The Tevatron as a Probe of the
Fundamental Particles and their
Interactions in our Universe

Beate Heinemann
University of California at Berkeley and Lawrence Berkeley National Laboratory

DESY Seminar, December 2008




The Standard Model Lagrangian
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The Standard Model and it’s Problems

= What is the origin of electroweak
symmetry breaking?

— Is there a Higgs boson?
— And WHERE is it?
= What is the Dark Matter?
— Is it produced it at colliders?

= Why is gravity so much weaker
than the other forces?

=  Where did all the anti-matter go?

= Do all forces unify at high
Leptons energy?

- Tevatron is just touching the TeV scale:
-Can partially address these questions
-Can test theoretical and experimental tools

- LHC was build to fully explore the TeV scale



Problems: Dark Matter and Anti-Matter
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Outline

= Testing Particle Production
— Jets, W's and Z's, b-jets, top quarks

« Builds the basis for searches for Higgs
boson and new physics

= Electroweak Symmetry
Breaking

— W boson and top quark mass
— Higgs boson search

= Beyond the Standard Model

— Supersymmetry and beyond

= Conclusions and Outlook




Luminosity and Cross Sections
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At peak luminosity ~1 W boson per second produced!



A historic discourse....

April 2002 (my DESY seminar): 2008 (4.5 fbl):
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= Amazing how much Tevatron improved in the last 6 years Z's!
— But the early days (6 pb-') were also a lot of fun and we learned a lot! 7



Production of Particles




The Proton

= |t's complicated:
— Valence quarks

— Gluons
— Sea quarks )
= Exact mixture depends = 13 Q’=10000 GeV*
S 1.6 — up
on. S — down
S L4 gluom’lo
— Q2 ~(M2+p_|_2) ﬁ 1.2 — bottom
: R
— Xg: fractional momentum <
carried by parton S 06
= Hard scatter process: o

S = a’;p . :Cﬁ - S 0+ 107 102 10 i
Probed in DIS (HERA!) 9



Jet Cross Sections

[r— E -
”': NE Midpoint, R=0.7, [y “|<1, L, = 1.13 fb"
; 107 . —e— Data
Q 102 - NLO: NLOJET++, CTEQ6.1M
9...: ? . . corrected to hadron level
-g_ 10 ; - u=pl(jet1,2)/2, R, =1.3
'__'_ - +_._ Systematic uncertainties
=" 1 Ve
- - -
—107L - .
b F r—
T 102%L .
aF —8—
107 | —
10 [ .
g e
10°L-  CDF Run II Preliminary |
-In'ﬁ : | L I L I L I L I L | L |
200 400 600 800 1000 1200 1 403
MII [GeVic ]

Data / Theory

q 9 q q
g g
q 9 q q

W

N
(5}

1.5

0.5

jat1,2

Midpeint, R=0.7, [y <1, L,, = 1.13 fb”

. Data / NLO (CTEQE.1M, p=p7**"(jet1,2)/2=p, R.,=1.3)
Systematic uncertainties
PDF uncertainty from CTEQ

a(MRST2004) / o(CTEQB.1M)
o2 x p) /ol )

alwithout Ftsep) ra(R_,=1.3)

Sep

]

| I
E L L —y—
................. .‘.‘Q"l._.'_,-_.,—l—.—:.:._"__.__ ?—T—

e 107 _‘_‘_'_\_l_‘_|_‘ B ] R —

CDF Run II Preliminary

+6 9 luminosity uncertainty not included
| ! | ! | ! | ! | ! | |

200 400 600 800 1000 1200 14020
Mii [GeV/c]

= Cross section measured over 7 orders of magnitude
= Data well described by Standard Model prediction up to

masses of 1.2 TeV
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Jet Cross Section: More Differential

Tevatron parton kinematics
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i = Double differential measurements in

10 g
; y and pT map out Q2-x space

10 = . . .

10’ — High |y|: asymmetric collision

— Low |y|: symmetric collision

= Data precision better than pdf
uncertainties

— Data constrain the gluon density at high x
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Z production

anfiproton
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= High precision measurement challenges hard and soft
QCD predictions

— Atlow p{(Z): soft non-perturbative effects dominate
* Important for W boson mass measurement
— At high p.(Z): perturbative regime
« Important for understanding background to new physics searches 12



anfiproton
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= High precision measurement
— Constrains parton distribution functions: d/u
— Important for measurement of W boson mass
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Z + Jets Production

Phys. Rev. Lett. 100, 102001 (2008)
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b-quark Production
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— Data agree with theoretical
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are ~50%
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Diboson Production: WZ2,22
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= Diboson production

— Sensitive to trilinear couplings
among gauge bosons

— Direct consequence of SU(2)xU(1)
gauge group
= Recent highlights:

- WZ:
* 5.90 observation
« Cross section: 5.0*18_ . pb

— ZZ:
« 5.70 observations
« Cross section: 1.60£0.65 pb

= All diboson measurements in
agreement with SM prediction
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Evidence at 4.40 for WW+WZ —|vj)
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= Very similar analysis to Higgs search (see later)

— Also needs to find a peak on a huge (sculpted) background
« Great that this has now succeeded

— Cross section: 20.2 +/- 4.5 pb (in agreement with theory)
= Being done also for WZ/ZZ with Z—bb

— Evidence needs to be achieved before the Higgs since rate is 3 time
higher
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Top Quark Production

CDF Run Il preliminary’ July 2008
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Top Quark: Kinematics+Properties
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Single Top Production
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— Important “practice” for Higgs boson: o(single top) / c(WH)~10 0



Electroweak Symmetry

Breaking
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The Electroweak Precision Data

* Precision measurements of
— muon decay constant and a

— Z boson properties (LEP,SLD)
— W boson mass (LEP+Tevatron)
— Top quark mass (Tevatron)

Measured to 0.015% Measured to 0.002%

» (M) 1 ;_/ -
Measured to 0.036% w = EG (1-(M2, 1 m2)) 1- Ar
:‘___r F W Z ( - )

Measured to 0.0009%—
Ar: O(3%) radiative corrections dominated by tb and Higgs
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W Boson Mass
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Top Quark Mass
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Top Quark Mass Results

JES
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July 2008 8 Jy 208 m, .= 154 GeV
1 —LEP2 and Tevatron (prel.) . 2
- LEP1 and SLD 5 L A% -
80.5 = : , — D.0275B£0.00035
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* Indirectly: m,<154 GeV@95%CL
= Directly (LEP): m_ >114 GeV@95%CL
(caveat: is the measured top mass the pole mass?) s



Higgs Production at the Tevatron

f

==l

I+
1ﬂ2 E T T T T T T T T T T T T T

1 T 7
a(pp—H+X) [pb]

H A 0 i i Ng =2 TeV
------- ) é............................................ M, = 175 GeV
’ - gg—H CTEQ4M
W \
I F
% \

10 _:
2

10 |
3

L :

ag.q—Hbb
10 ) | | | | | 1 1 | 1
20 100 120 140 160 180 #0
M, [GeV]

= Dominant gg->H
= Subdominant WH, ZH
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W+Higgs with H—bb

/\X/\
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= For my<135 GeV/c?:
— WH—lvbb, ZH —lIbb, ZH —vvbb

= Both collaborations have analyzed nearly 3 fb-1 in for all
three modes:

— Analyses based on advanced analysis techniques
* Neural Networks, Boosted Decision trees, etc.



H— WW®) — [*-vvy

Main background: 9 i
— WW production - :
Higgs mass reconstruction impossible due to
two neutrinos in final state 3
Make use of spin correlations to suppress WW 1 s
background:
— Higgs has spin=0
— leptons in H - WW®) — [*I-yv are collinear

Use advanced techniques (NN etc.) to gain
further separation power
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H— WW®) — [*-vvy
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1 -p&8 -0.6 -0.4 -D.2 D 0.2 0.4 0.6 0.8 1
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Higgs Cross Section Limit per

Experiment

95% CL Limit/SM

CDF Run Il Preliminary, L=1.9-3.0 fb™

T T L T
— WH+ZH-| (0]
WH+ZH— p
— WH—lv Ol
WH-Iv (]

.. X
H-WW 3.0 fb” Obs
H-WW 3.0 fb” Exp
Combined Obs
Combined Exp

SM

1 F
S T T T B S T B N S
100 110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?)

95% CL Limit / 6(SM)

1

........................................................................................................................

SM nggs Comblnauon - Expected lel'[

Expected +1 -0
Expected +_2 -c

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

100 110 120 130 140 150 160 170 180 190 200

my, (GeV/c?)

= Cross Section limits from each experiment
— MH=115 GeV: ¢, factor 4.2 (CDF)-5.3 (DO) above the SM

— MH=165 GeV: ¢, factor 1.8 (CDF)-1.7 (DO) above the SM
* Note the 10 downward fluctuation by DO at 170 GeV
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igh Mass Higgs Combination

Tevatron Run II Preliminary, =3 fb'1

. ===:1-CLs Observed
e —— e O EXpcted
:Expecfed +1- 6

.................. .................. ................. ................. Expected +2..

1-CLs

1.1
----- Expected

Observed
tlo
20 =

95%CL
- 90%C.L.

[E—
o
I

0.9;

95% CL Limit/SM
nl

os .

L

R ' 1 5 i % i 3 ; :
(3

155 160 165 170 175 180 185 190 195 200 o

myGeVI) e e 0 175180 T8 190 195 200

My (GeV/c )

= Higgs excluded at 95% CL at 170 GeV

— Still debates ongoing about the theoretical cross section value

— Most likely theoretical cross section will increase
« That would increase the exclusion range
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Beyond the Standard Model
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Problems of the Standard Model

T . h
h ‘ h i

hoo Lk h h

U —

2 - 2 — m?2 tree , 2 gauge 2 higgs
m2,, ~ (200 GeV)? = m?,, 6mHgg

= Large fine-tuning required:
— My<<Mp,

= Accounts for just 4% of the
Universe

— No dark matter candidate
— Cosmological constant problem

H . e (oo )
= No prediction for
— fundamental constants, unification of
forces, number of generations, mass
values and hierarchy of SM particles, v LIt
anything to do with gravity . Yuck =

- nPl-_,_.[. —

M. Schmaltz, ICHEP 02 **




What’s Nice about SUSY?

= Radiative corrections to Higgs . O .
acquire SUSY corrections: )

with SUSY

1/o

— Nollittle fine-tuning required 7N 20
— Particles masses must be near __l*___f}:,._zi____“__ 0
EWK scale “
= Unification of forces possible T e
= Dark matter candidate exists: o rearoer:

— lightest neutral gaugino oof. EFV/SLD: darker region
= Changes relationship between
My, My, and my:

— Also consistent with precision
measurements of M,, and m,,

80-20 ] J Heinemeyer, Hollik, Stockinger, Weber, Weiglein "6

'l ' s n I 'l ' I Il I ' I 'l 'l || 'l '} ' 't I 'l 11 i 'l
160 165 170 175 180 185
Miop (GeV) 35



Supersymmetry (SUSY)

Standard particles SUSY particles
A
r\r )
”..-.,_,
Hizos g ! Higgsino
ol P o~ P
Vol Valh Vel Gl
G e, L, T MY ~
Duirks 0 Liplons 0 Forog particies Souarks Sleptons gy SUSY forco

parbhchns

= SM particles have supersymmetric partners:
— Differ by 1/2 unit in spin
(squarks, selectron, smuon, ...): spin 0
« gauginos (chargino, neutralino, gluino,...): spin 1/2

= No SUSY particles found as yet:

— SUSY must be broken: breaking mechanism determines phenomenology
— More than 100 parameters even in “minimal” models! 36



Mass Spectrum and Unification

ewk scale GUT scale
Colored
[particles o00
an :
500 : \
— 400; E N :
S B
, 300F ¢
Weak 87
particles s 200
- S Eo
ﬂ? 100E ] ]
o = :
100 Hu:. f 3
-200: E :

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 T 17
log,,Q (GeV)

= Lightest SUSY particle (%) is Dark Matter candidate (i stable)
= Models predict mass relations: M(g)=3M(y ,*) =6M(x .°) 37



Generic Squarks

and Gluinos

= Squark and Gluino
production:

— Signature: jets and E{™ss

" Phys.Rev.P 59:074021,1 999

300 500 = 700
(M, +M,)/2  (GeV)

o0

D @i

Missing Transverse

_‘T_—\@ Energy
— @ [ Jets
.
Missing Transverse
Energy

= Strong interaction => large
production cross section
— for M(g) = 300 GeV/c?:
* 1000 event produced/ fb-1

— for M(g) = 500 GeV/c?:

* 1 event produced/ fb-1
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Squarks and Gluinos

Squark and Gluino production:

q 4973 —q _
. . . T— q
— Signature: jets and E,Miss >‘“g‘“ S ; it . T
: q q
— At Tevatron no long cascades to ~5 ! 7 <
leptons expected: _ N
« Lepton veto applied m(q) >>m(g) m(q) = m(g) m(q)<<m(g)
= Analysis optimized depending on et jet jot
mass hierarchy e RS -
Jet ]et _]et Jet
CDF Run Il preliminary
> / > -1
@ gl Al —e— Data (Lum=1.1f6") 0 103 b DG, L=2.1 fb
g - 4J+¢T —— QCD + non-QCD Bkg. (O] 10 (b) * Data
~ - : — non-QCD Bkg. o CISM BﬂCkground
§ L S| S B ited QCD
@ F . M. = 439 GeV/c? 0 t....i SUSY
: | | g 3'+y'
, > JT/T

-k
- o
IIII| T T IIIIII| T 1 IIIIII| T 1 IIII[I| LI IIIIII|

E 1 c-l_lt- -E-l-__.iq
:Illll I l IIIII"'I"Tl"'ﬁ" 101|l||||||||||||||||||||||||||J|T|"|-|“|-§|||
0 S0 M as 200 280 g ETcev] 0 50 100 150 200 250 300 350 400 450 500

E; (GeV)



Supersymmetry Parameter Space

>
)
S
/)] D@ II
9 K t g 4000 jet jet

) E 300_ nho mISEGRA§
¢ - solution_ [
c | “ \\\\\\\\
52000 DG, L=2.1fb" § .
0 .

100;

nB-3 A =0, u<0§ ST
jet

% 100 200 300 400 500 600
Gluino Mass (GeV)

| M(2)>308 GeV, M(@)>379 GeV |

NB: up to 10 GeV differences depending on treatment of theoretical cross section uncertainties
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Trileptons: Another Look for SUSY

= Search for partners of W
and Z boson

— Decaying via leptons
= Signal:

— 3 leptons and missing E

41




The Trilepton Data

i - ~+_0
CDF Run I Preliminary,JLdt =2.0fb" CDF Run i P'e"m'“a’y_[ Ldt=2.0 o Search for 7.},
—~1.6 :
> F -g_
[+ ] C =
g B = ?1 imit Theory 6,, .¥BR
A r Search for o1 S L | 95% CL Upper Limit: expected
E - Cut —s— Data -5'_
g 3 Drell-Yan 912 Expected Limit+ 1c
‘;‘ B oivosons = Expected Limit + 2 6
tt n;-(" 1 95% CL Upper Limit: observed
- Fake lepton rr-—
2 = = = >
— Signal °E§‘T).8 mSUGRA m,=60, tan(p)=3, A0 0, (n)>0
10" ©
0.6
0.4
102 02f | e
‘l'."'l"' AT T T TN N T YT Y SN AN S M S N SO S A

0 20 40 60 80 100 120

140160 180 200 O q00 110 120 130 140 150
Missing E; (GeV) Chargino Mass (GeV/c?)

= Also consistent with background expectations
— M(chargino)>140 GeV/c? at 95% confidence level

— rather model-dependent though
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Exclusion of GUT scale parameters

e 250 —
3 N\ {LEP2 T DG, L=2.1 fb™
¢ 200 :— tanf3=3, A0=0, u<0
- : N
~ 150
£
100;
I
|l|||||||||||||||||||||||||
00 100 200 300 400 500 600

m, (GeV)

= Nice interplay of hadron colliders and e*e- colliders:

— Similar sensitivity to same high level theory parameters via very different
analyses

— Tevatron is starting to probe beyond LEP in mSUGRA type models 43



Beyond SUSY
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Confusion among Theorists?

t‘HkH ﬂ'i‘I'L
NOT ‘feT ?Q

THoULGHT i‘w”"

[Hitoshi Murayama] ®



Solving the Hierarchy Problem

with Extra Dimensions
= String theory:

— There are more than 3 spatial
dimensions

= Large Extra Dimensions

(Arkhani-Hamed, Dimopoulos, Dvali)

— Electroweak and strong
interaction live in our
dimensions

— Gravity lives also in extra
dimensions

Other models:

— R=radius of extra dimensions e.g. Randall-Sundrum

« R=100 um - 1 fm for n=2-7
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Possible Experimental Signatures

Virtual exchange Direct emission

f f \'J Q"‘}g‘J E-f'
8 g R
Gy Gy q a'f,ﬁ}:y oy v
_ ~. % G
f f v g ~~ S P KK

' yyMonteCarlo

h n o _ do/dM; o2k KK excitations can be K/M;,

ol L S § 10K excited individually on’
\ Mo(Hewett}=750 GeVic® h=-1 ] (pb/GeV) | \ ____resonance | 1
: SM+LED Vg Tm
e Mc(Hewett)=750 GeV c?, a=1 E 10_4_ "-n‘:_-qk_f” |\ oY S~ i _
E S, S '
dest rfut:tWE - A \
" |n erference i=+1 3 NN N
~— : 10—5_ et . HHHH - O :;
il X R Dilepton channel = ™.~ ™
| constructi 3 Tevatrnn ?UD GEV ™ el 0.2
.| inte erengg\_ 1 %&_ 1 10-8L_ :
" ':“I I I.'.‘ZIEI I Iiéﬂl I :i'é':I I IS'E':I I I1|:I':“I:: -al":.lil:lli_| 400 6{]0 800 1000
[ M. (GeVicT)
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Dielectron and Diphoton

Mass Spectra

CDF Run II Preliminary
Y
10’ iq - =d2 t5 . ? - Data
o = 2 —=—gdata (0] B - -
gm-t ?' 2 [ | Drell-Yan =) 10° (a) CC-CC ee+'Y'Y — Total background
‘g & i QCD E 10° --LED: Mg =1 TeV
10’ ’ € - ---LED: M, =2 TeV
2 a [l Cthrer SM | g . DO, 1.05 fb’ % Drell-Yan
L1 i W 10%- ~Dr
210 1 RN tm=." - Diphoton
21 Mloc aatic™ 10 Multijet
1w e N T S —
' 1 B §
k"ﬂ,\\ -
B | |
1.1 200 400 600 800 1000
100 200 30 400 800 700 M{?eﬂ} { é[;]v ml%ﬂﬂ di-EM Mass (GeV)

= Data agree with background prediction

— Slight excess in CDF ee spectrum at 240 GeV (prob.~0.6%)
* 50 events on a background of 27

— Not clear if observed by DO also 43



? N
High Mass ee and vyy Nwwi:j

7.l

= Anomalous in diphoton or dielectron mass spectrum predicted in
— Resonance: Z' models (spin 1) and Randall-Sundrum Graviton (spin 2)

— Hard tail: large ED model (ADD)

CDF Run 11 Preliminary
- - i L=25b" s 3
e Seon Upper LinRs (05 L 91} |- o s T /D0 PRL 86, 1156 (2001)
£ F ' - ~-expected limit
= b = 251 P
+: B —observed limit
| P e S .
! ! D@, 1.05 fb
5 B
10 -
N E 15—
T .
[+
2 B
B 1+
[ o LA, 4 | 1
2 3

500 %00 400 00 600 700 600
o,

M;>966 GeV for SM-like Z’ | [ M>2.1-1.3 TeV for N

4 5 6 7
Number of Extra Dimensions (nd)

dim=1-7 4




Conclusions and Outlook

= Tevatron + experiments operating well
= Analyses based on up to 3 fb™’
= Already >4.5 fb-! on tape
= Physics result cover broad range: 600 =1 fb! preliminary
= QCD thoroughly being tested:
= works very well even in complicated final states!

J—

I N N O I O O L
k= 4 jets 0 lepton
Lzisp —
100[]1' ATLAS nEEnn ﬂl]et& 1 lepton
¥ 5g diSCW&I’H i |'.l. ]EtE 2 |-Eptﬂn5 OS—

MSUGRA tan (i = 1':' JE—— I -Et 3 |eptﬂn5

m, , [GeV]

= Precision between 2 and 50% i
= Higgs boson constraints at 95% CL.: e " -
* Indirect (m,, and m,, ): m;<154 GeV/c? 400 ﬁ -
= Direct searches: m, # 170 GeV/c? T Ty -, ]
= Searches beyond the Standard Model 200 Y. "ﬂ B e it
= Many searches but no sign of new physics yet heen e d D5 TN ey e .
L. . ‘ol . MO EWSE
= Valuable input for the LHC oS PO
_ L 0 50 1000 1500 2000 2500 3000
" Testlpg background predictions for new . m, [GeV]
physics searches .
= Higher order QCD calculations e,
= MC programs S %0 DB, L-21fo" |
= Develop search strategies omi, o= At
= Although may be lot easier at the LHC 1505 Voo il
100
50
% 100 200 300 400 500 600 30

m, (GeV)



Conclusions and Outlook

= Tevatron + experiments operating well

= Analyses based on up to 3 fb’ Process (mass) o(Tevatron)
= Already >4.5 fb-! on tape o(LHC)
= Physics result cover broad range: W= (80 GeV) ~10
= QCD thoroughly being tested:
= works very well even in complicated final states! tt (2x172 GeV) ~100
= Precision between 2 and 50%
- ~
» Higgs boson constraints at 95% CL.: gg->H (120 GeV) 40
* Indirect (m,, and m,, ): m;<154 GeV/c? %1%, (2x150 GeV) ~10
= Direct searches: m, # 170 GeV/c?
= Searches beyond the Standard Model qq (2x400 GeV) ~1000
= Many searches but no sign of new physics yet
= Valuable input for the LHC 9g (2x400 GeV) ~20000
. Testipg background predictions for new Z' (1 TeV) ~300
physics searches

= Higher order QCD calculations
= MC programs
= Develop search strategies
= Although may be lot easier at the LHC

Hopefully we are at the verge of making a striking discovery! | _







CDF Multi-Muon Study aka “Ghosts”

“ghosts” Data Background
background I A =0 | 142 x10° | 113 x 10°
1 | 1.41x105 | 0.94 x 105
WW N(extra )2 | 1.02x10% | 0.39 x 10

v

Muons /(0.008 cm)

N(extra )

||ﬂ| ‘[ﬁ&,l

il

= Recent preprlnt (0810.5357) discusses excess of muons
— Muons have anomalously high impact parameters:
» Lifetime: 1=20 ps
— There are extras muons in these events
— Considered backgrounds due to b-decays, punch-through, decay-in-flight

= Unclear if this is due to a signal or a miscalculated background
— Would be interesting to see if HERA experiments see this

— Warning: very difficult analysis (e.g. hadronic interactions, punch-
through,...) 53
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