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b Production Xsec - history

® 1n 1997, b production cross-sections in pp collisions were still > 2 X larger

than QCD predictions. At that time only a small portion of the b hadron

inclusive cross-section, p7 > 6.0 GeV/c, had been measured.
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Is this a shape or normalization problem? What about charm?
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Outline

® Recent advances in the theory of heavy quark production
cross-sections in pp collisions.

® Description of the Run Il CDF and DO detectors at the Tevatron.

® Tevatron Run Il results on beauty and charm hadron production
cross-sections.

® Heavy flavour jet production.

e

Quarkonia production (including diffractive!)

® Summary and conclusions.
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THE THEORY




Heavy Quark Production in pp
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NLO: Gluon splitting
q Q
LO Heavy Quark Production
NLO: Flavour excitation

Factorization theorem: factorize physical observable into a
calculable part and a non-calculable but universal piece:

do(qq/g99/a9 — bX) o o o DB _ do(pp — BX)
dpr(b) N ~—— dpr(B)

~ -~ “  Proton structure fragmentation N -~
NLO/NNLO QCD observed
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Parton Density Functions (PDF)
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Evolution of PDFs

By 2004, recalculating the cross-section with updated PDFs increases
theoretical value by almost 2X!

PDF dependence:
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2001: k- Factorization Scheme

Standard PDFs are functions of z, the fraction of the momentum
carried by the parton longitudinal to the hadron direction. Partons
also have a small transverse momentum component:

kr factorization : f(z) — f(x,kr),o(x,s) — o(kp,x, s)

N T \_ T ‘ T T T T T ]
e pp—>bX, vs=1.8TeV, IWI<1 | . | — cascaDE ot > 5 GeV/c
- 4 o 107 F A
- 10 2= E R
—~ Ry D@ Data L
c . i i
€ (Errors have correlations) | 2
& 103k | %570} — NLOQcD, MRSR2,
A : . — CASCADE 1 © mey=4.75 GeV/c’, u=pu,
L ] \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\‘\
ﬂ& - mDimuons ] 0 0.5 1 1.5 2 2.5 3 3.5
~— 102 . ly*]
Fe] C -
o - aMuons+Jets E :

- (This Analysis)
10 | elnclusive Muons

- NLO QCD, MRSR2

T Theoretical Uncertainty
| | | | ‘ | | | | |
6 7 8910 20 30 40 50 6070

pr™" (GeV/¢c)

do,’/dy” (nb)

Marv Bishai. . 8 — n.8/4!



Fragmentation Functions D'—%
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Recent Theory Advances

® Next-to-Leading-log
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resummations (2001): In pQCD
calculations powers of

o log pr/m¢g modify shape of
fragmentation function:

pr >> mg = Large corrections
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Comparison with Run | Data - NLL

Fixed order (FO) QCD NLO cal-
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Theory Summary

® Agreement with the Run | b cross-section data for pr > 5.0
GeV/c has greatly improved without the need to invoke exotic
sources of excess b quarks. Most of the improvement is due to
Improved treatment of experimental inputs.

® BUT: Different theoretical approaches: different factorization
schemes, FONLL calculations, new methods to extract the

non-perturbative part of fragmentation function. Which is the
correct approach?

Total cross-sections do not depend on the fragmentation model!

= powerful experimental test of QCD calculations.

Charm quark mass and production cross-sections are close to b-quark

but fragmentation is very different - test theory predictions
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THE EXPERIMENTS

Main Injector
& Recycler

T
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The Tevatron Today

#® 1In 1985, Tevatron collider begins operating @+/s = 1.6 TeV

#® Run | of the Tevatron collected collider data at /s = 1.8 TeV
from 1992-1995. ~ 109 pb ~! of data was collected by the 2
collider detectors with £¥Pcel = 1.6 x 103'cm—2s™1

Run Il : Summer 2001 - present - > 1 fb~!
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CDF Run Il - Overview

Signals: J/v — uu, D — K, displaced b vertices
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SVX-II Intermediate Silicon Layers
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Central Muon detector: Prop.
chambers outside central
calor. ~ 57 Interaction
lengths.

96 layer COT:
o(pt)/pe = 0.002p;

Silicon vertex detector: 8
Layers of 3-D Silicon up to
In| = 2, 700,000 readout
channels, o(dg) ~ 30um

Marv Bishai. . 15 — n.15/4:



DO Run Il - Overview

_— | + New Hlectronics, Trig DAQ | S8y ayian Pood

» New forward muon system with |n| < 2 and good shielding
® 16 layer Fiber Trackers in 2T
® 4 layer Silicon, o(dy) = 54pum at 1 GeV/c
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RUN Il MEASUREMENTS OF THE J/¢) AND b-HADRON
INCLUSIVE CROSS-SECTIONS
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J/v — pp signals
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L1 Muon triggers (CDF)

Tracks are reconstructed in the |:|:|:|:]: imi 1HHE

COT by the Level 1 Trigger eX-|
: d

tra Fast Tracker (XFT). Amatchis | &%

made to hits in the Muon Cham- | Wedee

bers. (Offline e = 0.986 4+ 0.010)
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L1 muon trigger efficiency .vs. 1/pr Can now reach p,(J/vy) = 0 GeV/c.
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Counting J/vs (pr = 0 to 20 GeV/c)

Events/5 MeVic’

Events/5 MeV/c*

0 < pr(J/v) < 0.25GeV/c

T T T T y T y T y T T
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» Transverse momentum
resolution:

o(pr)/pr = 0.003pr
® A detector simulation is used

to model the expected shape
of the J/+ signal.
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Muon triggers (DO)

» Large rapidity coverage up

to |n| < 2.0

® Offline reco eff:

loose € = 0.905 + 0.0033

medium € = 0.8 4= 0.0045
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J/¢ Cross-sections - Run |l

do/dp(J/P)*Br(I/Y—pp) nb/(GeVic)
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Separate H, — J/¢ X from Total

® The J/v inclusive cross-section includes contributions from
» Direct production of J /v

» Indirect production from decays of excited charmonium
states such as (25) — J/¢Yrtw™

» Decays of b-hadrons suchas B — J/¢y X

® )-hadrons have long life-
b-hadron direction times, J/¢ from Hy — J/wX
...... will be displaced.

"""""" J/U vertex
“““““ b-hadron decay vertex

Primary vertex
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Extracting the b-fraction

» A maximum likelihood fit to
the flight path of the J/v in

the r — ¢ plane,

L., 1s used

to extract the b-fraction.

CDF Run Il Preliminary 5.0 < pT(J/L|J) <55 GeV/c .
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do(pp — HyX)/dpr(J/9)

Fraction of J/y events from b-hadron decays

Fraction of J/vys from H,
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Sy Theoretical uncertainty
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Theory:
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5 1|0 - 1|5 20
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M.Cacciari, S. Frixione, M.L.

Mangano, P. Nason. G. Ridolfi (Dec, 2003)
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b-Production cross-section

o(pp — Bt X) vs (pr(BT)) o(pp — bx) versus (pr(Hy))
a " N 104 . I T T T T T T T T T T T T T T T T T T LI
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1997 2003
OCDF = 17.6 £ 2.5,LLb, OFONLL = 16.8tg:8ub (CTEQ6M, mp = 4.75, u = o)
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CHARM MESON
CROSS-SECTIONS




L2 Silicon Vertex Trigger (CDF)

A COT track { 2 parameters) 5 SVX coordinates
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Charm Production in Run Il

N

C
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200]
100p
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Analysis uses 5.8pb ~! of
early 2002 data.

Challenges: SVT not
fully efficient at the time.
Efficiency is a complex
function of pr, z, cot(0)
and time.
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Direct Charm Production Run Il

Use impact parameter of reconstructed charm mesons F'(dp) to
distinguish directly produced charm from B — DX, F'g(dp)

CDF Runl|
“F koo From K, — 7 data we find
E Fp(dg) = Gaussian + exp
e tails. From B — DX MC :
g" ! Fg(dy) = a double exponen-

H tial.
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Charm cross-sections
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M. Cacciari, P. Nason. hep-ph/0306212.
o(pp — DX, |y |< 1.0,pr > 5.5 GeV/c) = 13.3 £ 0.2(stat) £ 1.5(syst) ub

olpp — DTX,|y|< 1.0,pr > 6.0 GeV/c) = 4.3 £ 0.1(stat) & 0.7(syst) ub
o(pp — D*TX, |y |< 1.0,pr > 6.0 GeV/c) = 5.2 + 0.1(stat) + 0.8(syst) ub
o(pp — Ds X, |y |< 1.0,pr > 8.0 GeV/c) = 0.75 £ 0.05(stat) + 0.22(syst) ub
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Charm .vs. Beauty (FONLL)
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Charm and Beauty meson crossection predictions are consistent
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HEAVY FLAVOUR JET
PRODUCTION




High pr b-Jet Production (CDF)

Heavy flavour jets include much of the quark fragmentation remnants = jet
cross-sections have small dependence on fragmentation. Good test of QCD at
high pr.

® At CDF, heavy flavour jets are tagged using detached vertices
inajet Ly, > 0.

® the b-flavor tagging efficiency at very high pr iIs measured from
MC normalized to data from the 8 GeV inclusive lepton triggers.

i ©-s ++*+++ + —e— b-ta
L +++ N

dijet Pythia Tune A scaled to match data

o
w
T[T T[T [T T
I Boe
Q 0
=]
a &
0 0
= -
i 3
g
2 8
5
2
o

MidPoint jets Rcone=0.7, f,6,ge=0-75
jets with |Y|<0.7
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High pr b-Jet Production (CDF)

® (/cjet? =fit to the secondary vertex mass:

‘E0.25]- 8 2 0.8 =
g L —bjets ;5500; Gl — Fit prediction -ac? 0.7 MidPoInt jets Reone=0.7. ferge=0.75 —e— Data (total error)
& ozi ----- c+light jets % I — Data % = jets with |Y]<0.7 —— Data (syst error only)
§ L 400 | g 0.6 ; Pythia Tune A mass templates
<2} L = =
% r I | o 0.5 -
*=0.15( [ T LEI: -
r 3001 0.af- %
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= 10 < 6
L E e 3 L
* T L % —e— Data wor e Data/Pythia Tune A (CTEQ5L)
O E ] ; .
=t = @ —o— Pythia Tune A (CTEQSL) % S |:| Systematics
%10'1 = %% |:| Systematics g C
g E (] | -
510'2 E CDF Preliminary . g -
L F \s = 1.96 TeV, L~300 pb s [
o3 [ Q3
10 E = L
4 F S C -
10 g 2;
LE —$— - + 4+
10 = L + ii o i,*, +
= MidPOINt jets Regne=0.7, fy0,06=0.75 I 11— & ¢
10 E [Y]<0.7 -
10'7....I....I....I....I....I....I....I.... OT...I....I....I....I....I....I....I....
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— b-jet xsecs: good agreement with Pythia (LO QCD) at high pr.
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High pr b-Jdet Production (DO)

#® |Initial DO analysis using the Run | lepton-jet relative pr method
also indicates good agreement with LO QCD.

DO® Run 2 Preliminary
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Marv Bishai. . 36 — p.36/4:



QUARKONIA PRODUCTION
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Quarkonia = discovery. J/1 signal at Brookhaven in 1974
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Prompt Quarkonia Production

Quarkonia bound states are non-relativistic. NRQCD LO perturbative expansion is
O(av?) as in the color singlet model (CSM) + higher order O (a2v?).
Fragmentation processes o< color octet matrix element dominate. CO matrix

elements extracted from fits to data - agree well with Run | data at high py.
CDF Preliminary

102 F ) T T T I T T T T I T T T T I T T T T =
7y ‘ = Ez X Data with total uncertainties 3
\ 2 - :
% M(S®) = 11.0 + 0.8 x 1072 GeV? % :z Prompt J/y i
O 10 L X =G I D S J/IP from H,
~ Forcing J/¥ N 1 _
G and ¥/ M('S$ %P = 29.9 x 107 GeV? S WFE E
rad | amplitudes < - i
D to have the " = L ]
1 . =
a~ ' same ratio - e
C T
o~ = 1 —
s S : E
© 4| — sum = r .
10 & QJ C ]
r — 3s® 3 L i
>) 10'1 | |
L see T E
F Singlet 5 L i
L @) - i
- 3
2 =5 1
10_3 L | L | L | L | | L | L | L | . | L 10
0 2 4 6 8 10 12 14 16 18 20 0 20
P:(J/¥) (GeV/c) p(J/Y) GeV/c

Prompt J/¢ production (Run I) J /4 production (Run I1)
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T production at /s = 1.8 TeV

CDF Run | Y signals from 77 pb~!
PRL 88, 161802 (2002).

2000

Events per 40 MeV/c’

1000

500

1500 —

: 430 = 95 Events .

4
11114 £ 65 Events 4
z 584 + 53 Events .

77 + 3 pb™! —

Dimuon mass (GeV,/c?)

At lower p; NRQCD non-fragmentation diagrams from other octet matrix elements

are important. 2004: Resummation of soft gluon effects = reliable predictions at

low p (Berger et. al. hep-ph/041108). CDF Run | measurements/theory
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Also good agreement with CEM models + k7 kick (R. Vogt).
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T production at /s = 1.96 TeV
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Charmonium Polarization Mystery

BUT Inclusion of color octet in NRQCD leads to a prediction of increasing

transverse polarization of charmonium at high py.

CDF Run |
Method: Fit the production angle,
cos 0, distribution to MC distribu- 0t =% —
tion which is a mixture of trans- - Prompt -
verse and longitudinal polariza- R TR/ Gev/S
tions. Use lifetime fit method to 6 T
separate prompt and b X =
p p p ~ J/w _o,zg E + ++ --------------------- % --------------- :E
dN/d cos 0% x (1 + a cos? 0*) -05 |
onel o B-decay

5)

b)) (v
Is this fatal for the COM?
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Polarization: new data, theory

Prompt J/y Polarization

CDF Run Il measurement of the ..

prompt J/¢ polarization at /s = o

0.2

1.96 TeV. 188 & 11 pb™1. Both = o

-0.2;{“{“%% 1 I
Run | and Run Il show increasing <+ I

0.6

longitudinal polarization at higher  *%

CDF 2 Preliminary, 188+ 11 pb'l
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y ] _
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o) :
effects to the hadroproduction of quarko- ¢ g5t |

L 0=4.2 £=26.5 + COM =4 107 ——
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CDE Runl
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Diffractive production of y.

® At LHC SM Higgs boson could be produced by exclusive
production with NOTHING else In the interaction (o ~ 40 fb ?):

p+tp—p+H+p

® To test prediction, search for a similar process at the Tevatron:
P+p—p+xd+D—p+J/Py+D
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Exclusive y. candidate 1

Event : 119697 Run: 155318 EventType: DATA | Unpresc: 23,56 Presc: 56

Mssing Et
Et= 0.6 phi=a.1

List of Tracks
Id pt phi eta

cdf Tracks: first 5

1 -16 2.5-0.5
12 1.5 -0.6 -0.6
To select track type

Sel ect Gdf Track( 1 d)

Svt Tracks: first 5
0 52 2.5
1 1.5 0.0

To select track type
Sel ect Svt Track( 1 d)
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Exclusive y. candidate 2

Event : 149270 Run: 156365 EventType: DATA | Unpresc: 23,56 Presc: 56
e

Mssing Et
Et= 1.1 phi=1.0

List of Tracks
Id pt phi eta

odf Tracks: first 5
7 1.6 2.9-0.6
8 -1.5-0.4-0.5

To select track type
Sel ect Cdf Track( I d)
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Analysis of exclusive events

§ 2 1 < CDF Run 2 Preliminary . data
E ol | o 8 £ 4t —— FakeEvt
16 : a
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1t ] 1}
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Need to understand backgrounds!. IF all 10 events are signal
then: o(pp — ppupy, |y| < 0.6) =49 + 18(stat) + 39(syst) pb

Prediction: o =~ 200 pb hep-ph/0011393
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Summary

Studies of heavy quark production are precision tests of NLO pQCD.

® NEW: Run Il measurements of heavy flavor production at the
Tevatron:

» Quarkonia: New measurements of the inclusive J /1
cross-sections down to pr = 0 GeV/c (CDF) and |y| < 2.0
(DO). New T cross-sections (D0). Measurement of J /1
polarization at \/(s) = 1960 GeV (CDF). Diffractive
production of exclusive uu~ candidates observed (CDF).

» Measurement of the central b-hadron cross-sections over all

pr (CDF) and b-jet cross-sections at /(s) = 1960 GeV
(CDF/DO)

s DT9* D, cross-sections published (CDF).
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# Lots of theory advances:

s New PDF fits to proton structure data and better
understanding of uncertainties.

o New factorization schemes: kr

o Resummation of NLL for factorization schemes
where quarks are massive - now valid for all pp

s Improved treatments of heavy quark fragmentation

» New calculations of low pp quarkonia production and
charmonium polarization.

Total inclusive b-hadron cross-sections are in agreement

with theoretical predictions within uncertainties.

Charm cross-sections in reasonable agreement with theory
and consistent with beauty meson results.
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