ « H1a'p CC 84-00 ol 3
10+ w0 ZWW vertex (Genle 2.1) L E— NLO pQCD '\‘ g [« mepce Wty i
5 § < only v, exchange (Gentle 2.1) 102)  plstveshod corrections (2ocp) &, "\ E = ZEUS0'p CC 99-00 £ £
[ Hadronization corrections applied 10 °[ * ZEUS 0')p CC 98-99 s ]
b 107 AR £ -=- SMe'pCC(CTEQSD) o ANE
Ll 5 . . . ) ‘ CTEQ6.1M Mg =H.= P, \dq . oo SM e'p CC (CTEQED) "4 1
O I o 10 ] 3 .
160 I, 2 : 50 100 200 300 L[ ¥eoo

om [GEV] p, (GeVic) 10 5 r
T QF (GeV?)

M?,=80.4:GeV*
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Successful techniques of NP searches

¢ Technique 1: Direct searches

Leptoquark Search, HERA I+l

. . 4
Search for real production of new particles (M) E: 10° H1
“on mass shell”, requirement: M<=vs S 10°F o (449 pb)
Clean signal in kinematic distributions of decay =~ @ 442k )
products (e.g. invariant mass) o I
_ @ 10g
¢ Past example: Z° discovery at SppS (1983) 1;:g:ﬂoata (prelim.) o
Clean peak in M, spectrum E sMuncertainty ([
100 150 200 250 300
M o/ GeV

D
v b =

¢ Today’s example: search for leptoquarks (HERA)

Leptoquark Search, HERA I+l (449 pb™)

i

]

s

: 107 \ S
LQs couple to electrons and quarks with A : \ = H1 probm. single LG 3
. . . & R H1 (94-00) single LQ
Expect peak in eq invariant mass spectrum N & [ ] D0 pair prod.
Result: no peak over NC background 10° ‘ A orainarimic
Interpretation: exclusion limits on model parameters 200 250 300 3:"0 . 430
e
LQ

il (MLQ’ ﬁy)
» Particularly strong inside kinematic reach (M<vs)
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Successful techniques of NP searches .

¢ Technique 2: indirect searches
Make use of small contributions of NP entering via virtual corrections
Even physics far beyond Vs can contribute, i.e. M»\s is accessible via precision!
Precision needed to resolve the virtual corrections

¢ Again a HERA example: virtual contribution to NC cross-section by heavy LQs

A
e LQ e e €
] A — X} ] 1 LQ
Q N
e | B oy — I ik Iﬁfusmffli&‘;"é”\: B
Expect deviation from SM at high Q2 E Lo *‘vﬂ'ﬁtﬁ-‘iéﬁf‘; ----- St M=087 Tev
No deviation = exclusion limits for scales | P =g
of new physics » \'s - Fresll
I1-03 | - I”w‘ | :Qzl (GEVZ}

pem ¢ Current HEP data agree with SM — indirect techniques are a major topic today
This will change once we open a new kinematic reach again (LHC)

Johannes Haller New Physics at Colliders 8



m
nm

Precision Measurements of the SM .

Most famous example for indirect approach: precision measurements on the
Z0 pole in e*e- collisions (LEP, SLC)

s |
F U=
o
S f
103
10 PGk
3 E
EI El —
KFKR
PEP-

e'e —hadrons

-+

Centre-of-mass ener rey (GeV)

Comparison with SM prediction sensitive to virtual corrections
Dependence on particles with M » Vs

f H
SM: ~m{? und ~InM,, W@W Al
TZIW S 1.ZIW W
i Z/W

Comparison performed using a y?2 fit:
Check the consistency of the SM prediction with the measurement
Constraint the model parameters (e.g. in SM: M)

Z Z ( | mes | theo(y))
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SM fits and indirect constraints

L2
| EESY
/ .I

. . gn . M, ( ers:...[ )
¢ Fit uses all sensitive observables available oz
s e
= Fit converges with x2ndf=16.3/13 — p-value=23% i |3
Al -0.9
¢ Overall good agreement of data with SM fit asio)| o
= Largest deviation (APrg) 2.56 known from the past el o
Ay 25
¢ Study most important SM parameter: M, . N I D
w Ay%=y2-y2.n as function of M, . - e
Adm (M) | 02
o 10 L I — -
R R : < =
7 E i R F 2 ' h
N E 0O e
j E = Minimumat M, =83"° GeV
qE\s —J20 H -23
Theory uncertaint —
’ — Fit inguding theo:ry errors = 20 interval: [42,158] GeV
2 ---- Fit excludin eory errors — :
NN A rit excluding theery errors El = 3o interval: [29, 212] GeV
0 _— 5, ® Light Higgs preferred by i
M, [GeV] precision observables m
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Direct searches for the SM Higgs

In e*e- collisions at LEP:
= Production via Higgsstrahlung
» Cross section falls steeply for M, >Vs-M,

= Result:
® Very strong exclusion for M ;< 113 GeV
® No exclusion for M >116 GeV

In pp collisions at TeVatron:

= Variety of channels sensitive up to M~200 GeV

= Exclusion for (cross section limit/ SM) < 1

e i |
T N e —
i [t 3c
\‘0

20
Theory uncertainty

— Fit including theory errors
-- Fit excluding theory errors

w1 T T T T T T T I
-

o
0k

7 2|

LT
3

o 10k

-

0k

o
w £

cabdre
0 100 102 104 106 108 110 112 114 116 118 120

m, (GeV/c)

Tevatron Run Il Preliminary, L=0.9-4.2 b

E LEP Exclusion . Tevatron
% e -] Exclusion
..... i

£10 — e

-l

(]

2

wn

o

1

100 110 120 130 140 150 160 1'1.'0 180 190 200
m,,(GeV/c?)

¢ Combination with indirect fit
provides most precise value of M,
in SM:
= Minimumat M, =116"7%° GeV
= 2o interval: [114,153] GeV

Johannes Haller
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Internal consistency of the SM

& M

n -
< N

b ]

¢ Direct measurements and fit predictions agree well

>
v
O

[ ="

80.55

80.5

80.45

80.4

80.35

80.3

80.25

80.2

80.15

68%, 95%, 99% CL fit contours
excl. M, m incl. Higgs searches

15 band for Mw WA

1o band for m,,, WA

II|IIII1

[ 68%, 95%, 99% CL fit
— contours excl. M,,, m

€l fiiter s

68%, 95%, 99% CL fit contours
incl. M,,, m o Higgs searches

150 155 160 165 170

175 180 185 190

m,q, [GeV]
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Why new physics then?

SM has several limitations and shortcomings

Outside of HEP: hints for Dark Matter (Galaxy kinetics,

Gravitational lensing, Fluctuations of CMB, ...)

Hierarchy problem due to weakness of gravitation
B Masses of scalar particles (H in the SM) unstable in

presence of large scale hierarchies (E,, «Ep )

Example solutions proposed
Models without fundamental scalar particle

B Techicolor, ...

New physics between E
M,, divergence

dimensions, ie. it is only diluted in our 4D world

B models with extra space dimensions (ADD, RS, UED)

Many of those SM extensions offer a Dark Matter

candidate

e.g. the LSP in supersymmetric models

i
ow @nd Epno to regularise the ”""""O'*“"H”
-

B e.g. supersymmetric extensions of the SM, little Higgs, ...
Gravity is not weak but acts in more than 4 space

© Scientific American

Johannes Haller
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lH-I n " . - .
Precision data and constraints on new physics “:

¢ Precision data usable to constrain new physics models (indirect technique)
¢ New particles 2 new contributions to vacuum polarization
¢ Model independent procedure: STU parameters [peskin and Takeuchi, Phys Rev. D46, 1 (1991)]

= Parametrize loop effects in model independent way
B S:isospin violating corrections
B T:remainder in Z pole observables
® U: additional corrections to M, (often: U=0)

One Universal Extra Dimension

scales: new effects can be
compensated by larger M,

300
68%, 95%, 99% CL fit contours (allowed)

200IlIlllIlllllllllllIllllll!lllllllll!llllllll
200 300 400 500 600 700 800 900 1000

¢ Example: Models with Universal 1000 T e
Extra Dimensions with radius R~ & pemnery

= Additional loop contributions from KK-  * E

top and KK-Higgs 700 -

= Forlarge R i.e. small radius, large 600 —
scales: allowed region identical to SM 500 =

= Forsmall R, i.e. large radius, small 400 —

Wil = In summary: allowed area in UED: R-'>300GeV and M,;<800 GeV
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Precision data and constraints on SUSY models .-

¢ Corrections from supersymmetric particles can be fully calculated

- Fits of SUSY models to electroweak precision data can be done

FTa s EE Pk BT F o3
¢ SUSY (MSSM) is a decoupling 80.70 | experimental errors 68% CL: o
theory LEP2/Tevatron (today)
L Tevatron/LHC
- Heavy SUSY (M~2TeV) looks 200 —— Icisigaz s
exactly like the SM = .
@ 80.50
g L
. . . =
¢ Overlap region with MSSM: region = ol
in SM with a light Higgs :
80.30n
¢ Current measurements are
consistent with the SM with a slight N both models (I ]
preference to SUSY :r 0 . IHeilnerlneg-'ler, IHr.»lllik.IE‘;lolckill1g»3.-lr. ‘m\:’eber,‘:c'\"eilglelin ?9:
160 165 170 175 180 185
m, [GeV]
¢ However, no constraints on SUSY can be derived from precision collider

data alone

Johannes Haller
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LH-l . I W -
Indirect constraints on SUSY models 3

¢ Recent fits include additional observables in SUSY fits; mainly:
= Relic density of Cold Dark Mater: 2-;h? LSP candidate for CDM

= Anomalous magnetic moment of the muon: (g-2),, virtual SUSY contributions
Buchmueller et al. 2007
B Currently: 3.5¢c away from SM (real effect?) w8

¢ CMSSM (mSUGRA): more precise prediction of M, T CMISSM
= Minimum close to LEP limit! M, =110 exp ) £ 3 (teo) GeV
® Corrections still ~In M, ,

» But M, dependent on SUSY parameters (and m,)
- constraint at low M, |

¢ Allowed regions in mSUGRA parameter space:
= Low mgand low m,, preferred — “small” SUSY masses "

130 10
my, [GeV /e

? T,LsP Predicted Mass Spectrum of SUSY Particles LE mSUGRA
O soof Buchmueller et al. 2008 | - l
3 800 —_ - - 1o Environment
£ > 1600 i
700 ——
Excluded from

)

- 20 Environment B
©. 1400 -
C = Best Fit Value

direct searches:

}//y%.

~—

) s : —
d Trileptons at o /«§ b s —
/@" gt ™ S full CMSSM s 800
Tevatron 300 B =~ parameter space S eoo
’ tat LEP\u - = 68% C.L. g -
X ';.\ e 95% C.L. E 400—

m R

0 800 1000 1200 1400 1600 1800 2000 oA

0 A0 OH* .0 .0 .0.0 7
my [GeV] W A'H'H KXy g Xy Ky X lg W T T2 A G By byt 1, O
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The Large Hadron Collider 31 .

¢ Remember our old concept of success:
Vst and L1

¢ LHC follows this concept “par
excellence”

= 7x energy and 100x luminosity of the
Tevatron

¢ Achieved with the following nominal
machine parameters:

machine parameter LHC
luminosity [cm2s] 1034

Vs [TeV] 14

BC interval [ns] 25

BC rate [MHZz] 40

# bunches 2835 (3564)
# protons per bunch 1.1 -10™M
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Conditions at the LHC ot

The high centre-of-mass energy and the high luminosity enable the direct
production of NP processes at the terascale.

Examples: Higgs, LQs, ED, heavy gauge bosons, 4" generation quarks, SUSY

(later more) ...
total pp- cross-section

o 'y
. £ 1201 R T K £
. but th|S comes at a = best fit with stat. error band /
. . a incl. both TEVATRON points )
Certa|n pI'ICe © 100 '___——_—— total ertor band of best fit l f_i_’__‘_
ngh \/S N hlgh cross section Lc;tgég;o;dband from ¢ ﬁllimodels I
High luminosity o ctot(14TeV) £100mb
Oinel(14 TeV) = =70 mb .«"“.{"
> ~25 interactions/bunch crossing 00 [ L
- ~1700 particles/ bunch crossing : 2w S
T O —=
el o AL
10 10 10°

centre-of-mass energy (GeV)

Interesting numbers. But what does it mean for the experiments?
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LY
DESY

Conditions at the LHC o

H—> ZZ — 2e+2p

me—w LW 2.
3 "

T

Ll
| o s s

~25 inelast. pp-
interactions

¥ . Lt e -
o -"I- . ._‘..

n F ' - ¥

L

40 MHz !!

¢ Challenge for experimentalists: Design and construction of
detectors that can cope with these conditions

Johannes Haller New Physics at Colliders
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The LHC experiments Yot

¢ Huge detectors with high granularity and fast readout to avoid pile-up

TRACKER

for comparison:

CRYSTAL ECAL :
Total weight : 12500 T -
Overall diameter : 150 m Forward Calorimeters
Overall length 215 m

Magnetic field : 4 Tesla

PRESHOWER

RETURN YOKE

Rutherford to
students: “There is no
money for apparatus,
we shall have to use
our heads!”

SUPERCONDUCTING
MAGNET

'ORWARD
CALORIMETER

HCAL
MUON CHAMBERS

¢ Highly selective trigger systems:

Selection of interesting events
B Only 1 of ~200.000 inelastic events

Multilayer systems
B Dedicated hardware and filter farms
Output: ~100 Hz

Crucial for physics reach

il
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Direct searches at the LHC: example SUSY  °.: .

¢ Production of supersymmetric particles at the LHC

Pair-production of squarks and gluinos

via the strong interaction:

—~ o~

£8,49,99,98 — £8,49,98

4 Long decay chains to LSP:

Jets (from initial squarks and gluinos)
Missing transverse energy (LSP)

Leptons

¢ Exact topology strongly model-
dependent = inclusive
selection:
At least 4 hard jets
E miss>100 GeV

events / 200 GeV / 1fb”

¢ Choose a sensitive observable
to compare with SM

Mg = > pro)| + EF

CDM candidate
- no interaction
with detector

9 ETmls
- ~ﬁl_ )zg f& -
ViR v W
/
q \q

E T T T =
C For
10°E —{ comparison:
; E iutan;u Phil, Mag xxi, 659 [1911)
B 1~
102 . _\.\.
E = \,
B 3 "‘.\ .
- 1 L \ esbsuciurs
10 - \\ .
- A - % ﬁ} -
NI 2% 7 R O ‘
0 500 1000 1 500 2000 2500 3000 3500 4000 AL

Effective Mass [GeV]

Johannes Haller New Physics at Colliders 21



Searches at the LHC: example SUSY .

¢ Expected discovery reach of the LHC Q . | jets + MET (CMS) T a7
in the mSUGRA parameter space: g — ' 100/pb @14 TeV
. . 700 ,-h\\\\ \ = = 50/pb@ 10 TeV
Early\/analy3|s using JLdt=50-200 pb-" oo AN
with Vs=10TeV \ |
» Reach up to M,y .4s~ 750 GeV e /// \.\.\ —
Mid-term analysis using JLdt=1fb"" with 300 T~ T parameter space
Vs=14TeV 1B
P:ef:?:;hrzz;tgn'\isﬁgs;:esd-rbe;/early m:' : 'zoo'\‘\a\o\}\o\\\s\u\o\\\o\u\n\\f\}o\n\\h' J600 'NﬁsFl;ﬂthP :mo

analyses mo [GeV]

& Once SUSY directly discovered -

measurements to enable indirect wssh

approach. fody=ity
2 escaping LSPs - model independent ::'E mineny
mass reconstruction impossible e
Instead: kinematic endpoints and 100/pb LHC data
model dependent interpretation Sy

B E.g. measurement of the dilepton edge
(x3 GeV) would significantly reduce the

v allowed region
6001200 740016001800 2000

Zedge_( 2 2)( 2 2 ) 2 0 00 400 600 80
Hﬂl (mu) =M =M J My =M, / mr mo [GeV]
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Understanding BSM models: the physics case of the ILC

DESY

¢ The LHC follows two of our success principles: Vst and L1
¢ But it does not collide fundamental particles rather protons

Experimental measurements will have quite some uncertainties
LHC gives huge uncertainties for more realistic SUSY models (e.g. MSSM18)

[Derived Mass Spectrum of SUSY Particles LE+LHC300 MSSM18 |

1000
900 - 16 Environment

800
700
600
500
400
300
200

IIIllllllIIII|IIII|IIIIIIIIIIIIIIlI!IIlHII

Derived Particle Mass [GeV]

100?
oEL L 1 |

20 Environment

Best Fit Value

LHC

— L

. .

berived Mass Spectrum of SUSY Particles LE+LHC+ILC MSSM18

- 1 Environment

600

Derived Particle Mass [GeV]

500

400

300

200

100

|

IIIIIIIIIIl!IIIlIIIIlIIIllI

| 20 Environment

= Best Fit Value

S 3 L O (] oY S | Y (Y | [ ) (Y ) P [ |

L]

ILC

— el e e e e o e e

& An electron-positron linear collider as a next step ...

... would allow precision measurements of the new physics theory

... would enable us to obtained a detailed knowledge of the new model as we

have today for the SM (“LEP for SUSY or other BSM physics”).

il
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/o @
| DESY

Summary &5

@ Enormous development of scattering experiments over the last century

Au targer POl Mag oci, B89 (1811) g _
I 1 1
[2] 10 1
E A I mﬁlter sl :30
O | ]
> [ 3
o[ !
5 -
— - 4
by \ o A0 e —— / |
o L N ..Im.ru ure ..me“ . oy __20
g - \\ — Fitincluding theory errors
zZ \ 2 - g ... Fit excluding theory errors |
L Iy | I s - - B P
. F- » =
Scattering angle e . S

@ This development continues!
¢ Next step is imminent: first data from the LHC!

¢ Truly Exciting Times for fundamental physics
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UH ®.
Research area “collider experiments” in Hamburg

4,";_." Y
. . . ./'-_\\\-. \
¢ World-class contributions in the last decades N\ :
Establishment of the Standard Model }L =
Hamburg has been a primary driving force in the field, e.g. TN /
b e*e collisions at PETRA: study of electroweak effects and i)
QCD (discovery of the gluon!) ~ Hland ZEUS Combined PDF Fit
» e*p collisions at HERA: study of the structure of the proton o " o ARGy ) | 5
and QCD

¢ Excellent opportunities via strong LHC+ILC
involvement for the years to come I £

First exploration of the Terascale .
Hamburg participates in ATLAS, CMS and ILC

P Next two years: SM processes at LHC (W,Z, top, QCD)
P Next decade: search for/measurement of New Physics

i

HERA Structure Functions

¢ Hamburg offers a unique environment for the research
area “collider experiment”.
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