Heavy Quark Production:
Phenomenological Review

Keith Ellis
CTEQ school, June 2004

Heavy quark production rates
Charm lifetimes
Bottom lifetimes
Top quark decays
HQ production in leading order
Higher order corrections
Bottom and Charm production

Top production

- R.K.Ellis, CTEQ 2004, June 2004 -



Approximate rates

® There are many measurements of heavy quark
production. Theoretical predictions are shown below.

® Note high rate of hadron machines for b-quarks.

Process V'8 | GeV] | Cross section | 055/0¢0t
N — cc 25 20 ub 0.1%
pN — cc 38 40 pb 0.1%
YN — cc 19 0.7 ub 0.4%
pp — bb 40 20 nb 10°
pp — bb 1960 30 ub 0.05%
pp — bb 14000 300 pb 0.5%
ete™ — bb 10.48 1 nb 25%
ete™ — bb 01 7 nb 15%
pp — tt 1960 6 pb 1010
pp — tt 14000 800 pb 10—®
ete” — tt 500 500 fb 5%
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Beauty production — eTe™ vs. pp

A large sample of b quarks is needed to observe CP
violation in the decays of hadrons containing b quarks
and to measure B, — B4 mixing.

At the Fermilab Tevatron running at a luminosity of
2 x 1031 cm~2s~ 1, b quarks are produced at 500 Hz.

At an ete™ machine such as PEP-Il (SLAC) operating
at a luminosity of 6 x 10% cm™2s™!, the rate of b
production is ~ 6 Hz

hadronic production of b quarks gives access to a wide
spectrum of states, including mesons containing both
bottom and charm (b¢) and baryonic states containing b
quarks.

At ete™ machines operating at the Y(4S5) resonance
only BY and BT are produced.
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Charm and bottom quark decays

® treat the semi-leptonic decays of hadrons containing ¢
and b quarks in analogy with the decay of a free muon,
(spectator model)

® [agrangians for CKM-favoured decays are

G _
L = —ZZV 5v"(1 = ys)e vyl — 5)e
V2
1) _Gry, 1 — ~:=)b 1 —
— NG b Y ( ¥5)b €, V5)V
c e’ b v

Z|./\/l(c)|2 = 64G% |Ves|*c-et s v,

Z]/\/l(b)|2 = 64GH|Va]*b-Dc-e

where b,c,s,v,7,eT and e~ now stand for the four-
momenta of the particles in the decay.
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® by angular momentum conservation s and ¥ momenta
prefer to be anti-parallel in ¢ quark decay. The endpoint
configuration in which the e™ recoils against the parallel
s and v is thus disfavoured. We expect a soft spectrum
for the positron.

® Conversely we expect a hard spectrum for the neutrino
(or for the electron coming from the decay of a b quark).

® 1 and y are the rescaled energies of the charged and
neutral leptons, x = 2E./mqg, y = 2E,/mg in the
frame in which the heavy quark () is at rest. The
kinematic endpoint of the spectrum is denoted by z,,
and is given by z,, = 1 — €* where ¢ = m,/mg. The
result for the semi-leptonic widths of the ¢ and the b is

ar'®
da:clly - |V68’2F0<m6)[12$<37m_37)]
ar®)
o = ValTo(m)12y(en — v)]

— R.K.Ellis, CTEQ 2004, June 2004 — 4



I'y is the rescaled muon decay rate,

G%m%
19273

Lo(mg) =

The lepton spectra are

dFS(C) —123:2(5137” — x)?
dI‘S(b) -Z:I:Q(xm — x)?
—— = [Ver["To(ms) (1—2)°
x (6 — 6z + zx) + 227 — 33,,).
’ 2Ejmc ] ’ ZEjmb ]
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The et from charm decay has a soft spectrum. The
e~ from the CKM-disfavoured mode b — u has a hard
spectrum.

® The measurement of leptons with energies beyond the
kinematic limit for b — ¢ gives information about V.

® Allowing for theoretical uncertainty in endpoint region,
the measured value is |V /Vey| = 0.08 £ 0.02

After integration the semi-leptonic width including mass
effects is found to be

m
I = [Voy|*To(mg) f (—2)
mQ

where the function f is given by

fle) = (1 —eM(1 -8 +€*) —24e*Ine .
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Charm quark semi-leptonic decay

Including the CKM-disfavoured mode ¢ — d the result
for the semi-leptonic decay of the ¢ quark is

D87 = To(me) | £(me/me) [Ves 2 + f(ma/me) [Veal?].

® For a rough estimate ignore strong interaction corrections
and choose m. = 1.4 GeV. The theoretical estimate
for the semi-leptonic width is

T =1.1x10"" MeV.

From the measured semi-leptonic branching ratios of the
DT, (17.24+1.9%) and D, (7.7 4+ 1.2%) and the inverse
of known lifetimes, we can calculate the semi-leptonic

widths.

(DY) = (1.2240.20) x 107 MeV
(D) = (1.07£0.13) x 107" MeV.
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® The spectator model gives a fair description of the semi-
leptonic decays of D mesons.
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® For the semi-leptonic decays of B mesons, the theoretical
decay width is

me
Tl = Po<mb>f(ﬁb) Voo 10,

® The CKM-disfavoured mode makes a negligible
contribution to the total rate. 19 ~ 0.87 due to strong
Interaction corrections.
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Using the measured semi-leptonic branching ratios of the
B*,(10.1+£1.8+1.5%) and B, (10.94£0.7£1.1%), the
semi-leptonic widths of the B mesons are

Iy(B%) = (0.4840.12) x 107 MeV
Iy(B"Y) = (0.4340.18) x 107 MeV.

We can estimate V,,. Choosing the values m; =
4.8 GeV,m.=1.4 GeV and V_, = 0.04 one obtains

[y =2.7x107%V|* MeV = 0.44 x 107 MeV .
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Hadronic decays

® Estimate for the total width using the spectator model.
The width in the spectator model is given simply by
the weak decay of the heavy quark followed by the
subsequent decay of the resulting virtual ¥ boson.

® Diagrams involving spectators are suppressed by powers
of the heavy quark mass. For example, in the decay of a
D} meson, a non-spectator diagram would result from
the annihilation of the charm quark with the anti-strange
quark.

1
BR(c —eX) = :
(= eX) =173
ignoring strong interaction effects. Therefore the

prediction of the simplest spectator model for the total
width of a charmed hadron is given by multiplying the
semi-leptonic width by five.

® This leads to an expected common lifetime for all
charmed hadrons of the order of 1.2 ps. However the
lifetimes of the DT and the D° mesons are very different.

S
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® Since the semi-leptonic widths are approximately equal,
we can conclude that the failure of the spectator model is
due to differences in the hadronic widths of the charmed
hadrons.

® Reasons for the failure of the spectator model for
D decays include non-spectator diagrams and strong
radiative corrections.

® Interference effects should be suppressed by powers of
m. because of the small overlap of the d coming from
the charm decay with the spectator d. The former is
initially localized in a volume of order 1/m?, whereas the
latter is distributed throughout the D meson state.

® Since these interference effects appear to be important,
we conclude that the charm quark is too light to be
treated as a heavy quark in this context.
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B total width

Apply the spectator model to hadronic B decays.

A priori, one might expect the B lifetime to be a factor
of (m./my)° shorter than the estimate for the charm
quark lifetime given above. However this mass effect is
almost entirely cancelled by the factor of |V.|? which
occurs in the expression for the width.

The calculation of the semi-leptonic branching ratio for
B decays is complicated even in the spectator model,
because of the many channels which are kinematically

allowed for the decay. A detailed calculation gives
BR(b — eX) > 12.5%.

The ground-state hadrons containing b quarks have
roughly equal lifetimes.

Calculating the total width from the theoretical semi-
leptonic width and the measured semi-leptonic branching
ratio, we obtain a lifetime of about 1.6 ps. The measured
average b lifetime is 1.55 £+ 0.06 ps
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® This corresponds to a proper lifetime expressed in units of
length of c7 = 463 + 18 um. A b quark with momentum
20 GeV has a relativistic v factor of about 4. A B
meson of this momentum decaying after one lifetime will
travel about 1.9 mm. This decay distance large enough
to be measured with a detector, typically a silicon vertex

detector.

® Thus the happy circumstance that V., = 0.04 allows one
to observe B-hadrons using displaced vertices in a vertex

detector.

CDF Top Event

M, =79 GeVic?
Jet 2
Jet 3

Tet 1 (h)

Primary
Vertex

| )— Secondary
4 \ Vertices

Jet4 (b)
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Top quark decays

® Standard Model. Since m; > My + mp a top quark
decays predominantly into a b quark and an on-shell W

boson
t — WT+b

’—>l+—|—y

t - WHt+b
|

—q+q

® the branching ratio to leptons is given by counting the
deca;_/ modes of the W, ( ev., pv,, T and three colours
of ud and cs,

1
BR(WT = etp) = ~ 11%.
( V) =533 %

With a perfect detector the numbers of events expected
at /s = 1.96 TeV per 100 pb™* are

A1 x .11 x 600 ~ 15
11 x .66 x 600 ~ 90.

N(en +jets) =

2 X
N(e + jets) = 2x

The existence of both of these decay modes with the
correct ratio is a first test of the decay modes of the top.
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Cross section ratio, Run |l

® We can verify that these signals occur in nthe right
proportion by removing the expected branching ratios and
calculating the ratio of the top cross sections measured
in the dilepton and the lepton-+jets channel.

® Cross section ratio R, = oy;/01; = 1.4575 %2 (CDF), for
the Standard model B, = 1. Sensitive to non-standard
decays of the top.

® 0.46 < R, < 4.45 at 95% CL

4500 | Expected distribution of cross-section ratio |

+@ [ ndf 201.7 /127 ]

4000 £ ]
3500 |- Constant 4205 = 8.719
3000 | Mean  1.452:0.002788 -

2500 |

Sigma  0.8415 + 0.006934 7

2000 [
1500 £
1000 £

CDF Preliminary

500 [
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W-Polarization

The W boson coming from top decay can be either
left-handed (—) or longitudinally (0) polarized.

— 2G Fm} i

Y M_]P = \%mtn/;by? 2¢%(1 — z° +y2)]

— 2G Fm} |

Z’MOP _ j‘ﬁmt |th!2 1 — 33‘2 o y2<2 4 33‘2 o y2)]7

where x = My /my, y = myp/my.

In the limit m; > My the result for the total width is

3

8T 2

3
T(t— bW) = V|2 = 1.76 Gev< i ) .

175 GeV

O(ay) corrections reduce the width, I' — I' x (1 — 4),

where § ~ %% ~ 0.1

Vis = 1 as suggested by the unitarity relation
Vis|? + |Vip|? + [Vip|? = 1.

The top quark decays before it has time to hadronize.
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The top quark has a ‘semi-weak’ decay rate The lifetime
of the top quark is only of order 1072° seconds and it
therefore decays before it has time to hadronize.

® The polarization state of the W controls the angular
distribution of the leptons into which it decays. We may
define the lepton helicity angle 6%, which is the angle
of the charged lepton in the rest frame of the IV, with
respect to the original direction of travel of the W (i.e.
anti-parallel to the recoiling b quark). If the b quark jet
is identified, this angle can be defined experimentally as

(et —v)  4b-et .
(e++y)Nmf—M§V ’

b.
0F ~
cos 0, 7

in an obvious notation where ¢,b, et and v represent
four-momenta.
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> IMof* < [Dol* + Y IM_[* x |D_|?

T

§(w?* — M3z,).

Here My, M _ are given above with y = 0 and Dgy, D_
are the helicity amplitudes for the decay of a longitudinal
and left-handed W boson respectively:

4
GrMy 1 sin” 0%
V2 2
G r M,

7 1(1 — cos 0%)2.

1/N dN/dcos@’

i~
\\\\‘\\\J/\\\‘\\\‘\\\

Lepton angular distribution in top decay.
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Experimental results

2
® In the SM Fj = =310 = wriaz ~ 07

® DO run | result, Fy = 0.56+0.31(stat+m;)+0.07(syst).

® CDF run | result, [y = 0.94703).

® The preferred direction for the lepton from W_
is antiparallel to the W-boost direction whereas

the preferred direction for the lepton from Wy is
perpendicular to the W-boost direction.

® Hence the Wy lepton spectrum is expected to be harder
than the W_. The helicity content can be measured
experimentally by analyzing the lepton pr spectrum.

® CDF results Run Il, W helicity measurements in the [ +
jets channel

Fy=0.881022, Fy > 0.24@95%C. L.
W helicity measurements in the dilepton channel

Fo = —0.54, Fj < 0.52@95%C.L.
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® data distribution for dileptons is softer than any signal
or background. Fj is forced negative.

® 20 level discrepancy for Fjy in the dilepton channel.

® Combining the samples I, = 0.277037 (stat+syst),

compatible with SM (F; = 0.7) at one sigma.
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Top production — Run | results

® All the information on the top quark is rather limited and
crude

® Within errors agreement between three generation theory
and experiment

Experiment Theory
My 174.3 £ 5.1 GeV 178.7 + 9.7 GeV
o(tt) 6.2+ 1.7 pb 4.75 — 5.5 pb
BROWD gy m
BR(t — Wyb) 0.91 + 0.39 ~ 0.7
BR(t — Wib) 0.114+0.15 ~ ()
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Run | Result for the top mass at the

Tevatron
Mass of the Top Quark

Measurement Mtop [GeV/cz]
CDF di-| ] 167.4 +11.4
D di-l ® 168.4 + 12.8
CDF I4] o 1761« 7.3
DD 4] —@ 180.1 =+ 5.3
CDF all-] o 186.0 + 11.5

x*/dof = 2.6/4
TEVATRON Run-l  |-@- 178.0 = 4.3

150 175 200

M., [GeV/c?]
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Top production — Run |l results

® The information on the top quark is still rather limited
and crude.

® Ratio of single to double tagged events is sensitive to

BR(t — Wb) V2

R: p—
BR(t—Wq) Va+Vi+Vy

through b = BR(t — Wb) and ¢ = tagging efficiency.
Assuming ¢ = 0.45 £+ 0.045 CDF obtains

b =0.5419-49
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Heavy quark production Leading order

The leading-order processes for the production of a heavy
quark () of mass m in hadron-hadron collisions

where the four-momenta og the partons are given in

q
brackets. > <
C Q
(a)
(b)

Process SIM|?/g?
17 QQ S +ri+4)
— 2
gg—>QQ (67’17‘2_%>(7—12+7—22+'0_47?17‘2>

The matrix elements squared have been averaged
(summed) over initial (final) colours and spins, as
indicated by > .
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We have introduced the following notation for the ratios
of scalar products:

2p1.p3 2p2.p3 4m?*
T = p§p7 T2 = g P = g’ S:<p1+p2)2°

® The short-distance cross section is obtained from the
invariant matrix element in the usual way:

1 d’ps d>py
23 (27)32E5 (2732,

(27)*0* (p1+p2—ps—pa) > _|Mij]*.

doij =
The first factor is the flux factor for massless incoming

particles. The other terms come from the phase space
for 2 — 2 scattering.

® In terms of the rapidity y = %ln((E +p.)/(E —p.)) and
transverse momentum, p7, the relativistically invariant
phase space volume element of the final-state heavy

quarks is ,
d
fp = dy d2pr .

The result for the invariant cross section may be written
as

do
dy3dy4d2pT 1677 52 lef’ L1, H ) o f;(w2, p Z|Mw|2
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x1 and x5 are fixed if we know the transverse momenta
and rapidity of the outgoing heavy quarks. In the centre-
of-mass system of the incoming hadrons we may write

P1

P2

p3
P4

\/§<x17 07 07 33'1)
\/g(x% 07 07 _332)

| — DN —

m7 coshys, pr, 0, mp sinh y3)

(
(mT cosh Ya, —PT, O, mr sinh y4) .

Applying energy and momentum conservation, we obtain

mr

r1 = %(ey?’ + ey4)
To = m—\/g(e_i"3 + e_y4)
§ = 2m7(1+ cosh Ay).

The quantity mr = /(m? + p2) is the transverse mass
of the heavy quarks and Ay = y3 — y4 is the rapidity
difference between them.
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In these variables the leading order cross section is

do 1

dysdysd?pr  6472mi(1 + cosh(Ay))?
X Z xlfz L1, W ) x2fj L2, H Z|M2]’2-

Expressed in terms of m,mr and Ay, the matrix
elements for the two processes are

§|M(ﬁ’2 - 434 <1 + COih(Ay>) <COSh(Ay) " Z—;)

8 cosh(Ay) — 1 m? _m?
Z|M ol = ( 1 4+ cosh(Ay) )(cosh(Ay)+2 R )

® As the rapidity separation Ay between the two heavy
quarks becomes large

Z]ng|2 ~ constant, Z|./\/lgg|2 ~ expAy .

® The cross section is damped at large Ay and heavy quarks
produced by qg annihilation are more closely correlated
in rapidity those produced by gg fusion.
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Applicability of perturbation theory?

® Consider the propagators in the diagrams.

(pr+p2)°= 2p1p2 =2m 2T(1 + cosh Ay)

(p1—p3)? —m?= —2p1.ps =-mi(l+e 2Y),
—m7

(p2 —p3)> —m” = —2py.p3 (1+e2Y).

Note that the propagators are all off-shell by a quantity

of least of order m?2.

® Thus for a sufficiently heavy quark we expect the methods
of perturbation theory to be applicable. It is the mass m
(which by supposition is very much larger than the scale
of the strong interactions A) which provides the large

scale in heavy quark production. We expect corrections
of order A/m

® This does not address the issue of whether the charm or
bottom mass is large enough to be adequately described
by perturbation theory.
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Heavy quark production in O(a?)

In NLO heavy quark production m is the heavy quark
mass.

— Z/ dxldilj‘g (3'ij<$15132$, m2,M2)Fi($1,M2)Fj($27N2)

Gi,j(8,m?, pu*) = oociz(p, p*)
where p = 4m?/3, ii* = p?/m?, 09 = a%(u?)/m?* and §
in the parton total c-of-m energy squared. The coupling
satisfies

das g 5 11N — 2ny
— _p by =
dIn 12 0277 +0las), bo 6
ARG (D) ()42 p
i (P 25) = e (p)+amas(u?) | ()2 () In(£5) | +0(o
m m?
The lowest-order functions c\© are obtained by

ij
integrating the lowest order matrix elements

O (p) = 12

Coa o (2+p)
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192 | 1-p3

0
el (p) = ey () = 0,

) (p) = mBp [1[/)2 +16p + 16] In (1 +5) _ 28— 31,0] |

and = /1 —p.

® The functions cz(;-)) vanish both at threshold (3 — 0) and
at high energy (p — 0).

® Note that the quark-gluon process is zero in lowest order,
but is present in higher orders.
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: 1
® The functions cgj) are also known

&m‘ﬁ 9000 =
+j§ + 9090 +
QLRI N e

Real emission diagrams

RO = 2200
+ é +W +

Virtual emission diagrams

® Examples of higher-order corrections to heavy quark
production.

® [n order to calculate the ¢;; in perturbation theory we
must perform both renormalization and factorization
of mass singularities. The subtractions required for
renormalization and factorization are done at mass scale

L.
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2 I IIIIIII|
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1+ dependence

1t is an unphysical parameter. The physical predictions
should be invariant under changes of 1 at the appropriate
order in perturbation theory. If we have performed a
calculation to O(a?), variations of the scale p will lead
to corrections of O(ay),

The term @1, which controls the 1 dependence of the
higher-order perturbative contributions, is fixed in terms
of the lower-order result ¢(9):

(1 1 0 ' 0), P\ p(0
cDip) = @[Mbcgg(p)_ / dzy Y e ()P (#1)

P k

/ (O) Z )PIS))< )]

In obtaining this result we have used the renormalization
group equation for the running coupling

d
MQd—MQaS(ﬁ) = —bag +
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and the lowest-order form of the GLAP equation

d
u2d—u2f7;(w,u2) /—sz?) fk( )+

This illustrates an important point which is a general
feature of renormalization group improved perturbation
series in QCD. The coefficient of the perturbative
correction depends on the choice made for the scale
(4, but the scale dependence changes the result in such a
way that the physical result is independent of that choice.
Thus the scale dependence is formally small because it
is of higher order in ag. This does not assure us that
the scale dependence is actually numerically small for
all series. A pronounced dependence on the scale 1 is a
signal of an untrustworthy perturbation series.
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Scale dependence

N Top cross—section vs. scale p,
B—= N Vs =18 TeV, m, = 175 GeV —
. MRS(A'), as(M3)=0.1124
B : L+NL .
————————— L
[t 67 -/
o
&
5
80 I ‘ I I I I ‘ ‘
Bottom cross—section vs. scale p,
i Vs =18 TeV, m, = 5 GeV ]
60— MRS(4), as(M;)=0.1124 |
o
= 40—
e}
20— _
0
2 5 10 20
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Comparison of theory with Heavy quark
data

® The theory so far describes the production of a heavy
quark, rather than the decay products of the heavy
mesons, which are actually observed.

® The fragmentation functions are measured in eTe”
annihilation. We must use NLO consistently in the
extraction and application of the fragmentation function.

® The knowledge of a specific moment of the fragmentation
function

d
Dy = /D(z)zN—Z
2

Is sufficient to obtain the hadronic cross section. In fact,
assuming that do /dpr = Apr~ " in the neighborhood of
some pr value, one immediately finds

do . A . A
7= [ dedpr D(z) " 8(pr — 2p) = 2D
PT pr Dt
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® The Petersen form is not a good fit to the data (Cacciari-

Nason).
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Comparison with J/¢ spectrum from B
decays

® Modern fits at /s = 1.96 TeV show fair agreement
between theory and data.

101

100

=SS
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Data on Charm production
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® The theory with plausible assumptions about
fragmentation is also able to describe charm production
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Top production in lepton+jets channel

® Runll DO o = 10.873575, + 1.1 pb

® Runll CDF ¢ =5.671275 pb
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