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The Tevatron Accelerator

World’s highest energy collider

(until 2007)
— Proton-antiproton Synchrotron D
— Experiments CDF and DO : 196 TeV .
« Run | (1992-1996) Booster
— Vs =1.8TeV sk

— 6 x 6 bunches with 3 us spacing
— ~100 pb" int. luminosity

Major upgrade to accelerator complex
— Main Injector (x5)

— Pbar Recycler (x2) ' MBIiF TjeCtor :
& Recycler
* Run Il (2001-2009 ?) N L

— s =1.96 TeV
— 36 x 36 bunches with 396 ns spacing

— Current peak luminosity
>15.0 x 1037 cm=?s' =5 x Run |

— Aim for 4-9 fb-" int. luminosity in Run Il —
both experiments have now > 1 fb-! on tape.
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CDF and DO in Run |l

Both detectors
*Silicon microvertex tracker
*Solenoid

*High rate trigger/DAQ
eCalorimeters and muons
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Electroweak And

Stronc

« Quantum field theory is used to describe

forces of nature: _ 5. SUSY and Background Cross-Sections
— Unified description of weak and electromagnetic Y
force (Glashow, Salam, Weinberg): o
Jets
* Photon o2 | I
- W, Z 1" W
— Strong force described by 10
Quantumchromodynamics (QCD) 1"
* 8 gluons 1n® i
* Precision measurements test validity of 1w’ —
. [
model and calculations * SUSY
. 10 |
« QCD has unique features: s Top squarks
- Test of the SM and phenomenological 10’
models in its own right 102 |
« QCD is indeed the ‘strong force’ 10 =

. . 1
- i.e. large cross sections for background towards

searches beyond the Standard Model
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QCD : Asymptotic Freedom & Confinement

o 025 —

3 i @ ZEUS (inclusive jet 1p - u=Er")
5 127 I = ZEUS (dijet DIS - u=Q)
o (Q ) — X 4 ZEUS (inclusive jet DIS - p:]%‘**)
S 2 »Hl  (inclusjve jet DIS - u=El)
(33 . Zn )ln Q 0.2 _ T ]: v CDF (87 pb™) (inclusive jet pp-p:E‘.;t)
f 2 B T
Ach | ‘I\I% }
gluon - :
quark 0.15 |- : &-ﬁ%
A | 1t
o = QCD iﬁ{ I ;,[%
\%%Q q9—99 01 o, (M,) =0.118 +0.003 - h Lt
quark gluon 10 10> Q o,
U (Ge
At high Q (short distances) String model for hadronization
perturbation theory can be used -
to compute partonic cross sections 8 .
- > > A -
At low Q (large distances) pQCD

breaks down (and we rely on

phenomenological models) Quarks confined inside hadrons
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QCD Factorization

o=y j dx,dx,f, (x,, Q° T, (Xz,QZ ) CA5(19%9

qb-é 0.8 —
- (a) Q*=10 GeV*
proton let 0.7
S ZEUS NLO QCD fit
. xu,
—_. N ..1‘-.

ZEUS

o, (M) =0.118

tot. erTor

B

0.4 NG xg(x 0.05)
N
0.3 \\\ _
.

- 0.2 | x8(x0.05) A >
antiproton ‘l ot
QCD: free quarks and

gluons are not allowed... 0 o o )
A X
O qg—qg Partonic cross section: calculated to a given order in pQCD
PDFs of parton inside the proton: needs experimental input

fq (XI,QZ) (universal - can be used to compute different processes)

April 3rd, 2006 Rainer Wallny - QCD at the Tevatron - LISHEP 2006



in CDF Detector

jet )
n =—In(tan 5)

E,=Esinf

proton C

antiproton

jet
Dijet Mass = 1.36 TeV
(probing distance ~10-1® m)

E; = 666 GeV
n= 043

E; =633 GeV
n =-0.19




What do we really measure?

e Calorimeter Jets:

= Cluster calorimeter towers to jets by a jet
algorithm

= Correct for detector resolution and efficiency

= Correct for “pile-up” — extra minimum bias
events

« Hadron Jets:

= Cluster (stable) particles in a jet algorithm
using MC - correct data for difference of
MC particle jet to MC calorimeter jet

 Parton Jets:

= Correct particle level jets for fragmentation
effects

= Correct for particles from the ‘Underlying
Event’ (soft initial and final state gluon
radiation and beam remnant interactions)

‘ Measurement = PDF + pQCD ME + pQCD Approximation + UE + Had + Algo




Jet Algorithms

Jets are collimated sprays of hadrons
originating from the hard scattering

Appropriate jet search algorithms are
necessary to define/study hard physics

and compare with theory

Different algorithms
correspond to different
observables and

give different results!

Ks

Cluster particle/towers

Raw Jet P, [GeVic]
—+ JetClu R=0.7

D=1.0
D=0.7

408

MidPoint (cone)

Cluster particle/towers
based on their proximity
Infrared and coll. safe in the n-¢ plane

Based on their relative py

NO merglng/Splttlng Only towers with E; > 0.5 GeV are shown
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The “Underlying Event”

Jet

b4
N
k 4

Rfri,“f.’i‘m{ " — g PR  Qutgoing two jets
/ == * hard initial & final state radiation
e The “underlying event”:

 soft initial & final-state radiation
 the “beam-beam remnants”
* possible multiple parton interactions

Initial-State

adiation

Underlying Event

Final-State

Outgoing Parton Radiation
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Charged Particle Density

Ad Dependence

Jet #1 Direction

Refer to this as a
“Leading Jet” event “Toward” Charged Particle Density: dN/dnd¢

10.0
“Transverse“ “Transverse” E CDF Preliminary o Back-to-Back 30 < ET(Jet#1) <70 GeV
- - data uncorrected e Leading Jet T3
= 1 = Min-Bias £E
S [
N "Transverse"
° [
© >
£ 10— 2L '-!_Ef 77777777777777777777777777777777
Refer to this as a a
“« L) t #1 Direction b
Back-to-Back” event o
s
“Toward” Minimum Bias
(Inl<1.0, PT>0.5 GeVi/c)
0.1 1 1 1 ‘

“Transverse”

0 30 60 90 120 150 180 210 240 270 300 330 360
Ao (degrees)

Jet #2 Direction

° Examine as defined by the leading jet (|n| < 2) or
by the leading two jets (|n| < 2).

- "Back-to-Back” A¢,, > 150° with almost equal transverse momenta
(P (jet#2)/P (jet#1) > 0.8)

- Suppression of hard initial and final state radiation

April 3rd, 2006 Rainer Wallny - QCD at the Tevatron - LISHEP 2006 11



Monte Carlo Tuning of ‘Underlying Event

Jet #1 Direction

Refer to this as a
“Leading Jet” event “Toward”

| “Transverse” “Transverse” 3.0

"TransMAX" Charged PTsum Density: dPT/dnd¢

CDF Run 2 Preliminary
| data corrected to particle level

Refer to this as a
“Back-to-Back” event |[t#1 Direction

“Toward”

“Transverse”

"Transverse" PTsum Density (GeV/c)

Charged Particles (In|<1.0, PT>0.5 GeVic)
0.0 ! u u : : | : u

0 50 100 150 200 250 300 350 400 450
PT(jet#1) (GeVic)

* Pythia (Tune A) tuned to CDF Run | data using charge particle densities in the
transverse regions

* Run Il data still described well by this Tune (both in ‘Leading Jet’ as well as ‘back
to back’ jet events’)

* HERWIG underestimates UE at low pT — no multiple parton scattering present

° Multiple parton scattering added by JIMMY — agreement much better
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Jet #2 Direction




Inclusive Jet Production
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* Probes physics at small distances =10-9m

Inclusive Jet Production

« Higher reach in pT due to increased Vs

» Test pQCD over more than 9 decades in &
* Sensitive to PDF (gluon @ high-x)

Ratio to CTEQS.1

2.
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Inclusive Jet Production: Run | legacy

Inclusive Jet cross section
R — e Run |
OPF Preiminery | — Cone jet finding algorithm

nb/GeV

- @ 1994-95 - .
d 0 te203 — Apparent excess at h|gh pT,
| NLO QCD prediction (EKS) but within the overall
‘" L systematic errors

— Is it New Physics or parton
distribution function effect ?

Statistical Errors Only

« Between Run | and Run Il

S NLoQeDCTEOM ek || — Improved machinery of jet
TETTT TN finding algorithms:
R R M % _ MidPoint Cone Algorithm
g 0 - Q¢4 + 4 :
£ W oy T - kT Algorithm
g 28 _ mm sum ju m 50 m 50

Transverse Energy (GeV)
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Inclusive Jet Production

Tevatron parton kinematics

Quark/Gluon Contributions to Cross Sction 10’ E—rrrrrm— T
1.2 | E
[ X, , = (M/1.96 TeV) exp(ty) N
Leading Order QCD (MRS0’) 10 Q=M E
1 n,=N,=0 i
GG Gluon-Gluon Scattering 10" F
i QQ Quark-Quark scattering 2
08 QG Quark-Gluon scattering
I 10° £
w L \GG 5
L —~ 100 F
>
O
04 ~ 10k M=100GeV - SR
02 3
0l)lllIéolllllﬁﬂlllll.;BIIIIlelﬂl '2;0'3:)0' I35l)llll400“ 4;0 500 Pln down pdfs
Transverse Energy of the Jet i here and use E
* Gluon contribution significant DGLAP I
evolution e

» use forward jets to pin down pdfs versus

new physics at higher QZin central region
April 3rd, 2006 Rainer Wallny - QCD at the Tevatron - LISHEP 2006 X 16




Inclusive Jet Cross Section

(MidPoint algorithm R=0.7)

0 2 regions in rapidity explored

F Do L = 380 pb-! 100
<|yiet|< = - & WL
. 0.4 <|y*i<0.8 P & go- D@ Run i preliminary
> = . . > -
®© 4n5[ D@ Run Il preliminar i S
§ 10 P y g 6 |y|<0.4
2 10*k e |yl <0.4 (x10) 8 40F
: S oof
> 1035_ o 04<|y|<0.8 @ 20;
: S o
210 s _f
L F S -20F
108 \s=1.96Tev £ _40F
1 E L=378pb’ ® 6ok
107"k 80F Jet Energy Calibration Uncertainty
‘2?_NLOQCD 1005IIIIIII1[IIIIIIIIIIIIIIIIIIlIIIll
e CTEQ6.1M ' 100 200 300 400 500 600 700
3[ GeV
10 E Hr = Mg =Py _ Pr ( )
104, L L | R Jet energy scale uncertainty ~5%
50 100 200 400 =>» cross section uncertainty of 20-80 %

p; (GeV) =2 dominant error

Direct comparison of hadron to parton level (i.e. => 770 pb'update in preparation with
neglect fragmentation and UE) improved Jet enery scale calibration
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I

Inclusive Jet Cross Section

« MidPoint algorithm R = 0.7 « Data dominated by Jet Energy Scale (JES)
_ _ . . "0
- Central jets: 0.1<|y*t|< 0.7 uncertainties (2-3%]
. « Theory uncertainty dominated by high x gluor
* More than 8 orders of magnitude PDF i d yHgnx9
cove red '3[  Data corrected to the parton level
102 " NLOpQCD EKS CTEQ6.1M (1 =P*2)
= o5 Midpoint (R =07.f =075 R _=1.3)
22 10 Midpoint (R  =0.7.f  =0.75,R__ =1.3) T 0a<v|<0.7 L=1.04 fb”
O ~ " E .
— 1L CDF Run Il Preliminary ol PDF uncertainty on pQCD
- = . - MRST 2004 / CTEQ 6.1M
e L B B ﬁ g:;?e‘rmrﬂ;g Srﬁ;::(e:gainty
%g 10-15 ﬂ"]ql\(lq{]? 1 5— I Systematic uncertainty including —
— D hadronization and UE
2 B
e jL=1.D4fb'1 -
10°g 1
1045 L=1fb] [ CDF Run Il Preliminary
5 OS5 1 e
5 0 100 200 300 400 500 600 700
10 EE I:I Systematic uncertainty - 1.5 —
10"3%_ : Data corrected to hadron level § 1'4§ CPF Run ll Prefiminary
107 _ NLO pQCD EKS CTEQ6.1M (u =P;"12) E 1_22 Uncertainty
10-BE 1 1 | L L L L | 1 1 L L | L L L 1 | 1 L L L | L 1 L 1 | L L L _§I 1“'?
0 100 200 300 400 500 600 700 £ P ff
Jet £ oo Sensitive to UE+Hadronisation effects
P;"(GeVlc) § °° for P<100 GeV/c
Good agreement with NLO predictions e Tee T Eee T soe a0 T son - eoo
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Inclusive Jet Cross Section

with KT algorithm

CDF Run II Preliminary

10° = CDF Run II Preliminary s 3
) = K. D=0.7 0.1<|y"="|<0.7 g F e
3 102 - T ’ ’ ’ w 250 Systematic uncertainties
Q E Data 5 [ --- - PDF uncertainties
O 10 Systematic uncertainties *3 s
I = ————— NLO: JETRAD CTEQ6.1M E
g 1 = . corrected to hadron level 151
= ; - = JET ;o _ I
b o10'E T H = He = MaX Py /2= R
o = e ------ PDF uncertainties 1| apieniminis
u 10 2 E \';t-'\ L
= E P
H 10-3: \.3‘._' 0-5_ |||II||||||||II||||||IIII|IIII|I|
BN 0 100 200 300 400 500 600 700
%\ %E i Py [GeVic]
"E 10 = '“%_;':M o 14, CDF Run 11 Preliminary
o - R F1a5F K, D=0.7 0.1<)y’" |<0.7
= -5 — Y © E T
10 S RN 13F Parton to hadron level correction
10-8 :E L = 980 p b'] |—\;i71x 1'122 é_ Monte Carlo Modeling Uncertainties
-7 = - : T 1.15 _
10 §_ : E ! 11E
10'3 _I 1 11 | L1 1 1 | 1 11 1 | 111 1 | L 1 1 1 | 1 11 | | 1 1 1 1 | 1 1 1.“5;—
0 100 200 300 400 500 600 700 £
JET 095 F
pT [GE‘V’C] u_go'lll;éullllzéul|||3l;0|||‘|'.t||n||||5t|m|||$c||ulll%t||u||
Py [GeVic]

K; algorithm performs well in hadron collisions
(i.e. with an underlying event)

Good agreement with NLO pQCD (both data and theory compared at hadron level)
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Forward jets (k; alg

0.7<[Y|<1.1 1.1<|Y|<1.6 1.6<|Y|<2.1
— 10% = CDF Run II Preliminary —_ CDF Run II Preliminary — 10° CDF Run II Preliminary
2 ] uzé K, D=0.7 0.7<ly’™"|<1.1 L2 1025 K, D=0.7 1.1<|y’"""|<1.6 g 102 K, D=0.7 1.6<ly’™"|<2.1
% E Data % E Data v Data
g 10 ; " Systematic uncertainties g 10 ; " Systematic uncertainties g 10 Systematic uncertainties
= Eo W ——— NLO: JETRAD CTEQ6.1M 8 E m\, —— NLO: JETRAD CTEQ6.1M I ‘\ —— NLO: JETRAD CTEQ6.1M
£ 1 %W corrected to hadron level E 1= H~ corrected to hadron level E 1 ﬂm corrected to hadron level
" 10 L %* Hp = e =maxpy /2 =pp E'_.I - (. e = e = max pi /2=y, E'_“r “ Hp = e =maxpy /2 =pp
g E “w = Ttt- PDF uncertainties o 3\«\\ ------ PDF uncertainties =} T PDF uncertainties
T 102 N T 10° " T 10° b
= E o = - = &
= E AN 5 3 & 4 -3 s
®x 107 Feo, > 10 ! > 10 e
) N s, R s
= ~ 10 \ = 10 .
o sl &b S L =
T 0% L —— T 0%k AN T 10k R
10°L IL= 0.98fb" TR 10° s JL= 0.98 fb” 100 * J.L= 0.98 fb”
107 == 107 107
qos b Lo L qo8 b Lo e 1 qos b Lo L
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
JET
pr [GeVic] pr ' [GeV/c] pr [GeVic]
3 CDF Run II Preliminary 3 CDF Run II Preliminary CDF Run II Preliminary
‘E—_ T K, D=0.7 0.7<|y"|<1.1 ‘E— [ K, D=0.7 11<)y™|<1.6 K, D=0.7 1.6<ly’""|<2.1
8 F —=— Data 8 - —= Data —=— Data
E 25 Systematic uncertainties w 250 Systematic uncertainties tic uncertainties
3 [ --.-- PDF uncertainties 5 [ --.- - PDF uncertainties - —— - PDF uncertyigties
9 ro——— p=2xpn=maxpf1' B P |.l=2}(|.lu=ma)(p';.£r [ p=2Xp, =ma
o 2 . MRST2004 e 2 .. MRST2004 - MRST2004
= - = L L
] L © i 4 _ r
14 F x L ! L
15 150 N C
L | i L
1= 1= __
o5 05 C
IIII|IIII|IIIIIIIIIlIIIIlIIIIlIIIIlII IIII|IIII|IIII|IIII|IIII|IIII|IIII|II II|IIII|IIII|IIII|IIII|III III|II
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 200 300 400 500 0 700
py' [GeV/c] Py [GeVic] py [GeVic]

Data will further constrain high x gluon in global fits
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High-x Event

Tower E; > 0.5 GeV K, D=0.7: Raw P /T
CDF Run II Preliminary
|—|1010 F 1504
fa- L K, D=0.7
">'- — , T Data
QO 107 — !'h J. L=0.98fb Systematic uncertainties
o — —-=— NLO: JETRAD CTEQS.1M
-_— = corrected to hadron level
0 104 L JET
c il Mg = Mg =max pr /2=y,
e - e e PDF uncertainties
- - oW
w10 et ? R :
- e, CDF RUN II
| . — - -
T 2 ] JET \_’ . Run 163064
E 10“ — Tho - Iy <01 (= Track p, > 0.5 GeV/c Event 6753986
- [
P s .
T 107 | gl
- - S
b b =
“.'u 108 0.7<ly”" " |<1.1
= e -
i - 1.1<ly™"|<1.6 (x 10°)
10" D High |
2 . igh-x OW-X
1 0_14 = 1.6<ly’"" |<2.1 (x 109
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

0 100 200 300 400 500 600 700 A “Rutherford type” parton
pr ' [GeV/c] .
backscattering
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Direct Photon Production

ERL+TKE R-Z VIEW 11-DEC-1992 17:31 |Run 52557 Event
i/ _ el A
jet
q
|
1 l
| s S . il
A k'
i g
QQ Annihilation ﬁ
Leading Order Processes Yielding Direct Photons 'Y @
Using prompt photons one can
precisely study QCD dynamics: R S —
* Well known coupling to quarks
* Give access to lower Pt
* Not dependent on jet energy scale
BUT: Experimentally difficoult because of ¥
large background from 7T decays /SN
Preshower Shower maximum
detector detector
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Inclusive y cross section | & *

« Highest p.(y) is 442 GeV/c
— 3 events above 300 GeV/c not displayed

> .1
= o 21-4_ L =326 pb DQ
© 10° e daa =
S — NLOQCD DO g I J +
o) B S1.2
& 10% L (Ma=He=1=P7) i | ———— B I SR ¥
I CTEQB.1M N JFl |+ + | % i
- L
o = L WL . 1L O - I S S
b 10 0.8 H ] T }L ]l
O » :
O 1 3 0.6 | m  ratio of data to theory (JETPHOX)
= i CTEQ6.1M PDF uncertainty
Al e scale dependence
10 3 0.4 N (HH=NF=U1=O-5p?r and 2P1T()
= v vy v bvov v v by v v by oy s by
I 0 50 100 150 200 250 300
102 P} (GeV)
10-3 _EI 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I-I 1 1 I . Errors ~20%
0 50 100 150 200 250 300 . .
4 « Very promising at ~ fb-"
pr (GeV) : e :
luminosities to constrain
Good agreement with pQCD NLO gluon PDF at high x
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Jet-Jet Correlations

Jet#1-Jet#2 A¢ Distribution

3 10° 7
3 10 I; DO ’,.J
3 A @ Pr™ >180GeV (x8000) ;
e 10 "F o 130 <p"™*< 180 GeV (x400) !
& - ® 100 < p'* < 130 GeV (x20) 5
B 3L D 75<p{*<100GeV
¢
- 102§ |
10 |
'
« MidPoint Cone Algorithm - 1
(R=0.7, ferge = 0.5) i ---- LO
« L =150 pb-' (Phys. Rev. Lett. 94 221801 (2005))  '° [ /' NLOJET++ (CTEQSB.1M)
E M, =y = 0.5 p™
- Data/HERWIG and Data/PYTHIA o L AR
(increased ISR) agreement good. Lo o AR H
L dije
« Data/NLO agreement within 5-10% ”
(pdf uncertainty <20%)
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Inclusive b-jet Production
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B-quark production in hadron collisions

Leading Order Next to Leading Order

ST ——" g Q
Q 2 Q
F 3
- g

Irpy—e—Y g g .

7 &
>r?ru~<
) @
7 v g G Flavor excitation i i

& q .

q
g other radiative corrections..

g ] g Q @

Flavor creation Gluon splitting
) )

Experimental inputs are B-Hadrons or b-jets rather than b-quark
Proton structure

da(p; > BX) 3 da(q&/gg/qg > bX) T

= ®Fp1_7 @Db—>B
d p; (B) dp; (b) l
NE(; QCD Fragmentation

=> Another stringent test of NLO QCD
April 3rd, 2006 Rainer Wallny - QCD at the Tevatron - LISHEP 2006
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Run | Legacy

« InRun |, a factor 3 discrepancy L CDE/theory=2 910 4 |
. . F 0 Fully Correloted Syskermabic Error .
was reported between theory predictions _ J__" e _
and experimental data by both COFand [ | | % -
D@ in B-hadron cross sections e N
[ I M B3 T 2880 ‘
I :’ﬂhgﬁ_:-ﬁ[.ﬁ';’:‘!:'ﬂ ' . =
10 Frr—r—rrr—TTTr 1T T g I = (CTEQS = MRST) /MRST J
E X Data with total uncertainties 3 :
X —— FONLL theoretical prediction i |
—_ # 0 N eoretical uncertaint 1 0. -
% 103_,-" R, i ! X : 9 , ]
9} MR U T SR ST S RS B S
re) 5 10 15 20 25
E?a 10° 4 pr (GeVic)
T * Recent theory development:
g {.i - FONLL (Cacciari et. al.) — NLO resummed
3 *‘!-3-;:- * very good agreement with more exclusive
106 _ B-hadron production
el Lo e check for more inclusive observable — b-jet

pr(H,) GeVic production — comparison with NLO only

o(pp — HX, |y| < 0.6) = 17.6 &+ 0.4(stat)*35(syst) ub
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Tagging B hadrons

* B hadrons are massive
— decay into lighter flavors
— use decay products to tag B
— ‘Soft Lepton Tag’

714 pat X
. /// // ar | ‘ | ‘;\ L\
- ! | i L)

/A4 y /[}f i | oA @
T Ik Lo o
\ b JTH

Primary >t
vertex

Prompt
tracks

displaced
tracks

* B hadrons are long lived

Secondary

— ¢t~ 460 um vertex

— give rise to secondary vertices rmary \L’“’

— tracks from secondary vertex have R d°
non-vanishing impact parameter d,
at primary vertex Y

— ‘Secondary Vertex Tag’ & o tracke Jﬁ(

‘Jet probability’
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Extract fraction of b-tagged jets from data using
shape of mass of secondary vertex as
discriminating quantity

—>bin-by-bin as a function of jet p;

82 < p/°t< 90 GeV/c

: T 0
-2 component fit:b and non-b templates g 4 Bin 8290 GeVic: 1, =028 0028
200 T
(Monte Carlo PYTHIA) § 0 1 e Dita 0

0.7 E}UUU_— - ===+ Fit prediction
.E, N E’ - : ——— | xtagged jets
> —e— Data (stat. eror) Z 800 oy ’
E 98- [ ] Total syst. error - | T e R
5 F ' 600/
S 05 [
= - L
2 F 4001
804l N
L - { | .} 200

L IETe : -

E l+mf‘+1}1+‘ DU | 1 2 ?ﬂass seco%dary vertgx [Ge\ﬂ’c'is
0.2 :d }1***4 ‘l l
: — e
ﬂ.1§— F}ﬂ l
u : ' B | Ly | ] ' B B |

éﬁd 300 éEﬂll =
P, jet [GeVic]
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d?s/dYdP (nb/[GeVic])
—
{—

10"

Agreement with pQCD NLO within systematic uncertainties

April 3rd, 2006

e Beauty production - Test of pQCD

 MidPointjets:R=0.7, |yt <0.7

e Reconstruct secondary vertex from B
hadron decays (b-tagging)

 Shape of secondary vertex mass
used to extract b-fraction from data

“aﬂ_ CDF Runll Preliminary ~—e— Data
i |:| Systematic errors
—&— NLO prediction CTEQEM
corrected at hadron level
ug=yp=YPi+m? /2
= NLO uncertainties

(scale included py (4 < u =y}

MidPoint jets, R, =07, f___=0.75 ==

mergs —

Y5 = 1,96Tev,fL~3oo pb”’

¥|<0.7

50 100 150 200 250 300 350 400

P; jet [GeVic]

- Sensitive to high order effect (NNLO)

Data / NLO prediction

4.5

£

35EF

25

1.5

0.5

L = 300 pb! -
CDF Runll Preliminary
%_ —=— Data/NLO prediction (CTEQEM) "‘é“ip:’_‘;‘éf; TnLnf:bL- I‘;-;g;gfo 75
E corrected at hadron level I¥}<0.7
= “ﬁ'fﬁ"z
:— I:I Systematic errors
E_ = = == MLO uncertainties
g (scale 1 {lower) and . / 4 (upper))
EII\I1‘III\-Illlll\l\lll\l‘\‘IIII\Il\ll\ll
50 100 150 200 250 300 350
P, jet [GeVic]
* More than 6 orders of
magnitude covered
* Data systematic uncertainties
dominated by Jet Energy
Scale and b-fraction
uncertainfies
* Main uncertainties on NLO

due /e scales
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The b-bbar DiJet Cross-Section \

CDF Run Il Preliminary

. E-(b-jet#1) > 30 GeV, c
. = —— Data
ET(b'_Jet#Z) > 20 GeV, f - -P:thia (CTEQS)
n(b-jets)| < 1.2. 2 AT

Preliminary CDF Results: 310" - Data Sys. Error
oy, = 34.5 £ 1.8+ 10.5 nb
OCD Monte-Carlo Predictions: 10.1:_
PYTHIA Tune A
CTEQS5L 38.71 £ 0.62nb 1U3;
HERWIG CTEQS5L | 21.53 < 0.66nb I T I ,';s'o'”; i
ijet Invariant Mass(Ge
« Large Systematic Uncertainties:
MC@NLO 28.49 + 0.58nb - Jet Energy Scale  (~20%).
= b-tagging Efficiency (~8%)

 PYTHIA vs.Data ~ 1.4 flat

= expect due NLO corrections
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The b-bbar DiJet Cross-Section \

. E-(b-jet#1) > 30 GeV,
E-(b-jet#2) > 20 GeV,
Im(b-jets)| < 1.2.

Preliminary CDF Results:

oy, = 34.5 £ 1.8+ 10.5 nb
OCD Monte-Carlo Predictions:

PYTHIA Tune A
CTEQ5L

38.71 £ 0.62nb

HERWIG CTEQSL

21.53 + 0.66nb

MC@NLO 28.49 + 0.58nb
MC@NLO +
Hvive 357+2.0nb

April 3rd, 2006

Rainer Wallny - QCD at the Tevatron - LISHEP 2006
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- I. 1
1 F

i
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CDF Run Il Preliminary

(nb GeV™)

do
diMass
DL
I

10° =

10°

—e— Data
—— MC@NLO + JIMMY
—— Data Sys. Error

40

I TV R T R R
Dijet Invariant Mass(GeV)
JIMMY: add multiple parton
interactions to HERWIG
=> Enhances underlying event and
b-cross section

=> Better agreement of NLO
calculation with data!
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bbar-jet 1

* The two b-jets are predominately “back-to-back”

— Angular distribution sensitive to fraction of flavor creation
(back to back) to gluon splitting and flavor excitation

» Pythia Tune A agrees fairly well with the
correlation
— Run 1b data was used in Pythia Tune A
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Vector Boson/Jets Final States:

Background to Searches
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QCD and New Physics

m?x{ g 3_] T <= (high) Pt jet
min(g.q)—F—— Hieh
g
l{ —pi et
32_.]. '"xv? l éjet
")EJID S — lepton
(missing) \
p Higgs-»bhb
g r=--

~

~ =~ —— 0
q q. / %;) s IJ?_ X1
q 1" 1"

’1GE1111|1|||||||||||||§

o 1999 ATLAS TDR -

3 E

> F / ]

E £ 34_! 3

-1 ) N
E10 F
® 3
E =11
u“’ -:
E:
10 &
_1;'-

9 1000 2000 3000 4000

4
Mesy = Er + Y _(0})
i=1

* Preliminary MC studies (1999) suggested
prominent SUSY Signal from cascade
decays in high p; multi jets + IZ/T sample

 Discovery ‘within weeks’ after LHC startup

* New W/Z+jet(s) programs (ALPGEN)
predict a much harder jet E, distributions

than PYTHIA+PS
April 3rd, 2006

10°

2005 evaluation

10°

10¢

10°

10¢

10

K]

T

— SLEY

sum of all BG
i thar+Jots
A Wlets

W Z+leis

e

7____ ,y,-"'

B QCD bhjjoc)

o

]

1000 1500 20000 2 2500 2 3000 2 3500 2 4000
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wm<e {% W < Background to top and Higgs Physics

2002z Testing ground for pQCD in multijet environment

O\¢ O\q g — Key sample to test LO and NLO ME+PS predictions
_ (W—ev) + 2njets CDF Run Il Preliminary
° Restrlct O'W ' ; §I I T T 1 1 | T T 11 | 1T T 1 | 1T T 1 | L N | | T T T 1 I L | |§
— W ve, [n°e<1.1 g 10 _gf‘ptm * CDF Data _[dL: 320 pb’ ]
. E.' Ezndpt b m ET-EEI][&‘I.']; |Tli|£1-1 E
« JETCLU jets (R=0.4): m'_1 . MY = 20[GeVic]; E} 230[GeV]
- E15GeV <2 Eﬂ”'ﬂ”.“‘*u et 3
Uncertainties dominated by 107 ARt - - - LO Alpgen + PYTHIA =
background subtraction and = M:F Total o normalized to Data =
Jet Energy Scale 102 -, = -
10° ] ' =
r 2
0L * .
- 1 ]
LO predictions normalized to data 10'55 3|20 pbl | | | | B

. . L,
integrated cross sections 0 50 100 150 200 250 300 350
- Shape comparison only Jet Transverse Energy [GeV]
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Z+]ets production

L = 343 pb- .
) ) . _o,_olZly (= e'e )+ = njets]
e Same motivations as W + jets " o, olZ/y' (>e'e)]
o(Z) ~ (W) / 10, but Z>e*e cleaner

e Central electrons (|n]<1.1) S g e D@ Run Il Preliminary
. . . . =~ F 2y (= e'e’) + = njets, 343 pb
* MidPaint jefs: | I - Jets: p;>20 GeV, | < 2.5
] - R=0.5p;>20GeV/c, |yet|<25 <= E i *
1 E " w hl I A
E =, D@ Run Il Preliminary | .*""¢
w o[ "q ZIy (= e*e’) + 2 n jets, 343 pb'1 N B - T ¥
RN Jets: p; > 20 GeV, || < 2.5 e E ? _____
S ERT % + Data (errors: stat) O Dat tat s i
e O — ALPGEN+PYTHIA MC e Ll Bt S0 |
N < - & MCFM(CTEQEM)  eeeefeee
. P (CTEQ5L)
0 % ﬂ%.x - 10“"? ------- ME-PS (CTEQ6L)
C '1._l¢i‘ '.l.,?*_ Z+' 7|é||||4||||2|||||3||||-|i‘|.-|||||5-||
i \ J Multiplicity (=n jets)
1= ., "
- * o] MCFM: NLO for Z+1p or Z+2p = good
7+3] P 4 [+2] description of the measured cross sections
'1 | 1 1 1 | | 1 1 1 | 1 | | 1 | 1 1 | | | 1 1 1 | | 1 1 1 1
105 50 oo a0 0 g0 ME + PS: with MADGRAPH tree level process
P ( up to 3 partons 2 reproduce shape of Nigt
p; spectra of n"jet distribution distributions (Pythia used for PS)
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* data

[
c
g ) Pythia range
& 10 Bl Pythia rang
°. 102 _-
1 : - . G e .'\. -
= . aral o e
0 50 100 150 200 250
p (2) [GeV]
<
E 4 ; L
i
2
B eiivie SEEEE. 4 M 5
s 1 :
(1] E .
a 3
0.2¢ 50 100 150 200 250
P,(2) [GeV]

" data w/stat error

Nr. of Events
g2

"_I_ DO Runll Preliminary

m  data w/stat & sys eor

B Pythia range stat

[ Pythia range stat & sys

10°
10
= -1
£ L=950 pb
0 1 2 R 5 6
Jet Multiplicity
< C
T 3 1 .
E 2 L [ ] 1
;; T —+ —
= -
(=]
025 1 2 3 3 5 6

Jet Multiplicity

g o * data
7] Sherpa range
8 e [ Sherpa rang
LRt
Z 10
"
200 250
P,(2) [GeV]
< ., r
1
2
% 1 anm = i L]
= g n!"?**+TTn !
g : ek l . |
024 50 100 150 200 250
p.(2) [GeV]
%10" E'_-'—I_ DO Runll Preliminary | 2
@ 10
CRUAS
Z 10k
"F L=950 pb
2 3 4 5 6
Jet Multiplicity
( -
1l
o 2
e 1 - = '! * [ ] I
8 ¢ !
Q |
i 1 1 1 1 1 II
02 g 1 2 3 )

5 6
Jet Multiplicity

Pythia:Z+1 jets ME  Sherpa:Z+<3 jets ME

Rainer Wallny - QCD at the Tevatron - LISHEP 2006
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(Z—ee)tjets

L=950 pb-?

- Pythia tends to under-
estimate high pT jets,
especially at high jet
multiplicity

- Sherpa describes data
well up to 4 jets
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Z+b jet production

In QCD, Z+b can help constrain b density in the proton

Important background

for new physics

e i AVAVAVAVY q Q2

such as search for ZH
Higgs production

Q= 126V [

Q=25 GeV*

April 3rd, 2006

11~

+ HI Data i
+ H1 Dats (High 07
— MRSTH

'¥
A

Q ——1NNwT Q Z
¥ e
g TEHor—e—0 q Q

Probe the heavy flavor content of proton

With HERA F®b, data:

CTEQ below MRST by 50% and
below data > Z+b jets can help
understand this picture

Rainer Wallny - QCD at the Tevatron - LISHEP 2006
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Z+b jets production

Both CDF and Do: - Leptonic decays for Z = e*e”, uu-

- Z associated with jets
(CDF: JETCLU, DO: MidPoint) R = 0.7, |ni*t| <1.5, E; (p;) >20 GeV
- Look for tagged jets in Z events

- Dominant systematic uncertainty:
—> B-fraction for jet events with 2 heavy quarks.
- Jet Energy Scale

- Extract fraction of b-tagged jetfs from - Assumption on the charm

] secondary vertex Mass: no assumption L =180 pb' content from theoretical
L= 335057 5n the charm content prediction: N_=1.69N,

o(Z +bjet)=0.96+0.32+0.14pb
R olZ + bjet]
olZ + jet]

Agreement with NLO prediction: o(Z + bjet) =(0.52+0.08)pb R =0.018 £0.004

(J. Campbell, K.Ellis%{
April 3rd, 2006

R olZ +bjet]

—==0.021£0.004(stat)" oo (syst)
=0.0237+0.0078(stat) = 0.0033(syst) olZ + jet]
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Conclusions

« QCD at the Tevatron is being tested in a vast kinematic range
— 9 orders of magnitude in inclusive cross section
— stringent pQCD tests at NLO
— Input in global PDF fits

 QCD processes (especially jets +vector boson) pose significant
background for searches beyond the Standard Model

— MC tools cannot be blindly relied upon — measuring and testing a very crucial tool for future
searches at the High Energy Frontier

— QCD at the Tevatron provides a crucial testing/calibration ground for these tools
(underlying event)

— ME+PS models show good agreement (ALPGEN, SHERPA, ...)
— real NLO calculations (i.e. MC@NLO, MCFM ...) very promising

« CDF and DO are looking forward into a bright future of ~ fb-"
QCD physics at the Tevatron

— QCD results among the first using the full data sets accumulated so far!
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BACKUP
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= | | | | | | | | |

8 - Quadratic sum of all contributions

% 0.08 N e Absolute jet energy scale —
& A e Out-of-Cone + Splash-out .
=006 e Relative - 0.2<n|<0.6 .

0.04 F )
0.02 [

0.02
0.04 [
-0.06 |/
-0.08 §
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April sra, zuvo
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W+jets production

(W—ev) +2>2jets CDF Run Il Preliminary Differential cross section
ﬁ: :I LI | T T TT | LI | T TTT | T T TT | TTTT | T TTT | T TTT | T T TT | T I: ._. . . .
S ,sf.  CDFData IdL:mph.1 E w.r.t. dijet invarianf mass in
B L Wkin  Eso0ev st . the W+2 jet inclusive sample
e 3 MY = 20[GeVic]; E) = 30[GeV] =
ﬂ C Jets:  JetClu R=0.4; fnj<2.0; E' = 15[GeV] .
3,50 hackon level; no UE correction = (W—ev) +>2]ets CDF Run Il Preliminary
25: + LDA'PQEI'I-I-P?THIA + ] qf'i _| I L R B B I B |E
2:— Total o normalized to Data _: S E ~+ CDF Data IdL: 70 ph E
C +e . E:B: B !m#:l'fl Wkin:  E 220GV 1)< 1.1 7
- . - B M = 20[GeV/e]; E} = 30[GeV] 7
15— I:¥=l “I"i:"** ] 2 10" wﬂjﬂj Jets:  JefClu R=0.4; jyj<2.0; EX' 215[GeV]  _|
C = + 7 =L § He hadron level; no UE correction §
1= :{:*‘% - = S T & & LO Alpgen + PYTHIA -
- :F:i:% 3 £ r = Totalc normalized to Data -
0.5 = = i = ]
o = 3 2| == _
_I 1 I'_I._l' 1111 | 111 | | 111 1 | | | | 1111 | | | 111 Ii-F-Ill—I—NI | 1 I_ 10— E — E
0 05 1 15 2 25 3 35 4 45 C 3
Di-jet A Rjetjet,) - - :
. . . . . -3— - u—
Differential cross section w.r.t. di-jet 10 3 E
AR in the W+2 jetf inclusive sample A S S
0 100 200 300

400
Di-jet Invariant Mass M(jet -jet,) [Ge‘?r?]

LO predictions normalized to data

integrated cross sections
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2.5
. Pythia e MidPoint Cone 10 p-Tagged Jets Cross Section
I Algorithm (R=0.5) [
2_— ----- NLO u-tag [ — i Require Muon in = e DO Preliminary
e ARl ] - *
I HE P = - - e
.g 1.5 I I R 05 53 10" *e
g I - L =300pbt &G
g T 0 T
3 1 * Vel <0.5 S0 -
: * P{(m)>5GeV/c - ——
0.5 [_]AllError 107
Eé%SHOme D Preliminary - —+—
ST T T T ol o b b b b b L
%0 1(|}0 15|0 2[|}0 2%0 3{|]0 3%0 400 S0 100 150200 250 300 350pt?g{;w:)5 °

Pt (Gev/C)

« Searching for muons in jets enhances the heavy flavor content.
« Data/PYTHIA ~ 1.3 flat.

April 3rd, 2006 Rainer Wallny - QCD at the Tevatron - LISHEP 2006
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The Standard Model

T

 Matter is made out of .
s o

)
— quarks and leptons -~

. m "

— 3 generations - d ... -

. o) 2

* Forces are carried by =

- 1)

: v VIV S

— Electroweak: y,W,Z o 3

— Strong: gluons s e ... &

- LL

* Higgs boson:

— Gives mass to particles

— Not found yet .
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Three Generations of Matter




Non-Perturbative Effects
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The “Transverse” Region

as defined by the L eading Jet

as Charged Particles (p; > 0.5 GeV/c, n| <1) 2

Calorimeter Towers (E; > 0.1 GeV, [n| <1) Away Region
Choandr S Fet

“Transverse” region is
very sensitive to the
“underlying event”!

Calorimeter Jet #1 Transyerse
Region

Direction

: ¢ Leading JH
“Toward” H Jet

Toward Region

“Transverse” “Transverse”

Transverse
Region

Look at the charged
Away Region particle density and the
ETsum density in the
“transverse” region!

ARSI Jet

“Transverse” region
recieves contributions
from initial & final-
state radiation!

* Look at the “transverse” region as defined by the leading calorimeter jet
(MidPoint, R = 0.7, f o4 = 0.75, |n| < 2).

* Define |A¢| < 60° as “Toward” 60° < -Ad < 120° and 60° < Ap < 120° as

“Transverse 1” and “Transverse 2", and |A¢| > 120° as “Away”.

* Study the charged particles (p; > 0.5 GeV/c, |n| < 1) and form the
charged particle density, chhg/dhdf and the charged scalar p; sum
density, dPTsum/dnd¢, by dividing by the area in n-¢ space.

* Study the calorimeter towers (E; > 0.1 GeV, |n| < 1) and form the scalar

E; sum density, dETsum/dndé.
April 3rd, 2006 Rainer Wallny - QCD at the Tevatron - LISHEP 2006 48




April 3rd, 2006

“TransMAX/MIN™ PTsum Density

PYTHIA Tune A vs HERWIG

“Back-to-Back”
Jet #1 Direction

“Leading Jet”

Jet #1 Direction

“TransMAX”

“TransMAX” TransMIN

“TransMIN”

Jet #2 Direction

Order transverse regions according to
charged PTsum density, dPTsum/dnd¢,
into “transMAX” and “transMIN” region
(pr> 0.5 GeVl/c, |n| < 1) versus
P.(jet#1) for “Leading Jet” and “Back-
to-Back” events.

transMAX picks up the hard component
transMIN picks up beam-beam remnant

Compare the (corrected) data with
and
at the particle
level.

"Transverse" PTsum Density (GeV/c)

3.0

25

2.0

15+
10+ Tt ¢

0.5 ]

| datacorrected to particlelevel - | 9 _ __o_ % _ l __

CDF Run 2 Preliminary

"Leading Jet"
1.96 TeV

L
MidPoint R = 0.7 [n(jet#1) <2

"Transverse" PTsum Density (GeV/c)

Charged Particles (|n|<1.0, PT>0.5 GeV/c)
0.0 } } } } } } } }
0 50 100 150 200 250 300 350 400 450
PT(jet#1) (GeVic)
‘“TransMIN“ Charged PTsum Density: dPT/dnd¢|
0.6

o
2]

=)
a
|
f

o
w
I

=]
N
I
T

o
-

o
=)

CDF Run 2 Preliminary MidPoint R = 0.7 n(jet#1) < 2
data corrected to particle level

1.96 TeV

"Leading Jet"

53558838 7 §

I : mE5igiest

3
R

Charged Particles (|n|<1.0, PT>0.5 GeVic)

0 50 100 150 200 250 300 350 400 450

PT(jet#1) (GeVic)
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“TransMAX/MIN™ PTsum Density

PYTHIA Tune A vs JIMMY

“Back-to-Back”
Jet #1 Direction

“Leading Jet”

Jet #1 Direction

“TransMAX”

‘ “TransMIN”

Jet #2 Direction

“TransMAX”

“TransMIN”

Order transverse regions according to
charged PTsum density, dPTsum/dndd¢,
into “transMAX” and “transMIN” region
(pr> 0.5 GeVl/c, |n| < 1) versus
P(jet#1) for “Leading Jet” and “Back-
to-Back” events.

transMAX picks up the hard component
transMIN picks up beam-beam remnant

Compare the (corrected) data with
and a tuned
version of at the

particle level.

3.0

"Transverse" PTsum Density (GeVi/c)

0.2 +

0.1 ¥

0.0

0 CDF Run 2 Preliminary
3 55 | datacorectedtoparticlelevel N o o m m m =g | = =
é 2
z 1.96 TeV
220+ ----—-- TR e ]
3
a
S5
[
oy 1.0 e "Back-to-Back"
g . _I!IIIIIIIIII!Pr‘;—-erLr ;}--
H ' T
2 0.5 MidPoint R = 0.7 [n(jet#1) L
E Charged Particles (|n|<1.0, PT>0.5 GeV/c)

0.0 } } } } } } } }

0 50 100 150 200 250 300 350 400 450
PT(jet#1) (GeVic)
‘"TransMIN" Charged PTsum Density: dPTldnd¢|
0.6 —
CDF Run 2 Preliminary MidPoint R = 0.7 [n(jet#1) < 2
ta corrected to particle level
[ e Il - - -
0.4 1.96 TeV Leadingdet™ =T= = = = = = . - -
N T - -
LY {
0’ ﬂﬂﬂﬁfiiiii [ [

ILII‘IHHTI- = ="BacktoBack" ™ = T 7 '?-I-

UI:III,III]{IT 1
- llIi

Charged Particles (|n|<1,0, PT>0.5 GeV/c) |
T T T T T

PY Tune A

50 100 150 200 250 300 350 400 450
PT(jet#1) (GeVic)

Rick Field, U of Florida
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Run Il Inclusive Jets: k; vs MidPoint

, kT jet-finding algorithm MidPoint Cone algorithm
. . . = 10° ¢ N
. Jet finding algorithms g f ke D07 01<ivI07 T Lvacs v ey
E 10 E X. —=— Data 10 E Midpoint R,,,,=0.7, f,__=0.75, H;m=1.3 E
_ . e Q C Syst ti E 0.1<|y|<0.7 3
Ieft kT (D 07) 3 101? —— N{Z?T:'IEEE.:F[;OSTEOM = 1_1 L =385 pb" E
— right: MidPoint (R=0.7) £ °F ™ oot | 30
107 E F’R*w tin = Iy i S 10l E
. E - ——— NLO uncertainties = E
— both for central jets only: s 0k N 2 oL E
O1<|Y|<O7 o0k """"'3*4 S 10f =
® 100k P T oo N
10° E_ H*:'\ . t\_lg ::_6 f_ [JTotal systematic uncertainty E
L] . E CDF Run IT Pl‘l.‘lil]lil]ﬂl'}' = -:‘_\\ . % = Data corrected to parton level %
° ComparISOH tO NLO 1075 =196 Tev L=385 ps’ = 107 | —NLopach 4
C t ! ! | | ! ! ]

— both agree with NLO and ™o it5 i 3™ 5 it 1005500555595 —90 700
have similar patterns in T [GeVie] Py (GeV/c)
Data/Theory

25 R S P R e

[ NLO pQCD EKS CTEQ 6.1, (n=P7"/2), R __ =1.3
Ky D=0.7 0.1<]¥|<0.7 P o 2 Foes

[A]

[ Midpoint cone R=0.7, f,_ . =0.75

—=— Data [ Data corrected to parton level
Systematic errors 2.5 Gacivico7 [L=ass e
———- NLO uncertainties I Osystematic uncertainty.

ESystematic uncertainty including

Data/ Theory
5]

N

o

e UE+Had Corrections: o

r hadronization and underlying event. ]
[ —NLO pQCD PDF uncertainty.
* Data/NLO pQCD

\

CDF Run IT Preliminary !

Cross Section Ratio (Data/Theory)

— UE+Hadronization are p— 1 ﬁ
. 1 gy gL . e .
phenomenological [t A W
models, not a theory! Ty e

JET P, (GeV/c)

— matter only for P<100 Pr [GeVie)

— kg algorithm is twice S o 007 01sN0T
more SenSItIVG - CDF Run IT Preliminary

4 @

B

COF Run |l Preliminany

I
)

Uncenanty

L
- N

|

4
]

]
]

Parlon to Hadron Level Corrections

[l.g: 1 1 1 1 1 1 1
0 100 200 300 400 500 600 70O

PIET [GeVic]
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Inclusive y cross section (DO)

q AWWW Y G Y « Sensitive to PDF and hard scatter
dynamics: no need to define “jets”

g g T g « Performed for central photons, |y9|< 0.9
No Jet Energy Scale error, use good
L = 330 pb! understanding of EM energy scale
—> purity uncertainties dominates

» Separating photons from jet

backgrounds is challenging > 1F
- 3 0.9F
2 F o B
$ 40000 7 D& c
S - A L
w - e Data L =326pb S 0.8
35000} o MC background _g -
- o MC signal+background o 0.7
30000— -
- T i
250002_ 44 <p <50 GeV Y 0.6 :_
- ] E
20000 0.5
15000;_ CUt 0.45_
h T - 0.3F

50000 ) u e Extracted purity

3,..|%.$|$ ers.gl... 02‘_ _______ Fit

0 0.2 0.4 06 0.8 1 <L

O = Stat. uncertainty

0.1 Total uncertainty

« Use neural network (NN) S T D T
— Track isolation and calorimeter 0 0 100 150 200 250 300

shower shape variables py (GeV)
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Forward jets (k; algorithm ,CDF)

CDF Run Il Preliminary

—10"°
—_ - K, D=0.7
g . :— 4 —=— Data
o S NLO: JETRAD CTEQS61 lored (D=0.7):
—_— a F e corrected to hadron level explo B
Q 10" e Mg =ue = max pr /2 .
= — S f
R B e N e NLO uncertainties e | yeT| <0.1
= - e e jet
m 10F o S «0.1<|yie'| <0.7
- .'“mmm e R 0.7<|yiet | <1.1
|—-c 102 %ﬁ@. i O ly"T1<0.1 (= 10°) o1.1<|yieM | <1.6
“-,‘h = .'“-m N s o1.6<|yiet| <2.1
sF i e~y S .
E 107 :: -K “‘Hm e 0.1<|y’"|<0.7 (x 10°)
b | S =
% 10° . e 07<y™<1 Gpod agreement
= 3 == with the NLO pQCD
PP = e 11<ly” |<1.6 (= 107 f .
107" —— orjetsup to |Y|<2.1
= Py
A4 1.6<ly’"|<2.1 (x 10°)
10 __II [ | L1 1 1 | L1 1 1 | L 11 1 | L1 11 | L1 11 | L1 1 1 | L1 1
0 100 200 300 400 500 600 700

py ' [GeVic]
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Inclusive Jet Cross Section-CDF

(MidPoint algorithm R=0.7)

2 .
| 110 E H .
g | 121 fp-l Central jets: 0.1<|y®!< 0.7
Ko 10 = point (R =07, f =075, R =1.3)
= 8 = cang g Sap - g
- = 3 Data corrected to the parton level
- 1 ‘.‘ CDF Run Il Preliminary g E NLO pQCD EKS CTEQ 6.1M (1 =P*2)
o] = . ~ - Midpoint (R =0.7, f —=0.75, R__ =1.3)
=] e E 2.5 B cone marge Sep
o 107 .Lﬁ 0.1<lY1<0.7 o B 0.1<1Y1<0.7 L=1.04 fo
e (=]
- c - &
=2 | — PDF uncertainty on pQCLC
10 = -1 o] 2 e MRST 2004 ( CTEQ 6.1M
= L=1.04 b o [= - Data / NLO pQCD
al E E [ Systematic uncertainty
1u = — - I  Systematic uncertainty including IZ'—
= E 1.5 | hadronization and UE 1
10+ B E B _'l'-'a-—_:_:i._-__—__.___ ) ‘_I N Ll
ob 5 N i OO
- Systematic uncertainty B R
- |:| - CDF Run Il Preliminary
109 . —— 05— ., L ol . AT I I
- Dt canmictid i readon ksl 0 100 200 300 400 500 600 700
I—Q_— Jet
107 E NLO pQCD EKS CTEQ 6.1M (u =P_"12) P"(GeV/c)
L P B | ra ol 1| CDF Run il Preﬁmjnary

1u-ﬂ. L | .
0 100 200 300 400 500 600 700
P (GeV/c)

« Systematic dominated by Jet
Energy Scale uncertainties (2-3%)

Uncertainty

\I|I- I|I\ -I\H 4

Parton to Hadron Level Corrections

Sensitive to
UE+Hadronisation effects

Good agreement with NLO CTEQ6.1M Pr (GeV/c)
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Cone algorithm not collinear safe:

. .,
-----
---------------

Replacing a massless parton by
the sum of two collinear particles T I
the jet multiplicity changes

5 2
dojer =d® | M| Frep
Cone algorithm not infrared safe:
The jet multiplicity changed
after emission of a soft parton

below threshold above threshold
(no jets) (1 jet)
Fixed-order pQCD calculations will contain not fully cancelled infrared divergences:
-> Inclusive jet cross section at NNLO
-> Three jet production at NLO
-> Jet Shapes at NLO
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Cone Algorithm

NLO pQCD diagram Convenient to define jets in N—¢ space
jet (shape invariant against longitudinal boost)
proton T]_q)
jet?
- t——

antiproton
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1. Seeds with E >1 GeV pQCD NLO does not have overlaps
| T (at most two partons in one jet)

2. Draw a cone around each seed and
reconstruct the “proto-jet”

Eij_e‘r _ Z E K )
k
jet  _ Z k E'T< "Mk it — Z K E'? J Therefore it uses larger cone
= E ' - EJ R’ = Rsep x R to emulate
experimental procedure
3. Draw new cones around “proto-jets” -> arbitrary parameter

and iterate until stability is achieved

. JetCln
4. Look for possible overlaps i

merged if common transverse
energy between jets is more

than 75 % of smallest jet.....
April 3rd, 2006 Rainer Wallny - QCD at the T




Three-jet Production at NLO

Fixed-order pQCD NLO calculations rely
on exact cancellations of collinear and
soft singularities between diagrams

a0

BS -

—— W. Giele, W. Kilgore (1997)

Subtraction Method, terative cone.
- Subtraction Method, terative cone, A Fi =1.0

----------------- ctoss section e 4
3" -

O3 jetel Smind (ND)

cone algorithm ~ 3z* -

viftual (1-loop) NLO refl (Born) [ ; {M o ]
jet LA ?
s :

2 jets y 1
3 jets \ \ (removed) /°F s tigiad 2 i
(contributes iet i 1
jet 1 J \After AR > 1.0

Infrared/collinear unsafe clustering leads
to partial cancellations and introduces
logarithmic dependence on soft emission

April 3rd, 2006

Sriin (Gev 3

Slicing method parameter Smin=min(Mij)

(flat for well defined NLO calculation)
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Define a list of seeds using CAL
towers with E >1] GeV #

Draw a cone of radius R around
each seed and form “proto-jet”

E Jet — E K ’ Pijet — PiK
Y Y

k
(massive  jets P/ ,Y /")

Draw new cones around “proto-jets”
and iterate until stable cones

Put seed in Midpoint (N-Q) for each

pair of proto-jets separated by
less than 2R and iterate for stable
jets

5. Merging/Splitting Cross section calculable in pQCD
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Discovery within a month ?

The SM (QCD) backgrounds are tricky!

10— —rT g
ATLAS :
o 10 7 * ALPGEN (Z—+wv)+4} ] F.Gianotti, M. Mangano
& . ""4_:-._ - hep-ph-0504221
% 0% | 7] *nﬂ -a
: ] | ME+PS
W . - (only
> 0% % ., ﬁ/ Z+4 jets)
E _|__ .-;"' $ /:
. hia ** Yo 1
_'/ LBNL-55641 .——| | J +"‘
o 1000 2000 4000

All background " (©e¥)

based on PS Clearly, we need to understand Z/W+jets process
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