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b-quark production in hadron collisions

In the bad old days, around

Moriond XXX, data for b-quark

production was way above the

theoretical prediction.

For example, here is CDF data for

dσ/dpT versus PT from 7 to 19

GeV.  CDF Run I

Did this show that the b-quark coupled to some of new physics?



Recently the situation has been changing

Here is CDF data presented by

M. d’Onofrio for single b-hadron

production, dσ/dpT vs pT from 1

to 25 GeV.

The data agrees with current

QCD based theory.

No new physics needed.



What changed?

• Better theory. Eg. sum

terms with log(pT/mb), as

from this graph.

• Better parton distribu-

tions. (+ 50% according to

graph in d’Onofrio’s talk).

• Measure a quantity that doesn’t involve too much theory. Eg.

not b-quarks but b-hadrons.

• Also measure jets with a b quark in them. This also needs

summation of log(pT/mb) terms.



Progress in three kinds of theory for b decays
Effective lagrangian

We can have a hard process

inside a softer process, eg.

b → se+e−. Softer partons

see L =
∑

CiOi with, for ex-

ample, O = s̄γµb ēγµe. b

s

e

e

+

–

T. Huber has calculated Ci for b → se+e− from two loop diagrams

in the Standard Model.

S. Schilling has calculated Ci for b → se+e− in case of two higgs

doublet model.



Matrix elements from lattice QCD

Consider exclusive decay such as

B → Deν from L =
∑

CiOi. Then

we need 〈D|Oi|B〉. One method is

to use lattice QCD. Need matrix

element as a function of q2.

M. Okamoto reported new results

on this. Have quark loops in-

cluded, and better control on chi-

ral symmetry limit. They have

enough results to compute the

CKM matrix from data.

J

It appears that this method is competitive with others.



Spectrum for inclusive heavy quark decays

Consider B̄ → Xs γ

(B̄ → Xu eν is similar).

Let x = 2Eγ/Mb. We would like∫
dx dΓ/dx but if experimental ac-

ceptance is not all x, we need the-

ory for dΓ/dx as a function of x.

But for 1− x � 1 perturbative re-

sult, even “resummed,” this does

not converge well.

x
1

d
dx

Γ



E. Gardi reported on this.

Perturbative expansions run into

trouble from “infrared renor-

malon”. This just means that in∫
dl, contribution from l < 1 GeV

leads to cn ∝ n!.

Andersen & Gardi found a partic-

ular problem related to the “pole

mass” of the on-shell b quark.

l

With a reorganized calculation, the prediction is less sensitive to

the infrared region, so they get improved predictions.



Comparison of result of Andersen & Gardi to data from CLEO

reported by J. Walsh at this meeting.

Shape of dΓ/dEγ:

1

Γ
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Should pentaquark states exist?

Some experiments see a state θ+(1540) with quantum numbers
of a ududs̄ state. Some don’t.

Does QCD imply that we must see this state?

There are constituent quark mod-

els for this state, if it exists.

cf. A. Vainshtein on diquarks.
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Lattice results are inconclusive.



The argument in favor (Praszalowicz)

An SU(3)flavor 10 representation of pentaquark states, contain-

ing the ududs̄ state is a prediction of the chiral quark soliton

model. This model is based on

• We are near the chiral symmetry limit, mπ = mK = 0.

• The number of colors Nc is large.

The argument against (Praszalowicz)

• The approximations based on large Nc break down for the 10

pentaquarks.



I conclude that we don’t have to give up QCD if pentaquark

states are not confirmed.

Nevertheless, it is intriguing that

the chiral symmetry model gave

a prediction for the θ+ mass that

matches the observed mass, to

the extent that the measurements

agree. The prediction was in 1987

(Praszalowicz).



Lattice study of gluon 2 and 3 point functions
F. de Soto (cf. A. Lokhov’s talk)

Study gluon two and three point functions in lattice QCD.

No dynamical quarks.

Landau gauge.

“MOM” renormalization.

Construct αs(p) from this.

Beware: this αs(p) does not di-

rectly give anything you can mea-

sure.
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• They could understand the result based on “physics.”

• These functions are input for understanding nonperturbative
QCD based on Feynman diagrams.



Spectral energy density in hot QCD
R. Petreczky

Look for J/ψ resonance on lattice as a function of temperature.

For low T it is a narrow res-

onance.

For high T it has “melted”

away.

The transition seems to be

at about 2.25Tc ≈ 390 MeV.



kT jets

CDF has measured one jet inclusive cross section dσ/dPT for jets
found with the kT algorithm. (A. Kupco)

Algorithm adapted from

e+e− definition.

Successively combine

“nearby” particles.

No “fine print.”
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The algorithm seems to be working in the real world.



Jet azimuthal decorrelation

D0 has studied the shift in azimuthal angle between two jets
away from π as they recoil against other jets. (Kupco)

For ∆φ < π, this is a “three jet” quantity.

Uncertainty from jet energy scale is small.

LO perturbation theory is not good

enough.

NLO perturbation theory works.

Theory for 3 jet quantities at NLO used

to be too hard.
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What do Herwig and Pythia say about this?

Herwig does well.

Default Pythia does less well.

If you change the parameters, Pythia does

fine.

This illustrates that you can be more cer-

tain of the answer if the calculation is fully

NLO.

 dijet  (rad)

1/
σ di

je
t  

dσ
di

je
t /

 d
 d

ije
t

pT
     max     > 180 GeV  (×8000)
130 < pT

     max    < 180 GeV  (×400)
100 < pT

     max    < 130 GeV  (×20)
  75 < pT

     max    < 100 GeV

HERWIG 6.505
PYTHIA 6.225
PYTHIA
increased ISR

(CTEQ6L)

D0

10
-3

10
-2

10
-1

1

10

10 2

10 3

10 4

10 5

≠/2 3≠/4 ≠
∆

∆



Reanalysis of JADE data
S. Kluth
Over the years theory has improved. Thus it makes sense to
reanalyze old data.

αs extracted from 4-jet rate

at JADE.

Result is compared to Opal

and Aleph data, so we see

running of αs

When Jade was running, the

Durham jet algorithm had

not been invented, and it

was not possible to calculate

4 jet rates at NLO.



NNLO calculations
C. Anastasiou

For a “high value” cross section like Higgs production via gluon-

gluon fusion, it has been on everyone’s wish list to have a next-

to-next-to-leading order calculation.

Want a cross section for an arbitrary infrared safe observable

σ[F ] =
3∑

n=1

∫
d
p1 · · · d
pn

dσ

d
p1 · · · d
pn
Fn({p}n).



Until now, no one has been able to treat the case of two extra
partons emitted.

The method: {p1, p2, p3} → {x1, x2, . . . , x7}, 0 < xi < 1.

Extract the divergent pieces automatically by computer algebra.

Here is a (vastly) simplified version:

I =
∫ 1

0
dx1 xε

1

∫ 1

0
dx2

f(x1, x2)

x1

=
∫ 1

0
dx1 xε

1

∫ 1

0
dx2

{
f(0, x2)

x1
+

f(x1, x2) − f(0, x2)

x1

}

∼ 1

ε

∫ 1

0
dx2 f(0, x2) +

∫ 1

0
dx1

∫ 1

0
dx2

f(x1, x2) − f(0, x2)

x1
.



Here is the result (including experimental cuts).

LO is bad.

NLO is pretty good.

You would not know that

NLO is good without the

NNLO.



Algorithm for NLO + showers
Z. Nagy

There is working code for combining showers with an NLO cal-

culation in certain cases.

• MC@NLO by Frixione, Nason & Webber for several processes

in hadron-hadron collisions

• beowulf/Pythia by Krämer, Mrenna & DES for e+e− → 3 jets

These are rather specialized.



The algorithm reported by Nagy applies to e+e− → jets and
should extend to hadron-hadron to jets and cases with Higgs,
W, Z, and various sparticles produced.

• Based on Catani-Seymour dipole subtraction scheme

– simple, general, widely used

• Uses kT -jet matching scheme of Catani, Kraus, Kuhn, and
Webber

– eg. e+e− → 2 jets & e+e− → 3 jets & e+e− → 4 jets at
NLO & pp → 5 jets at LO in same program.

• This is an algorithm, not yet code.



QCD in the high energy/small x limit

The conceptually simplest case is large s fixed t scattering. This

means that the scattering particles have a large rapidity differ-

ence

Two gluon exchange is not

a completely stupid model.

Gluons can communicate

between particles with very

different rapidities

Gluons are the key to studying the large rapidity difference limit.



Small x is equivalent to a big rapidity difference

Consider a gluon in a proton with plus momentum P+.

The proton rapidity is

log(2(P+)2/M2)

A gluon with transverse

momentum kT and plus-

momentum xP+ has rapid-

ity log(2x(P+)2/k2
T ).

The rapidity difference is

log(k2
T/M2) + log(1/x) 	 1.



The gluon density is large at small x

• The BFKL equation gives xg(x) ∝ x−αIP .

• αIP is roughly 0.5 from lowest order equation

• Or, experiment gives growth of xg(x) as x decreases.



The extreme small x limit is perturbative

A scale emerges in the relevant, the “saturation scale” Qs.

Consider a dipole of size d moving through the proton or nucleus.

For small d, the dipole does

not interact.

For large d the proton looks

black.

The intermediate range is

relevant for the equations,

ds ≡ 1/Qs.

Small x implies big xg(x) implies large Qs. (Realistically, a few
GeV.)



Pomeron merging and splitting
D. Triantafyllopoulos & E. Iancu

Gluon ladders (“Pomerons”) can merge or split.

Tn = scattering amplitude for n pomerons

dTn/dy = KBFKL Tn + Ksplit Tn−1 + Kmerge Tn+1

Merging stops the growth when the gluon density gets too big.

This problem maps onto statistical physics reaction diffusion
problem.

Triantafyllopoulos claims that the splitting/merging terms are
more important than the next-to-leading terms in the BFKL
equation.



Result from approximate treatment

Plot cross section for γ∗p
scattering (i.e. DIS)

Define τ = Q2/Q2
s(x).

With suitable approxima-

tions (the “BK equation”),

one expects

σ(x, Q2) ≈ f(τ).
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The BFKL equation at next-to-leading order

L. Schoeffel discussed ways of solving the BFKL equation so as
not to run into problems.

J. Andersen solved the equation with an iterative approach,
avoiding Mellin transforms.

Effective pomeron intercept

αIP is well behaved.

xg(x) ∼ x−αIP

QCD, nf = 4, one loop running
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Automate the scientific method more?

B. Knuteson has worked on creating computer tools for auto-

matically

• finding discrepancies between data and the standard model

• testing hypotheses

• even automating theorists



On the practice of physical and biological science

Consider a real (but perhaps misremembered) biology problem.

In a developing zebrafish,

there are some cells near the

front that can potentially be

two things.

A lens,

or a pituitary gland.

dual purpose cells



How do the cells “decide”?

Cells nearby, based on their

genetic code, express a cer-

tain protein.

The protein tells nearby cells

to become a pituitary gland.

If the protein is present, the

fish develops normally.

dual purpose cells

‘‘be a gland protein’’

pituitary gland

lenslens

What sort of software would biologists like?



Biologists need a program that

takes a fish genome as input,

generates a step by step fish

development,

and produces a model fish as

output.

Icthyia

TAGATC
C

What really exists is just a literature of what genetic changes

produce what changes in phenotype, plus a developing knowledge

based on clever experiments of how this all works.

Now, physics is simpler than biology so . . .



Physicists have programs that

takes a model lagrangian as in-

put,

generates a step by step event

development,

and produces a set of events to

be observed as output.

Pythia



We have heard about several theoretical methods available to

predict cross sections.

These are far from perfect.

They should be used with due caution.

We have seen at Moriond XXXX that the reach of theoretical

calculations has been improving.

The existence of such tools gives us a realistic hope of finding

L from experimental results.



The XXXX Rencontre de Moriond:
From modest beginnings, an enduring tradition

We participants should be grateful to Etienne Augé and the

organizing committee for their hard work.

We should acknowledge the work of Jean Tran Thanh Van in

starting the Rencontres de Moriond and nurturing it for all of

this time, including this 40th anniversary year.


