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Colliders at Fermi Scale

before LHC (pp, 14 TeV)

1.96 TeV

320 GeV

Low energy contraints can also access these scales: precision can beat decoupling



LEP/SLC

ALEPH, DELPHI, L3, OPAL
L~=900 pb-/expt.

SLC (SLD): polarized e*e
at Z peak
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HERA

HERA:
p (920 GeV) e (27.6 GeV) 10 Status: 28-May-2007 1/07/07
; e
f"' — ¢electrons \lzz% GeV
* HERA 1:1992-2000 ~120 pb/expt & T posions
* HERA 2: 2003-2007 luminosity upgrade 2
E 300 - HERA-2 [ovp .
-
f
H1 Harvest at HERA 1+2: ~0.5fb™ E;
« 200 pb" ep E 200
* ~300 pb'erp =
2000
Since April 2007: Low Energy Run 100 -
E =460 GeV
e'p
2003
+ | 1
HERA program entering “u 500 *P 1000 1500
an exciting period: final analyses Days of running
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Tevatron

Run Il Integrated Luminosity | '94% 3092 25 Febuuy 2007

Lueninasity |Hbi

Analyses with 1fb', a lot more to go still

-> pp collider: CDF, DO
Runl E_=1.8TeV

130 pb-1/exp.(phys.)

Run Il E_=1.96 TeV

Todal Luminosity (fb-1)
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Standard Model Status

Measurement Fit  |[CeEs_gltyymes
0 ] 2 g

* Consistency check of the SM based on high P 003 e |
precision measurements m,[GeV] 91.1875+0.0021 91.1875
e More than 1000 data points combined in 17 I;[GeV]  2.4952+0.0023  2.4957

0
observables calculated in the SM from: Ohag [ND]  41.540£0.087  41.477
R, 20.767 £ 0.025 20.744
- o, (precision 3-10”) the critical part A« A?b,l 0.01714 + 0.00095 0.01645
(from e+e-->hadrons) A(P.) 0.1465+0.0032  0.1481
o . R, 0.21629 + 0.00066 0.21586
= Gy (precision 9.10%) (->MW) R, 0.1721£0.0030  0.1722
0b LE
- M, (precision 2.10°) from lineshape (LEP-1) Ob L Rl e DA0e
AY 0.0707 £0.0035  0.0742
- o (M,) (precision 2.10”*) hadronic Ab 0.923 £ 0.020 0.935
A 0.670 £ 0.027 0.668
observables o
A(SLD) 0.1513 =+ 0.0021 0.1481
~ M_ and M, sin®0P(Q,) 0.2324 +0.0012  0.2314
op iggs

m,, [GeV] 80.398 £ 0.025 80.374
« Zfitter 6.42, precision at 2 loop (M,, , sin?0,) Iy [GeV] 2.140 + 0.060 2.091
3-loop for p m, [GeV] 170.9+1.8 171.8




CDF M,,: 80413 % 48 MeV

Tremendous progress in
direct mesurements at
Tevatron

Higgs particle may be
round the corner (or not)

Mhisss=76+33-24 GeV
Mhisss<144 (182) GeV

Mt and MW

W-Boson Mass [GeV]

TEVATRON 80.429 £0.039
LEP2 80.376 £ 0.033
Average 80.398 £ 0.025
/DoF:1.1/1
NuTeV — —a— 80.136 £ 0.084
LEP1/SLD = 80.363 £ 0.032
LEP1/SLD/m, A 80.360 £ 0.020
86 8&2 80.4 866
my [GeV]

Top-Quark Mass [GeV]

CDF 170.1 +2.2
DY 172.0 + 2.4
Average 170918
x2IDOF: 9.2/ 10
LEP1/SLD 1728 s
LEP1/SLD/m,, /T, T8t o
140 1é0 150 260

m, [GeV]

1 1 1 1 I 1 1 1 1
1 —LEP1 and SLD
80.54 -~ LEP2 and Tevatron (prel.)
68% CL
>
()
© 80.4-
=
£
80.3 1
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6 ‘ m .. = 144 GeV
5 ) had | B _
— 0.0275810.00035 [ }
o 2 0.02749+0.00012 [ ¢
4 =+ incl. low Q° data [ -
L\I?.< |
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Direct Higgs Searches at Tevatron

z YF Tevatron Run IT Preliminary
E L -1
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Event with isolated e or y and P_™'ss

SM W: Total Cross Section ~1.3 pb
=> ~5 events/100pb-'with e or p

Jet, P.X
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; R, stem (X
isolated f*y (X)
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H1 HERA 1 (118 pb™', mainly e*p)

P.X>25 GeV 11 (Data) / 3.5+0.6 (SM)
(30)

Full HERA Luminosity
I+P.'}liss events at HERA I+l (eip, 478 pb'1)

@® Hi Data (prelim.) Np,,=59
m= Al SM Ng, =58.9+8.2

Signal

——

BT
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PX (GeV) e andu channels

Evidence for W production at HERA
Continue to observe events at high P_*

=>Look more differentially in e*p/e’p data samples
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H1l Results (e and p) e*p vs. ep data

|+P™* events at HERA 141l (€', 294 pb’) 1+PT'** events at HERA 1998-2006 (¢'p, 184 pb")
2] ﬂ B
= - 2 N,,..= 18

® H1Data(prelim.) Npu.=41 c 10° ©® HiData(prelim.) Npu.=
a:>102=— == AllSM (prefim.) Ne, = 34.5+4.8 d>J E == AlISM N, =24.4+3.4
> E i — ’l///,///;ﬁf//”
T : Signal o :

-:F +

f

0 10 20 30 40 50 60 70 l80
PX (GeV) e andp channels

AL

5 ,,1,/0,/ 20, Z 30,,,/ 40, 50,,, 50 7 70 28

P (GeV) e andp channels

Different observations

in e*p and ep. P*> 25 GeV electrons  muons

ZEUS do not support this observation Data/SM Data/SM
H1 294 pb' 11/4.7+0.9 10/4.2+0.7 3sigma
ZEUS 228 pb 1/3.2+0.4 3/3.1+0.5
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Events with leptons and photons

Search for (~ + X in 929 pb—*

Motivation -
e Run I eeyy Ky (107" expected, 1 observed) _s CDF Run | (@)
o (vFi: 7.6+£0.7 expected, 16 observed, 2.70 §a I:I? DnmiRaimee i
j ‘ . O g
Analysis i W2, acD, e fake+, Zyy
e Signature-Based search £2
. ; - . =
e a priori defined cuts (same as in Run I) W
e MadGraph, CompHep and Baur MC f5E8 50 TO0 TS0 TIo T
" " Photon E; (GeV) Lepton E; (GeV)
Results ; ; -
: .- : 2
by Er ey Er 1y Ex (e+ p)yEr >5 >1
Predicted | 94.8 £ 81 | 55.7 £ 7.1 | 150.6 & 13.0 8! 81
Observed 96 67 163 &1 =
o 1
50 £1 =
80 CDF Run Ii (@ e e
%? 0 » vE; Datajesu), 929 pb w w
Oen Owy .
S5 Dzy 50 100 150 200 250 300 50 100 150 200 250 300 350 400
s e fake y M (L 1) (GeV) M, L) (GeV)
£ BW, o, QCD, Zyv, Wy - =
@30 £l eey LY (
20 - —
Mo = Total 39.04+48 | 261 +£3.1 [ 851475
20 40 g0 3{: 1u1?%143}15{113{] - 1 {1'15:"0} “300 Observed 53 21 74
olon e epion a [ T V& E
i s o SR i 0 ey vs. 1.0£0.3, 0 7y vs. 0.62£0.15
Eﬂ: (c) 3 FrT T T T 25F
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= ] ©25 R Ozv 1 o5k [z
2% 220 @ OF B z. aco. zyy 1a | B zioco, e fake v, Zyy
220t g1s £ of 1 E1of
04 of 10 S 4 S I
10f E i R |
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Di-leptons searches (Tevatron)

Two electrons with P_>25 GeV

Di-Electron Invariant Mass Spectrum

95% CL Limits (Spin-1, e'e?)

B ILdt= 1.3 fb"
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New Result
Full HERA statistics

Multilepton events at HERA

H1/HERA I: observation of multi-electrons at high mass

Include muons; combinations: H1 Multi-lepton analysis HERA I+IT (459 pb™!)
ee, e eee, e [ — 7] _ —
) ,» eH, llL,l,. ,» €Ul ..E103 e+p (286 pb 1) £ 0 e (173 pb 1)
ZP_ “hardness” of the events o 0
' Q 243 leptons Q 23 leptons
102 10°
10 10
1 1
' GeV) 10 10
2 2 i
10°0 20 40 60 80 100 120 140 160 180 0°0 20 40 60 80 100 120 140 160 180
n2 2 P, [GeV] 2 P, [GeV]
" 2 - -
c e'pandep ZEUS
g 10° *E ' "e ZEUS (prel)
W 243 leptons <102 16 pb? <
) Gl N I s U — sM E
ey 10 = (oLl wee QEDC ]
4 NC 2
”,1 10 ee ;
1 ®
1 L““'-..
10 /
t 10-1 9 1 ]| emmr i
2 0% 50 100 150 200
10°0""20 40 60 80 100 120 140 160 180 M,,(GeV)
2 P [GeV]

For ZP.>100 GeV, e*p data: 4/1.2+0.
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Unambiguous signature for matter substructure: f
direct observation of excited states

Search for lepton-boson resonances

Lepton-Boson Resonances

full HERA E_ =320 GeV

luminosity

| f,  A=compositeness scale
awﬁ”,,,,,,,,» v

MA

Relative strengthy, Z,9 :
couplings f,f’, f,

ey, VW, eZ :
¥ , Search for e*, HERA I+Il (V's = 320 GeV, 435 pb) e % Z W)
Search for e*, HERA I+ll (v s = 320 GeV, 435 pb’) ~:;'1° - H1 PR ¢
9 45 = H1 4 H1 Data (prelim.) () - /2 el
C wF — AlISM C [
O F — » HERA “x
> 355 <
W = Search for e*—sey —~ 107 E CDF Run II (202 pb” o 2
30 Y- CH/A =My e _— 7 /| . ’
25 ;_ : A e()
20 F 5| HT HERA I (120 pb™)
15 E_ 10 = € LEP e
- H1 HERA I+l (435 pb™)
10 (preliminary) q 8
55
#%zllllll-ﬂ-lll 1 N I 10-4 LEP (direct) ¥/ Z
W0 W0 A0 A I WO e 46 60 180 500 220 340560 380 300
1 Tevatron e
e* Mass [GeV :

e* Mass [ GeV ]
f/A — 1/Me*
M., < 273 GeV excluded @ 95% C.L.
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events / 10 GeV

2

T 1 nulTl

—_
o

107

10°

Excited electrons(Tevatron)

" D@ Run Il Preliminary 1.0 fb™

*

100 200 300

®  DATA
Signal m(e*)=100 GaV (A = 1TaV)
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H i . - H
» ]:l theor. uncert.
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| . . . .
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: * : Y : ‘; :
i : : A
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.................... . S S
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Multi-leptons at Tevatron

Trileptons: very small background
spectacular signature

q

Can come from SUSY cascades

CDF: 14 topologies (e,M, tracks)

X1 I I N B N N N

D0:4 topologies

(pb™)
eel 0.76 + 0.67
il 0.32 + 1.34
wel 0.94 + 0.40
LS pu 1.1+ 0.4

Bkgd Data

Lumi
Bked 0.10 + 0.50 = 1.30 £ 1.70 £ 230+ 0.90 £
g 0.10 0.30 0.30 020 0.50 0.10

Inclusive techniques deployed
Very low number of events
No significant deviation found

XN N T I I T

LS=likesign




SUSY constraints from multi-leptons

0.5

o S WUEREEREEEEN N I B B B R
& & ‘ D@ Run Il Preliminary, 0.9-1.1 fb' {1 MSUGRA
— Iy ‘.ﬁ . -
ﬂ 0-4 e % ‘-' v == :JG = SN T “F"JEI =
% : %%, MG )=MGE)=2MGE): M()>M(z) ~]
2 z dg;..{} tanB=3, u>0, no slepton mixing
0.3 ‘ —
jﬁ: & = Observed Limit _
> i EPEEE . . Expected Limit -
g 0.2 —
IE'“"*-n---h--....-...H..........".........i..!i:l:-.l.!-gE'mﬂ ......
[T L1 L |tm:m*:"“| .:"I T H"i""'l"'"|"'“i”“i""'l""'|'""|'""l"T

L. i ]
I|\']'1'{:!'!‘.3! 110 120 130 140 150 160
hargino Mass (GeV)
» W/Z decays dominate

 m(slepton) slightly larger
than m( %,%

* no sensitivity

- M(x, > 141 GeV



Search for

lepton-jet resonances

Events / 20 GeV
2,

e ev
Lepton-jet resonance A<
q q
4
| 310
e+jet S 10°k NC
g :
) " 102k
: = 10 :
> 10 NC,P=-27%
w = e H1 data (prelim.)
£ SM uncertainty
JR

50 100 150 200 250 300
M,/ GeV

- CC,P=-27%
- -e-H1 data (prelim.)
1F —SM™

F SM uncertainty

250 300
M,/ GeV

50 100 150 200

HERA II, e'p, 92 pb

More data, e*/ep, (x2)
final domain to explore

< 1_ ; [elxalmgl)le: scalar LQ] {
i
107 .
: H1 (05) prelim. single LQ ]
;_/ —— H1(94-00) single LQ
D DO pair prod.
10%F | 3indi. imi
E i vagls 1o g4 1 g4 8 sl g o g8
200 250 300 350 400
M, o/ GeV
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Leptoquarks at Tevatron - Lo

=

Complex particle identification: LQ 2" and 3" generations o

CDF Run Il Preliminary (322 pb )

Number of evtents/(25 GeV)

—
=

pp—VLQ, VLQ,—(
—8— Do (L=i22ph'|

|:| VI | VLQ (=320 Gel e |
E] Z=3TT=4T,
B oco

br)(bt) pr, channel

P T

100 200 300 400 500 600 700 800 EIII}I]I1III]I]'I]'

H; (GeV)

fal]

—

=
wi

DO Run Il Preliminary, 1 fb

-
S LQ D ALFGEN [T — pul+|ez
3 16 I:l ALFGEN Waisireush
E PITHIS Mok
T I::] 000 Backgrund
E L @ mnanEm
B FTHE Sl N 200 a0
1
1
10 B f =
| B
: L [ |
1u_2 .:.
| " |
b yibt e (] e e e e hy .
1u-3 b | B VI AT T B _-'-'i:a.-t il tyleis
50 100 150 200 250 300 350 4m 450 500
Reconstructed Leptoquark Invanant Mass I|| (GeV)
LG reco



Single production at Tevatron

PLB 647, 74 (2007)

Here: second generation LQ,

|||||||F'I|||||||||I
L 180 200 220 240 260 280

M, [GeV]

More mechanisms, more sensitivity

single production: gain for larger couplings



Mass-coupling limits

—
T

=

o(pp — VLQ, VLQ,) (pb)
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——
—
Ild

LQ D@ Run Il Preliminary, 1 b’
LQ, CDF Run II Preliminary (322 b ™) s F 2 y
E' | LT L L | | 1 | | [N 1 | ! ‘E | g NLO -
: GR@PPA‘PYTHIAMonte Cade = ¢ | — 0 XBRE =M,
- BVLQ = 1D)=100% CTEQSL 5 o5 \ % = = oy ¥ BRermor (Q =M, )
B *Yang- M|I|5 Couplings - - f=05 6l 4 BR Q=M )
— = - Minimal Couplings — _ th L
E e |:| Theory Uncertainty (+ o m:l E 0.4 i —8— oy, - observed
= “n — B 05% CL
Observed 95% C.L. Limits- - G By APRCIE
= = Minimal Couplings _ -
= .“m—-— ‘r’ang Mllls Cnuplmg 57 0.3 210 GeV
B % - 214 GeV
0.2 &

- _l l?:gl B E - e.
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=i O 8s . | B 0.1
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Motivated by the anomalous eeyy E!

Multi-photon events at Tevatron

Search iur Y + X, X _ﬂ,r

ﬂu : lllllllllllllllllllllllll L l:
-:;3'5:._ C FHunII F'rerlrnler'tar}.I 1155ph :
S5 —— Standard Model
= 3_— =
Te: F ]
£2.50 -
2 :
L 2 —e— —
1.5 =
0.5" =
;_.. el .:hh— e l-n—l_ﬁ
9620 60 80 100 120 140 160 180 200

3y Mass {GaWt:z}

miss

Events/5 GeV

event (runl)

Search for y+E,, Signal sample

- ————
10" CDF Run Il Preliminary, 1.2 fo”
40 -+ Data
, B QCD + fake F,
7 Example: B &y ovents
H{:T > 75 GeV Bl MNon-Collision
10§ —
s
10"
10°
10°
-Iﬂ-‘ .-"- | B - [ B | [ § i [ | i i I
0 50 100 150 200 250
E,, [GeV]

Good agreement with the Standard Model
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New result

General Searches Full HERA I

«Search for isolated particles at high P.

*Electrons ,Photons, Muons, Hadronic Jets, Neutrinos

*Unique phase space:
P, >20 GeV

10°<6<140° DO, PRD64, 012004 (2001)

H1, Phys Lett B602 (2004) 14

Investigate Mass and ZP.

*Statistical Analysis (search for deviations)

H1 General Search, HERA Il e*p (178 pb™)

E M. Scan ]
B e  H1 Data (prelim.)

—— MC Experiments

10

_l_u Vv jet

Number of Event Classes

" —I_l_l_l_ﬁ
IIIIIIIIIIIIIIIIIIIIII"'III

0 0.5 1 1.5 2 25 3
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H1 General Search, HERA ll etp (178 pb'1)
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Vista and Sleuth @ CDF

Similar general search,
but phase space adjusted on background

~CDF Run Il Preliminary (927 pb'1) Entries 344
i Underflow 0
i Overflow 0
N 80—
m [
et L
© i
i
)] 60—
© -
= i
LL 40—
m —
" i
i .
> 20l
06 .

Experimental effort is huge, but worth
Security belt for the unexpected

-

DO also recently involved

N o+ tt subtracted from background
bb 'l p; P = 2.46-06
o 8F e CDFRunlidaa G
S F ] MadEvent Z(— ee) jj : 30% st SM= 1.4
> 7E [ MadEvent Z(— ee) bb : 27% E d=11
w [ C— MadEvent Z(—up)ji: 19% 45
[<] - [ Pythia Z(—71) 1 5.8% E
5 C mmmmm Other 3
6_ E
k=] — 2.
£ E g ‘
= [ 1=
= 5 E
E T — 200 350
4:_ o
3
2
1=
D SRR B = el L
0 100 200 31)0 400 500 600 700 800
p (GeV)
296 Z T
; @® OCDF Runll Data
3j ) pr < 400 GeV . Other
O | @ Overlaid events : 0%
| CDF Run Il Preliminary (927 pb )} | [ ] Pythiavj:0.1%
[ Pythia bj : 4%
o 3000j ] Pythiajj : 95.9%
E - e®
QD [
Lﬁ L
W 2000
S L
S i °
8 B ®oce,
€ 1000/ i 2
S B hd T P
= ®eoq
L .
L ooy
L ®
0 R R .l | 27
2 3 q
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Low Energy, high precision

a =(g, -2)/2

Beat Decoupling?

Avg.

10" - 11650000
B
g
=

K2

=k

=
e

2 200

[7]

180

170

e Experiment

150

180 [e 1] }

)

Theory

a, (BNLOY) = 11659 214 (8)(3)

" (0.7 ppm)

Events/s (MeV/ed)

Events/s (MeV/c?)

B >pry

2-5ED6 Run lla Preliminary

of- Sideband 1  Signalregion Sideband 2

0746 48 5 52 54 58 58 6 62 64
Invariant mass (u™ ') [GeV/c]

%5 D@ Run llb Preliminary

of Sideband 1 Signal region Sideband 2
0.5

046 48 5 52 54 56 58 6 6.2 6.4

Invariant mass (= po) I(;L‘\";’r"’]
B(BY — it )opp-1 < 7.5(9.3) x 1078
(SM 3.4 1019)



A celebration: positron is 75

Dirac equation 1928 Positron discovery Anderson 1932

Heisenberg (1960's)*:
“Up till that time, | had the impression that, in quantum theory, we had come to a harbour.
[This discovery] threw us into the sea again.”

LHC -> Four Seas?

*from F.Wilczek's “Fantastic realities”



Conclusions and outlook

e Standard Model in best shape ever

* Present fronteer colliders continue to explore new teritory before LHC

- In the last 2 year the luminosity at HERA and Tevatron x2
- HERA data in the can, scrutinise, discover, report
- Tevatron still large factors (~5-8) to go, high hopes

* The start of the LHC will be an interesting period,

- asurprise can occur however -before

"T don't know what it is either...
Let's call it 'CHEF'S SURPRISE.'"



