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OUTLINE

e Theoretical framework: heavy quark production
the General-Mass Variable-Flavor-Number Scheme
for 1-particle inclusive heavy-meson production

cf. talks by F. Olness, R. Thorne (structure functions)

e Numerical results for D* meson production
in photoproduction at HERA: ~*p — D*X
cf. talk by K. Lipka (experimental results)
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MASSIVE OR MASSLESS

Massive or Massless Heavy Quarks?

m # 0 — e correct threshold behavior
no collinear divergences fromc — ¢ +g
but terms o log (/m) with . = Q, pr, ...

e large corrections at large p

m =0 — e notreliable at heavy quark threshold

e QCD prediction: DGLAP (RG) evolution resums
large logarithms log (/m)

e more reliable at large p

Goal: combine massive (low scale) and massless (high scale) calculations

e exploit freedom to choose an appropriate
factorization scheme
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e The problem:
Conventionally, PDFs and FFs are defined in the MS scheme
MS scheme is based on a massless calculation
Massless and massive calculations contain different singularities
Can not use MS PDFs and FFs in a massive calculation?

...details —



MASS SINGULARITIES

(1) massive calculation m # 0 LEAVAV, V2V, ¥, S
example: gluon radiation: vy — cCg
d3k 1 _ rd3%k 1
2ko (prk)2—m2 — J 2kg 2pk ) VAV —% c P
dcos @ :1|09<E+p>—>l|og<E—> 90
E—pcosd i P m? 1 %Nk
using E = /pZ + m2 ~p + 1= (pH)*=m

2
NLO corrections contain logarithms ~ log %
(— mass singularities, collinear log; associated with initial or final state partons)
Numerically well-defined, but potentially large

(2) calculation withm =0

dimensional regularization (D = 4 — 2¢)
log(m?)-terms correspond to 2-poles
in dim.reg: coupling g2 — g?u 2¢ and phase space contains S™¢ — terms

LS~ = 2exp (¢ (Inp? = InS)) — 2 (1+clog &)

H. Spiesberger (Mainz) Ringberg, Oct 8, 2008

5/34



GENERAL-MASS VARIABLE FLAVOR NUMBER SCHEME

e The problem:
Conventionally, PDFs and FFs are defined in the MS scheme
MS scheme is based on a massless calculation
Massless and massive calculations contain different singularities
Can not use MS PDFs and FFs in a massive calculation?

e The solution:
Match massless and massive calculations:

dosp = rr|]Il;n0d(7(m) — déys
The subtracted cross section (in a massive calculation)
dé(m) =d&(m) — dosb

can be used with MS parton distribution and fragmentation functions
— The GM-VFNS (general-mass variable flavor number scheme)
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FACTORIZATION FORMULAEFORA + B — H + X

A+B—H+X: do=); f(x) @ff(x) @do(ij—kX) ®D{(z)

sum over all possible subprocesses i +j — k + X

Parton distribution functions:  Hard scattering Fragmentation functions:
fA(xe, e ), £2(Xe, e ) cross section: DNz, [ut])
non-perturbative input do(ur, pr, as(ur), [;”—T“]) non-perturbative input
long distance perturbatively computable long distance

universal short distance universal

(coefficient functions)

Accuracy:

light hadrons: O((A/pr)P) with pr hard scale, A hadronic scale, p = 1,2
heavy hadrons: O((mn/pt)P) if my neglected in do

Details (subprocesses, PDFs, FFs; mass terms) depend on
the Heavy Flavour Scheme
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MASSIVE VENS (GM-VFENS)

o collinear logs: log(p%/m?) = log(p? /1?) + log(x?/m?), terms with log(p? /m?):
subtracted from hard part and
absorbed in parton distribution and fragmentation functions
resummed by DGLAP evolution equations

e Parton distribution functions for g, u,d, s, and ¢, charm is a parton: f; # 0
e VFNS: fc = 0 below, f; # 0 above threshold; — GM-VFNS with m £ 0

e Fragmentation functions, e.g. for c — D*: D2 (z, x:2,) with non-perturbative
input and perturbative RG evolution
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MASSIVE VENS (GM-VFENS)

o collinear logs: log(p%/m?) = log(p? /1?) + log(x?/m?), terms with log(p? /m?):
subtracted from hard part and
absorbed in parton distribution and fragmentation functions
resummed by DGLAP evolution equations

e Parton distribution functions for g, u,d, s, and ¢, charm is a parton: f; # 0
e VFNS: fc = 0 below, f; # 0 above threshold; — GM-VFNS with m £ 0

e Fragmentation functions, e.g. for c — D*: D2 (z, x:2,) with non-perturbative
input and perturbative RG evolution

e technically involved:

@ calculation with m # 0
@ mass factorization with massive regularization

+ large collinear logarithms In r‘;—z resummed in evolved f.(x, ;%) and D2 (x, ;i2)
m\n ;
+ (p7)" included

= | good for smaller pr: 0 < p2 <m? and p? > m?

~
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HARD SCATTERING COEFFICIENTS WITH HEAVY QUARK MASSES

Mass terms contained in the hard scattering coefficients:

d&(,“'Fv.uF’v O‘S(:“'R)v pﬂ)

T

Two ways to derive them:

(1) Compare massless limit of a massive fixed-order calculation
with a massless MS calculation
to determine subtraction terms

OR

(2) Perform mass factorization using partonic PDFs and FFs
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e Compare limit m — 0 of the massive calculation (Merebashvili et al., Ellis,
Nason; Smith, van Neerven; Bojak, Stratmann; ...)
with massless MS calculation (Aurenche et al., Aversa et al., ...)

IimO dé(m) = déys + Ado
m—
= Subtraction terms

dogp = Ado = Iim0 dg(m) — déys
m—!



(1) SUBTRACTION TERMS FOR THE GM-VFNS FROM MASSLESS LIMIT

e Compare limit m — 0 of the massive calculation (Merebashvili et al., Ellis,
Nason; Smith, van Neerven; Bojak, Stratmann; ...)
with massless MS calculation (Aurenche et al., Aversa et al., ...)

Iim0 dé(m) = déys + Ado
m—
= Subtraction terms

dosw = Ado = IimO dé(m) — déys

e Subtract dos from massive partonic cross section while keeping mass terms

d&(m) = d&(m) — doa

— ‘ dé(m) short distance coefficient including m dependence

— allows to use PDFs and FFs with MS factorization ® massive short distance
cross sections
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(1) SUBTRACTION TERMS FOR THE GM-VFNS FROM MASSLESS LIMIT

e Compare limit m — 0 of the massive calculation (Merebashvili et al., Ellis,
Nason; Smith, van Neerven; Bojak, Stratmann; ...)
with massless MS calculation (Aurenche et al., Aversa et al., ...)

Iim0 dé(m) = déys + Ado
m—
= Subtraction terms

dosw = Ado = IimO dé(m) — déys

e Subtract dos from massive partonic cross section while keeping mass terms

d&(m) = d&(m) — doa

— ‘ dé(m) short distance coefficient including m dependence

— allows to use PDFs and FFs with MS factorization ® massive short distance
cross sections

e Treat contributions with charm in the initial state withm = 0

e Massless limit: technically non-trivial, map from phase-space slicing to
subtraction method
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(2) SUBTRACTION TERMS FOR THE GM-VFNSVIA MASS FACTORIZATION

Mass factorization

Subtraction terms are associated to mass singularities:
can be described by
partonic PDFs and FFs for collinear splittingsa — b + X

. . s 2
o initial state: () (x ,2) = 25Wp) (x)In 17
1 o, 42) = 25 e [ (In 12— 2In(1 — 2) — 1)],
fio (%) = 25 3n %é(l =)
. . 1 as (0 2
« final state: di o (z,12) = 58P ((z)In £

1 as 2
d{) o (2. 12) = Ce 25U [L22(In 4, —2In(1 —2) — 1)] ,

e Other partonic distribution functions are zero to this order in as

Mele, Nason; Kretzer, Schienbein; Melnikov, Mitov
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(2) SUBTRACTION TERMS FOR THE GM-VFNSVIA MASS FACTORIZATION

-1
g and light q(q) ko p 42
collinear emission k1
o ¢
(a) (b) (c)

from initial or final state

(a) direct v dogp(va — QX)

1
/ dx 12, (0, 12) 06O (71 — QX)[xaka, ko, pa]
parton ain p

= 1Y () ®ds®(yi — Qx)

1
() resolved 7 dop(ab = QX) = [ aua () (00, 42) 85°)(a] — QX)lks. xoko.pa]

i (x2) ® d6¥(aj — QX)

1
() final state  dogp(ab — QX) = / dz d6(®(ab — kX)[ky, ke, 2~ *ps] &) o (2, 1t ?)

= ds®(ab — kx) @ (2)

Kniehl, Kramer, Schienbein, HS, EPJC41(2005)199
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SUBPROCESSES

Subprocesses for photoproduction

@ direct photon:

e dominatedby v+ g — c + ¢ (LO)
@ at NLO: 1-loop diagrams,
gluon bremsstrahlungy+g —c+¢+g
e alsoy+q—c+cC+qand
@ charm-initiated: v +¢c — g +¢

@ resolved photon:

@ gluons, light quarks, and charm in the proton
@ gluons, light quarks, and charm in the photon

@ every parton can fragment to the heavy meson:

fragmentation functions forc — D*, g — D*, q — D*
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GM-VFNS SUBPROCESSES FOR HADRONIC PROCESSES

Light partons
g9 — oX
Q g9 — oX
© ag — gX
©Q ag — aX
© ad — oX
Q ad — aX
@ ag — aXx
©Q qg —a'x
Q ag —g’X
@ g — gX
@ g — gX
@ aj —a'X
@® aq’ — oX
@ ad’ —aX
©® aq’ —gX
@ aq’ —aX

Heavy quark initiated (m = 0)

e_

g_

© Qu — gx

© Qg — QX

© QQ — X

© QQ — Qx

@ Qg — Qx

Q Qu — ax

© Qu—ax

@ QQ — X

@ QQ — QX

@ Q0 — X

@ QG — gX,qQ — gX
@ QG — QX,aQ — gX
@ Qg — gX, qQ — gX
@ Qq— QX,qQ — gX

@ charge conjugated processes
[1] Aversa, Chiappetta, Greco, Guillet, NPB327(1989)105

H. Spiesberger (Mainz)

Mass effects: m £ 0

© g9 — QX

g — QX
g — QX

T R SR R
o]}
1
Q
X

60666666000000600
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Applications available for

® v+~ —DF X
direct and resolved contributios

@ v +p—DE X
photoproduction, this talk

® p+p— (D% D", D* DS AC) +X
good description of Tevatron data

@ p+p—B+X
works for Tevatron data at large pr

@ work in progress fore +p — D + X



NUMERICAL RESULTS

Exemplify results for

ooolooo

pr, n distributions

15GeV <pr <125GeV, |n <15

photoproduction: Q2 < 2 GeV?

100 GeV < W, < 285 GeV

compare with H1 preliminary data

charm mass: m = 1.5 GeV

as at NLO with /\N >, = 0.328 GeV, i.e. as(M2) = 0.1180
independent choice of renormalization and factorization scales:
pi =&y /p2+m2,i =R,F,F’, default: § =1

PDFs: proton: CTEQ6.5, photon: GRV

fragmentation functions: KKKS 2008
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DIRECT AND RESOLVED PARTS

100 p—r—r—r—r—r—T—r—r——r

L_tot d‘% [nb/GeV]
w— DFX 3
1 res i 3
01 .................... _E
001 PR PR RS ST | ““.“”I””. ............... ]
2.5 5 7.5 10 12
pr [GeV]

H. Spiesberger (Mainz)

direct and resolved
contributions:
pr distribution

resolved part

dominated by
charm PDF
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25

S
.
15 f

res

direct and resolved
contributions:
n distribution




b ratio of cross sections:
o(m = 0)/a(m #0)
1.4 do .
dpr [ratio] mass effects
1.3 p — D*X suppressed in oo
m=0/m=#0

1.2

1.1
E
1 o tot —
0.9 :. 1 1 — L 1 ]
2.5 5 7.5 10 12.5



COMPARISON WITH H1 PRELIMINARY DATA

D* in Photoproduction

> .
2 g0 H1 Preliminary -#-H1 data (prel.)
E HERA I == FFNS (CTEQ5F3)
Eﬁ 1.3<m,<1.7 GeV
K] E 0.5<p”/ m§+pl2<2
X 10 ~= GMVFNS (CTEQ6.5)
°o F
1 -
5y
5 'F
© =
104 L Q%<2 GeV?
E 100 < Wv » < 285 GeV ‘
- p‘(D*) > 1.8 GeV
- In(®9I<15
-2 I 1 1 1 I 1 1 1 1 I 1 1 1 I
1075 4
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Ringberg, Oct 8, 2008

20/34



D* in Photoproduction

— 40
= H1 Preliminary -¢-H1 data (prel.)
=
2 HERA I == FFNS (CTEQS5F3)
X 13<m, <17 GeV
% 30 05< p”I m§+pt2 <2
1 == GMVFNS (CTEQ6.5)
g
3
20
10 P




D* in Photoproduction

y p[nblGeV]
=
0]

o
)

do(ep - eD*X)/dW
o
N

0.2

H1 Preliminary

HERA I

-@-H1 data (prel.)

= FFNS (CTEQ5F3)
1.3<m <17 GeV
05< p”I m§+pt2 <2

== GMVFNS (CTEQ6.5)

100



COMPARISON WITH H1 PRELIMINARY DATA

D* in Photoproduction

H1 Preliminary
30 HERA I

t

d“c/dp dn (D*)[nb/GeV]
N
o
T

1.8< p((D*) <2.5GeV

= N
10F * : 3
| : 4
95~ 5 o0 o5 1 15
n(b*)
D* in Photoproduction
=3 0.5 | H1 Preliminary
Q HERA II 45<p (D¥) <125 GeV
S 0.4 :
So3f
5 | *
o2 + —4—
$ | _— s
o | ®
0.1—=» !
===
1 1 1 1 1
951 D5 o0 o5 1 15
n(d*)

H. Spiesberger (Mainz)

t

d“cfdp dn (D*)[nb/GeV]

D* in Photoproduction

=
o

o

I H1 Preliminary
I HERA I 25<p(D*) <4.5GeV
- NN
# S - * .
: 1 1 1 1 1
5 -1 -05 0 0.5

1.5
n(b*)

+-H1 data (prel.)

= FFNS (CTEQS5F3)
1.3<m, <17 GeV

0.5<p”/\ rn§+p‘2 <2

=~ GMVFNS (CTEQ6.5)
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SCALE DEPENDENCE

100 g T

10

0.1

0.01 .

vp — D*:tX

H. Spiesberger (Mainz)

pi = &/ PpF +m2

fori = R,F,F’

renormalization scale: R
factorization scales:

F: initial state (PDF)

F’: final state (FF)

+84/ —53% at low
+13/ —16% high PT
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40.... Sca|edependence:

95 . (%’ L j—‘; ) _ rapidity distribution
30 fre Ap — DX _
5 [ (L2 :
20 N (1,1,1)  Foes _
S R D B ]




Large scale uncertainties at small pr —
need further improvements:

@ matching of 3 < 4 flavor schemes
@ threshold behaviour of charm-initiated subprocesses

... work in progress



PDF INPUT

1.2

1.1

0.9

0.8

d% [ratios]

]

=
l
S ]
H,
e
L L L L I L L L L

JJJ‘J_TJ;
H
=
O
t

=

=

MRST2004
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—_
o

12.5
pr [GeV]

ratio of cross sections
normalized to
CTEQ6.5

largest influence
from varying PDF input
at small pr

but small compared to
scale uncertainty
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1.2

1.1

0.9

0.8

i 1 1 1 T 1 ]

[ g—‘; [ratios] ]

_ yp — D**X .

[ CTEQ5M1 ]

—  ——

- : ' i

L CTEQSM _I_|=

[ MRST2004

[ PEEPEEPEEE BEPEr R | s PEEPE R 1

-1.5 -1 -0.5 0 0.5 1 1.5

U

PDF input:
rapidity distribution



PHOTON PDF

1-1-----------.----.----_ ratio of cross sections
diff [ratios] 1 uncertainties
i Ap — DX i fr(.)myPDF input
- L slightly smaller
- ~v-PDF -
[ AFG/GRV ] default: GRV
1 - compared with AFG:
i 1 Aurenche, Fontannaz,
X 1 Guillet, EPIC44 (2005)
i 1 5 sets (low/high 13, soft/hard
L J non-perturbative gluon)
09 -. | T BT S T ST T T T SR ]
2.5 5 7.5 10 12.5
pr [GeV]
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FRAGMENTATION FUNCTIONS

1.6 T T
1ak 3 ] FFfor_c.—>D L
1o} ©BELLE g ] from fitting to e"e™ data
2o CLEO { 2008 analysis based on GM-VFNS
o 08f B Mo =M
o O%F 1 globalfit: data from
© 04t ] ALEPH, OPAL, BELLE, CLEO
3 02f ]
N I BELLE/CLEO fit
0 01 02 03 04 0506 07 08 09 1
X, KKKS: Kneesch, Kramer, Kniehl,
045 — Schienbein, NPB799 (2008)
04F OPAL E
tension between low and high energy
data sets — speculations about non-
E perturbative (power-suppressed) terms

2 L L L L i h :
%.l 02 03 04 05 06 07 08 09 1
X
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FF INPUT

100 E ! ! ! T J uncertainties from
- 1 c—DFF
: <ZZ' [nb/GeV] '
10 & DX 4 globalfit: data from
E | w 1 ALEPH, OPAL, BELLE, CLEO
N : ] BELLE/CLEO fit
e 3
1 Kneesch, Kramer, Kniehl,
[ e 1 Schienbein, NPB799 (2008)
0.1 5
001 1 1 1 1
2.5 ) 7.5 10 12.5
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35 i 3‘7” [nb]
30 | yp — DX
25

FF input:
rapidity distribution



[ T T T T ]
90 .
80 iy bl ]
N Dx
0k = 3
0 L 1 1 1 1
0 0.2 0.4 0.6 0.8 1
0.5 T . : ZD
: 2 [nb/GeV]
0.4 F Ap— DX -
0.3 | u
0.2 .
01 F -
0 1 1 1
100 150 200 250 300
Wy [GeV]

inelasticity
zp = E(D")/E(7")
(in p rest frame)

~v*p cms energy: W,



D* MESONS IN PHOTOPRODUCTION

Summary

e The General-Mass Variable-Flavor-Number Scheme:

a theoretical framework for one-particle inclusive heavy quark
production

resummed large logarithms in universal PDFs and FFs
mass terms fully kept at O(as)

e Numerical results for D* meson production in photoproduction at
HERA

more results available for v+, pp, pp collisions, more to come: DIS
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