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Overview and Motivation
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BIRD'SEYE VIEW

QUANTUM CHROMODYNAMICS

QCD: A QFT for the strong interactions

e Statement: Hadronic matter is made of spin-1/2 quarks [« SU(3)1]

e Baryons like A" = [u'u'u') forbidden by Pauli exclusion/Fermi-Dirac stat.
Need additional colour degree of freedom!

e Local SU(3)-color gauge symmetry:

Loco= ) G(ip—mq)q —gaGq — 2GLGY + Los + Lopos

4
q=u,d,s,c,b,t

e Fundamental d.o.f.: quark and gluon fields
o Free parameters:

e gauge coupling: g
e quark masses: my, Mg, Ms, Mc, Mp, M
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BIRD'SEYE VIEW

QUANTUM CHROMODYNAMICS

QCD: A QFT for the strong interactions

Properties:

o Confinement and Hadronization:

e Free quarks and gluons have not been observed:
A) They are confined in color-neutral hadrons of size ~ 1 fm.
B) They hadronize into the observed hadrons.

e Hadronic energy scale: a few hundred MeV [1 fm < 200 MeV]

¢ Strong coupling large at long distances (= 1 fm): 'IR-slavery’
¢ Hadrons and hadron masses enter the game
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e Asymptotic freedom:

¢ Strong couling small at short distances: perturbation theory

e Quarks and gluons behave as free particles at asymptotically large
energies
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BIRD’SEYE VIEW

ASYMPTOTIC FREEDOM

Renormalization of UV-divergences:
Running coupling constant as := as/(4m)

as(1) :
s\) = 5 Aoy
Bo In(? /A\?)
0.4 T T
ag(p) NLO, MSbar
035F S upper: a(M,)=0.121 ]
aM,)=0.1187
03F \~ = eeeee- lower: a(M,)=0.1165 -
025k a(M,)=0.118
0.2f
015}
0.1l 1‘0 102
H(GeV)

I. Schienbein (LPSC Grenoble) Masses in pQCD

Gross, Wilczek ('73); Politzer ('73)

12

Non-abelian gauge theories:
negative beta-functions

das

2
— = —[Ppa
d|l’lu2 Bo s+

where o = 2Ca — 21y
= asympt. freedom: as “\ for u
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BIRD'SEYE VIEW
PERTURBATIVE QCD

Asymptotic freedom:
e pQCD directly applicable if all energy scales large (hard scales)

e However, usually long-distance contributions to the amplitudes present:

e emission of soft gluons
e emission of collinear gluons and quarks

pQCD still useful for two classes of observables:

e IR- and collinear—save observables (insensitive to soft or collinear branching)
e Factorizable observables

Factorization:

e Separate amplitudes into (quantum mechanically) independent factors:

e Soft parts (long distances/small energies): universal
e hard parts (short distances/large energies): perturbatively calculable

e Note: Soft parts non-perturbative but universal — Predictive framework
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BIRD'SEYE VIEW

PARTON MODEL

Parton Model based on QCD factorization theorems:
do = PDF® dé + remainder

e PDF:

Proton composed of partons = quarks, gluons

Structure of proton described by parton distribution functions (PDF)
Factorization theorems provide field theoretic definition of PDFs
PDFs universal — predictive power

e Hard part ds:

e depends on the process
e calculable order by order in perturbation theory

e Remainder suppressed by hard scale

Original factorization proofs considered massless partons
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BIRD'SEYE VIEW

HEAVY QUARKS IN PQCD

Heavy Quarks: h=c,b,t
® My, Mg, Ms S /\QCD < Mc, Mp, Mt
2
o My > Agep = as(Mf) o In“H () < 1 (asymptotic freedom)
QCD

e my sets hard scale; acts as long distance cut-off — pQCD
e Heavy quark production processes are:

e Fundamental elementary particle processes
e Important background to New Physics searches at the LHC

How to incorporate heavy quark masses into the pQCD formalism?

Requirements:
(1) p < m: Decoupling of heavy degrees of freedom
(2) p> m: IR-safety
(3) p ~ m: Correct threshold behavior
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Heavy Flavor Schemes
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HEAVY FLAVOR SCHEMES

Requirements:

(1) p < m: Decoupling of heavy degrees of freedom
(2) p> m: IR-safety
(3) p ~ m: Correct threshold behavior

Problem:
e Multiple hard scales: m¢, mp, me, i

e Mass-independent factorization/renormalization schemes like MS

o A single MS scheme cannot meet requirements (1) and (3) (is unphysical).

Way out: Patchwork of MS schemes S" "=
e Variable Flavor-Number Scheme (VFNS): S32 — S%4 —, g55
o Fixed Flavor-Number Scheme (FFNS): S32® — 34 — $%5 (3-FFNS)

e Masses reintroduced by backdoor: threshold corrections (=matching
conditions)
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HEAVY FLAVOR SCHEMES
FFENS orR VFNS

3-FFNS

charm is not a parton, appears only in final state

no collinear divergences fromc — ¢ +g
but terms o log(x/m) with . = Q, pr, . .. the hard scale

Collinear logarithms log(;:/m) kept in fixed order perturbation theory
correct threshold behavior

finite charm mass terms m/u exactly taken into account

not IR-safe: does not meet requirement (2)

How to include possible intrinsic charm?

The 3-FFNS should fail when as In(/m) becomes large [or as In(x/m)?]

Phenomenological question: When need to resum collinear log’s?
— Not unambigously answered yet! A lot of handwaving . ..
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HEAVY FLAVOR SCHEMES
FFENS orR VFNS

VENS

charm is a parton for . > m

mass singularities absorbed in PDFs (and FFs)

e ifm =0: 1/ poles — MS subtraction
e if m # 0: log(p/m) + finite — MS subtraction

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

+

Requirements (1), (2) satisfied

+

finite mass terms m/ can be taken into account: massive VFNS (GM-VFNS)
(otherwise: massless VFNS (ZM-VFNS) which is the original parton model)

Requirement (3) problematic point:

e In DIS slow-rescaling prescriptions (ACOT-x) good approximation of exact
threshold kinematics: ¢(x) — c(x) where x = x(1 + 4m?/Q?)

e What to do in hadron—hadron collisions?

e What to do in 1-particle inclusive production?

e Intrinsic charm natural to incorporate
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HEAVY FLAVOR SCHEMES
VFENS: MORE

VENS

Factorization proof with massive quarks for inclusive DIS: Collins '98
Remainder ~ O(A?/Q?) not ~ O(m?/Q?)

Many incarnations of VFNS (ACOT, ACOT-y, TR): Freedom to shift finite
m-terms without spoiling IR-safety

S-ACOT scheme: incoming heavy quarks massless (< scheme choice)
more complex at NNLO

Massive quarks can be described by massless evolution kernels («» scheme
choice)

Matching n — n 4 1: PDFs, alphas, masses

At NLO matching continuous at p = m: " = f**
At higher orders matching discontinuos:

o for PDFs discontinuous at O(a?)
e for as discontinuous at O(a?)

Observable discontinuous: o™ = ¢ + O(af 1)
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SCHEMES USED IN GLOBAL ANALYSES OF PDFs

ACOT type schemes

TR type schemes

Q < lTl” Q > ln” constant term Q < mH Q > ITlH constant term
Q=m
o u

LO 7 9 1o | / |
+ + + + Q=m,

NLO ZF ZF % NLO | :F |
>
+ + + + Q=m,

NNLO ! %) NNLO |
3%
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One-particle inclusive production in a GM-VFNS
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OVERVIEW

e One-particle inclusive production of heavy hadrons H = D, B, A, ...

e General-Mass Variable Flavour Number Scheme (GM-VENS): [1]
e Collinear logarithms of the heavy-quark mass In /my, are subtracted and resummed
e Finite non-logarithmic my, /Q terms are kept in the hard part/taken into account
e Scheme guided by the factorization theorem of Collins with heavy quarks [2]

Ongoing effort to compute all relevant processes in the GM-VFNS at NLO:

e Available:

e et + e~ — (DY D*,D**) + X: FFs
v+~ — D** + X: direct process
~v 4+~ — D** 4 X: single-resolved process
v+ p — D** + X: direct process
~v+p — D** + X: resolved process
p + ﬁ - (Do7 D+’ D*+D;7 Aé>7 BO’ B+) + X

e 6 0o 0 o
= N o Ol bh W
L LA i

[1] Kniehl,Kramer,IS,Spiesberger, PRD71(2005)014018; EPJC41(2005)199;
PRL96(2006)012001; PRD77(2008)014011; arXiv:0901.4130[hep-ph], PRD (in press)

[2] Collins, PRD58(1998)094002

[3] Kneesch,Kniehl,Kramer,IS, NPB799(2008)34

[4] Kramer,Spiesberger, EPJC22(2001)289; [5] EPJC28(2003)495; [6] EPJC38(2004)309
[7] Kniehl,Kramer,1S,Spiesberger, arXiv:0902.3166[hep-ph], EPJC (in press)
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OVERVIEW -CONTINUED-

Input for the computation: Fragmentation Functions (FFs) into heavy hadrons H

e FFs from fits to efe— data from Z factories
e Include also B factories — Switch from ZM to GM

e Use initial scale ;1o = m (instead of iy = 2m) for consistency with PDFs — important for
gluon fragmentation

H Data Scheme Reference
D** ALEPH,OPAL ZM 2m BKK, PRD58(1998)014014
DO, D*, DS, AF OPAL ZM2m KK, PRD71(2005)094013
DO, D+,D**, DS, Af OPAL ZMm KK, PRD74(2006)037502
DO, D+, DS Belle, CLEO,ALEPH,OPAL GM m  KKKSc, NPB799(2008)34
BO,B+ OPAL ZM 2m BKK, PRD58(1998)034016
BO,B* ALEPH,OPAL,SLD ZMm  KKScSp, PRD77(2008)014011
Goal:
e Test pQCD formalism, scaling violations and universality of FFs in as many processes as
possible
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FACTORIZATION FOR 1-PARTICLE INCLUSIVE REACTIONSA+B — H + X

A+B—-H+X: do=3, 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(Xa, e ) cross section: DNz, [ut])
non-perturbative input do(ur, pr, as(uRr), [;”—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: if my, is neglected in do: O((mn/pT)P)

Details (subprocesses, PDFs, FFs; mass terms) depend on
the Heavy Flavour Scheme
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LIST OF SUBPROCESSES: GM-VFNS

Only light lines
@ gg — aX
@ gg — oX
© qg — X
® qg — ax
© qd — gX
O qd — aX
@ qg — aX
© qg — a'x
© qg — a'X
@ qq — gX
® qq — X
® qq —a'X
& qd’ — oX
@® qd’ — ax
® qq’' — gX
@ qq’ — gX

Heavy quark initiated (mg = 0)

9_

9_

® Qg — gX
® Qg — QX
© Q0 — ox
@ 00— Qx
@ Q- Ox
® Qg — gx
© Qg — X
@ 00 — oX
® 00 — Ox
® Q00 — ox

& Qd — gX,qQ — gX
@ Q4 — QX,aQ — gX
® Qg — 9%, 9Q — gX
@ Qq — QX,aQ — aX

@ charge conjugated processes

I. Schienbein (LPSC Grenoble)

Masses in pQCD

Mass effects: mg # 0

@ 9o — QX
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HARD SCATTERING COEFFICIENTS WITH HEAVY QUARK MASSES

Mass terms contained in the hard scattering coefficients:
da—(/LF s HE7 QS(HR )7 %)

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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(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

dows = Ado = lim dé(m) — doys
m—

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

d&(m) = d&(m) — dosn

— ‘ d&(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 with m = 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-VFNS VIA MASS FACTORIZATION

Mass factorization

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

o initial state: (1) (x ,2) = 25Wpl) (x)In 1
1 o, 42) = 25 Ce [H2 (n 22— 2In(1 — 2) - 1)],
fg(l_))g(x"uz) — _";—sr“)% In %6(1 —X)
o final state: déllQ(Z,uz) astp® (z)In £ Vi
d{ o (z.1%) = Cp %W [L22 (1 12— 2In(1 —2) — 1)],

e Other partonic distribution functions are zero to order as

Mele, Nason; Kretzer, Schienbein; Melnikov, Mitov
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X1 -1
. k1 P1
Sketch of kinematics: K
X2

(@) (b) (©
1
Fig. (a): do*P(ab — QX) = / dxg £ (xe, 1) 46 (ib — QX)[xsky, Kz, pi]
= 1% (x)) ® d6O(ib — QX)
1
Fig. (b):  do™(ab—Qx) = /0 dxa 10, (%2, 1) 4600 (8] — QX)[ke, XKz, Pa]
= 1, (x) © d6 (@ — QX)
1
Fig. (c): do™®(ab — QX) = / dz d6(®(ab — kX)[ks, ko, z 1py] dV R CE 2
- 0

d6@(ab — kx) @ d{M) , (2)

[1] Kniehl, Kramer, |.S., Spiesberger, EPJC41(2005)199



GRAPHICAL REPRESENTATION OF SUBTRACTION TERMS FOR gg — Q(jg

d6©(gg — QQ) @ dY (2):

T

700000

‘—<e— 00000

o

1, (x1) ® d5°)(Qg — Qg):

1 (x2) ® 45 (9Q — Qg):

I. Schienbein (LPSC Grenoble)
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d5©(qd — QQ) © 43’4 (2): N
d5®)(qq — gg) @ dg) o (2): W m< W

d5©(gg — ga) @ d\ , (2): é—ﬁ }j}h& Eﬁ
f(1 Q(Xl) ® d&0) (Qgq — Qq): é




Fragmentation Functions in a GM-VFNS
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e e te —(v,Z) = H4+X, H =D° D*,D**,...
* x=2(pu-0)/a* =2En/vS  pn <x <1 (pn=4mi/s)

Ymax
dO‘ o dy do'a
d_X(X,s)_; Ve

X
y dy (yaﬂvﬂf)Da <)_I7Nf>

Ymin
doa/dy at NLO with mq = 0 [2] and mq # 0 [1,3]
X =p/prx =/ OZ—p)/(T—pn)  0<x <1

X do
x dx

j—;(xp) — (1) 99

[1] Kneesch,B.K.,Kramer,Schienbein, NPB799(2008)34
[2] Baier, Fey, ZPC2(1979)339; Altarelli et al. NPB160(1979)301
[3] Nason, Webber, NPB421(1994)473



INITIAL-STATE RADIATION

e Use radiator D=+ [1]

do
d)'(SR (x,8) = dx; dx_ dx’'d cos @’ §(x — x(X4,x—,x’,cos "))
d2
i !
X De+(X+7S)De— (X77S)W(X 70030 7X+X75)
16 —
14f 1
12F  BELLE 1
g 1 |
< o8f 1
106} 1
‘o
‘o 0.4F 1
3 02} ]
o)
o 0 I I I I I I L L L
0 01 02 03 04 05 06 0.7 08 09 1

*p

[1] Kuraev,Fadin, SINP41(1985)466; Nicrosini, Trentadue, PLB196(1987)551
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INPUT

e Experimental data

Type Vs [GeV] H Collaboration
do /dxp 10.52 D%, DF,D*f Belle 06
do/dxp 10.52 D%, D*,D** CLEO 04
(1/ow)do/dx  91.2 D** ALEPH 00
(1/ow)do/dx  91.2 D° D*,D** OPAL 96,98

e Theoretical input

e m; =1.5GeV, m, =5.0GeV, a(my) =1/132,
as(Mz) = 0.1176 ~ A, = 221 MeV

e Bowler ansatz [1]

DI (2, uo) = Nz~ +1)(1 — z)Pe /2

[1] Bowler, ZPC11(1981)169
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RESULTS: GOODNESS

e y?/d.olf.
H  VFNS | Belle/lCLEO ALEPH/OPAL Global
D° GM 3.15 0.794 4.03
ZM 3.25 0.789 4.66
D+ GM 1.30 0.509 1.99
ZM 1.37 0.507 2.21
D** GM 3.74 2.06 6.90
ZM 3.69 2.04 7.64

e Quark mass effects improve global fits and Belle/CLEO fits for D°, D*, but have

no impact on ALEPH/OPAL fits.
e Belle and CLEO data on D, D** moderately compatible.

e OPAL fits for D%, DT excellent; ALEPH and OPAL data on D** moderately

compatible.

e Tension between Belle/CLEO and ALEPH/OPAL data.
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RESULTS: GLOBAL FITS

4 ey 16 e T e
35 14 4 ]
af °BELLE 3 1o} cBELLE 12f ©BELLE ]
_ « CLEO _ . CLEO * CLEO ]
g25 21 q
e 2 508 1
115 106 q ]
o o
o 1 o 04 B! ]
305 302 3 1 1
<) S
3 9 3 o TR TOTOTIT
1 0 01020304 050607 0809 1 1
Xp
12 045
04 OPAL E
1
035
s~ 08 o~ 03 E|
[=] o
R 1025 E
06
o Lo 02 k|
L 2 E i
Fo4 5015 P
8 02 5 o1 . AN E 3
50 5
& 005 “}“»hHH ] ]
3 T - E UTOTRTOTIIII. 2+ 4= S0 E T
$i702703 704 05 06 07 08 09 1 $i702703 704 05 06 07 08 09 1 bi702"03 04 0g 06 07 08 09 1
X X

e Belle/CLEO data push (z)¢(mz) up by 0.03-0.04
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RESULTS: QUARK AND HADRON MASS EFFECTS

0.7 [rrvprrrp e e 2
06 1=10.52GeV ] 014 1 18
| 012 9 16
05 01 ] _ 14 y
5
04 1 o vy g1 i 10.52GeV
03 \ 0.06 q  os
5 02 Som 2 06
T ;604
o 01 200 £ o2
ool B oot T T ok
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1 01 02 03 04 O.E 06 07 08 09 1
z z o
c— D" FF g — D" FF do /dx, w/ Belle/CLEO-GM FFs

dotted: Mec=my =0
dashed: m¢ =0 # my (ZM-VFNS)
solid: m¢ # 0 # my (GM-VFNS)

e Hadron mass effects on FFs important, quark mass effects marginal
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RESULTS: COMPARISONS W/ PREVIOUS FFS

1=10.52GeV

04 01H; ]
“F ] 0.08 1=10.52GeV
03 : ]
+Q 0.2 B . ; 1
o 01 1 o2 1
[y T
w 0 L L L L L L L L Lo 0 L L L L SiIT
0 01 0203040506 070809 1 0 01 02 03 04 0.25 06 07 08 09 1
z
c—DTFF g — D' FF
dotted: me=0=my po=2mc Peterson OPAL KK 05
dashed: m;=0=my po=mc Peterson OPAL KK 06
solid: me#Z0#my  po=me Bowler Belle, CLEO,OPAL  KKKSc 08

e Strong pull of Belle/CLEO dataon ¢ — D' FF
e Reduction in y increases g — Dt FF
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Applications
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Applications available for
® 7+7—D"F+X

direct and resolved contributions EPJC22, EPJC28
° 'Y* +p— D*:I: + X

photoproduction EPJC38, arXiv:0902.3166 [EPJC]
® p+p— (D% D", DF DS AS) + X

good description of Tevatron data PRD71, PRL96, arXiv:0901.4130
®* p+p—B+X

works for Tevatron data at large pr PRD77

e work in progress fore +p — D + X



Input parameters:
® a5(Mz)=0.1181
me = 1.5 GeV, mp =5 GeV
PDFs: CTEQ6M (NLO)
FFs: NLO FFs from fits to LEP-OPAL data,
initial scale for evolution: pg = m¢ (D-mesons) resp. o = My (B-mesons)

Default scale choice: ur = ur = pf = My where my = /p2 + m?2



doldp, (Nb/GeV)  pp — D°X dofdp, (nb/GeV)  pp - D*X dofdp, (nb/Gev)  pp - DX
104K,

GM-VFNS
VS=196TeV

GM-VFNS
VS=196TeV

GM-VFNS
VS=1.96Tev
Asys1 10

10} dsys1 10 dsys1

107

225 25 75 10 125 15 175 20 225 25 75 10 125 15 175 20 225 25

75 10 125 15 175 20 2
Pr (GeV) Pr (GeV) Pr (GeV)

do/dpr [nb/GeV] |y| < 1 prompt charm

Uncertainty band: 1/2 < ur/my, ue/mr <2 (Mr = 4/p2 + m2)

CDF data from run Il [2]
GM-VFNS describes data within errors

[1] Kniehl,Kramer,IS,Spiesberger, arXiv:0901.4130[hep-ph], PRD(to appear)
[2] Acosta et al., PRL91(2003)241804



COMPARISON W/ PREVIOUS KK FFs [1]

25T DaalTheory pp - D°X 25T DaalTheory pp - DX 25T DatalTheory pp-DTX 250 DatalTheory pp - D, X
2 GM-VENS 2 GM-VFNS 2 GM-vFNS 2 GM-vFNS
Vs=196Tev Vs=196Tev Vs=196Tev Vs=196Tev
Asysi H Asysi “dsys1 . “dsys1
1) ++ 15 _1_ 15
05 05 ’ 05 05
LR UL R A R LR R R R R L PR R LR L L P E R R LR L
Py (Gev) pr (Gev) P (Gev) Py (Gev)
250 paaTheory pp- DX 250 paaTheory pp-D'X 25T DatalTheory pp- DX
2 GM-VFNS 2 GM-VFNS 2| GM-VFNS
VS=196Tev VS=196TeV VS=1.96Tev
asys1 asysi + asys1
15 asf.. 15, +
osf osf osf”
U I I A R TEI RS T N 2 = IR GRS R -
Py (GeV) Py (Gev) Py (Gev)
e New KKKSc FFs improve agreement w/ CDF data.
[1] Kniehl,Kramer, PRD74(2006)037502
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INTRINSIC CHARM IN THE PROTON

GENERALITIES

e C, C, b, b PDFs relatively weakly constrained by global QCD
analyses

¢ Knowledge important

e inherently: fundamental structure of the nucleon

e phenomenologically: signifi cant for physics at Tevatron Il and LHC,
e.g. charm, bottom, single-top, Higgs production etc.

¢ Global QCD analyses usually adopt radiatively generated HQ
PDFs:

o fo(X, o) =0at pp=mg forQ =c,b

e completely determined by gluon and light-quark d.o.f. via QCD
evolution

o properly resums collinear logs of mg appearing in fi xed-order pQCD

o theoretical: heavy-quark d.o.f. perturbatively calculable

e practical: lack of clearly identifyable experimental constraints
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INTRINSIC CHARM IN THE PROTON

GENERALITIES (CONT.)

¢ Room for additional, genuinely non-perturbative, intrinsic
component with fo (X, 1o) # 0

e Especially for charm because m¢ < my ~ intrinsic charm (IC)

e Constrain/determine IC through general global analysis with
mgq # 0 and comprehensive experimental inputs, such as
extension of CTEQG6.5 [1]

e Consider 3 representative IC models: BHPS, meson-cloud,
sealike

¢ Open charm hadroproduction as a laboratory to probe IC [2]

[1] Pumplin,Lai, Tung, PRD75(2007)054029
[2] Kniehl,Kramer,IS,Spiesberger, arXiv:0901.4130[hep-ph], PRD(to appear)
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INTRINSIC CHARM IN THE PROTON

IC MODELS

@® BHPS model [1]
¢ Invokes light-cone Fock space picture of nucleon structure
e states with heavy quarks suppressed by off-shell distance
(p% + m?)/x ~ large x preferred
e Predicts c(x) = C(x)
e c(X, 10) = C(X, po) = AX?[6x (L + x)Inx + (1 — x)(1 + 10x + x?)]

e A controls magnitude of IC, characterized by
1

(K)eye = /O dx x[c(x) + T(X)]
® Meson-cloud model [2]
Another light-cone model ~ large x preferred

IC from virtual uudcc components, e.g. 50/\C+

Predicts c(x) # ¢(x)

C(X, ,U’O) ~ AX1.897(1 _ X)6'095, E(X,/Lo) ~ KX2.511(1 _ X)4.929
A/A determined by quark number sum rule

/1 dx x[c(x) —c(x)] =0
0
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® Sealike model [3]
¢ Purely phenomenological scenario
e Assume c(X, i) = C(X, o) o< U(X, o) + d(X, o) at pg = me W/
overall mass suppression
¢ |C interchangable w/ light sea-quark components ~~ softer x
spectrum

[1] Brodsky, Hoyer, Peterson, Sakai, PLB93(1980)451
[2] Navarra et al., PRD54(1996)842; Melnitchouk, Thomas, PLB414(1997)134
[3] Pumplin, Lai, Tung, PRD75(2007)054029



3550 T ]
i ‘1 CTEQ.6.5Cn
3500 r -
i ] n 1C model (X)cac
! ] 0 ZerolC 0
N ; 1 BHPS 0.57%
< 3400 - 2 20%
_ ] 3 Meson-cloud 0.96%
3350 C - 4 18%
_ 5 Sealike 1.1%
3308.00 I O.Ll I O.IOZ S 0.03 6 2-4%
<X >c+E

[1] Pumplin, Lai, Tung, PRD75(2007)054029



INTRINSIC CHARM IN THE PROTON

1C FROM QTEQ6.5 GLOBAL ANALYSIS (CONT.)

After evolution from pg = 1.3 GeVto u = 2 GeV.
Meson-cloud Sealike

n = 0 blue c(C) red (Z;reen)
n = 1(2) down (up) n = 3(4) down (up) n = 5(6) down (up)

Enhancements get washed out as y increases.
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INTRINSIC CHARM IN THE PROTON

D-MESONS AT THE TEVATRON

)
do/dp; (nb/GeV) pp - D’X 10 Ldo/dp; (nb/GeV) b D°X
MVENS GM-VFNS
5= 106 Tev VS=196Tev
syl 1 1sys1
4
10
E
10
75710 125 15 175 20 225 25 EJ %0 70
Py (Gev) p; (Gev)
1
CTEC6.5cx/CTEC6.5¢0 CTECS.5cx/CTEC6.5¢0
pp- DX 15fpp - DX
VS=1.96TeV

Acosta et al.

(CDF Collaboration),

I. Schienbein (LPSC Grenoble)

75 10 125 15 175 20 225
pr (Ge

v)

PRL91(2003)241804

(do/dpr )(pP — D° + X)

Vs =1.96 TeV

yl <1
IC Model | moderate marginal
BHPS solid dashed
Meson-cloud | densely dotted  dot-dashed
Sealike scarsely dotted  dotted
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INTRINSIC CHARM IN THE PROTON

D-MESONS AT RHIC

doldp; (nb/GeV) pp
4

. D°X

GM-VFNS
VS=200Gev
“lsys1

. dofdp; (Nb/Gev)  pp - D°X
A\

GM-VFNS

46

8 10 12 14 16 18

46 8 10 12 14 16 18

p; (Gev) Py (GeV)
47sf. CTEC50UCTECE 50 47sf. CTEC50UCTECE 500
25f PP - D°X 25f PP - D°X
GM-VFNS GM-VFNS
225 225
VS =200 GeV' VS =500 GeV'
2F acys<1 2F asys<1

46

I. Schienbein (LPSC Grenoble)

8 10 12 14 16 18

Py (GeV)

(do/dpr)(pp — D° + X)

/S = 200, 500 GeV
ly| <1

8 10 12 14 16 18
Py (Gev)

Masses in pQCD

IC Model | moderate marginal
BHPS solid dashed
Meson-cloud | densely dotted  dot-dashed
Sealike scarsely dotted  dotted
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HADROPRODUCTION OF B®, B+ [1]
NEW FFsFRoOM LEP1/SLC DATA [2]

Petersen Kartvelishvili-Likhoded
x(1 —x)? 2 ]
D(X, 2y =N——_"/ D(x = Nx*(1-x
( 7”‘0) [(1—X)2+€X]2 ( 7“0) ( )
06 — 06
o5} é&g 1 o05f 1
& ALEPH, OPAL, SLD . & ALEPH, OPAL, SLD
1 04} ’?1 E 1 04F
o o ] o
o 03} s 1 ‘o 03}
3 3
L o2t 1 L o2
=] w . ©
o1} 1 01}
] (]
3 0 2 3 5
015617020304 05 06 0.7 08 09 1 015617620304 05 06 07 08 00 1
\?/d.of. = 21.37 \?/d.of. = 1.495

[1] Kniehl,Kramer,IS,Spiesberger,PRD77(2008)014011
[2] ALEPH, PLB512(2001)30; OPAL, EPJC29(2003)463; SLD, PRL84(2000)4300;

PRD65(2002)092006
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GM-VFNS PREDICTION VS. CDF 11 [1,2]

do/dp; (nb/GeV)

e CDF (1.96 TeV):

PP-BX 1 e open squares J/¢¥X [1]

VS=196Tev e solid squares J/yK™* [2]

eyst e CTEQ6.1M PDFs

e m, =4.5GeV

o A& — 227 MeV ~ of® = 0.1181

® 1/2 < pr/mr,pe /M, pur/pe <2
(my = \/m)

103

102k

10 |

GM-VFNS

55575 10 125 15 175 20 225 25
p; (GeV)

[1] CDF, PRD71(2005)032001
[2] CDF, PRD75(2007)012010

I. Schienbein (LPSC Grenoble) Masses in pQCD July 14, 2009 49/73



GM-VFNS PREDICTION VS. CDF |1 [1]

:H\\‘\H\‘\H\‘\\H‘H\\‘\\H‘HH‘HH‘HH‘HH:
10 F Vs=196Tev
%‘ % -0.6<y<0.6 E
% 107 E e CDF Il (preliminary) [1]
c £ 3
510;* 7 ® LR = pF = M7
@ T e forpr > my:
Tk 4
= 1§ e GM-VFN merges w/
P ] ZM-VEN
T —omveN e FFN breaks down
° £ ----FFN (no FF) 3 e data pointin bin [29,40] favors
F W=mr, m =4.5 GeV ] GM-VFN
10735\\\‘\H\‘\H\‘\\H‘H\\‘HH‘HH‘HH‘HH‘H\E

10 20 30 40 50 60 70 80 90 100
p, [Gev]

[1] Kraus, FERMILAB-THESIS-2006-47; Annovi, FERMILAB-CONF-07-509-E
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FFN vs. CDF 1 [1]

é‘é‘é‘ do/dp; (nb/GeV)

g R =
N pp - B*X

: : VS=196TeV
Asys<1 e up-to-date FFN evaluated with

e obsolete FFN as above

2|
10 e CTEQ6.1M PDFs
o M, = 4.5 GeV
— oMV o« ABL =227 Mev ~ oY = 0.1181
10F . FFN (no FF) ° D(X) = B(b — 8)5(1 — X) with

‘‘‘‘‘‘‘‘ FFN (old Input)

B(b — B) = 39.8%

W=my, m=4.5 GeV

25 5 75 10 125 15 175 20 225 25
p; (GeV)

[1] Kniehl,Kramer,IS,Spiesberger,PRD77(2008)014011
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Low-pt IMPROVEMENT OF GM-VFNS[1]

jT"T[nb/GOV]
pp — BTX o
V5 =1.96 TeV
-1<y<1
10° | 1 °
GM-VFEFN .
= /mi+ Epk
my = 4.5 GeV °
black: £ =1/4, red: £ =1/2,1/8 R
102 L L L L L L L L
1 2 3 4 5 6 7 8 9 10
pr[GeV]

evaluate d65,)(Q + 9/q — Q + X)

@ LO to match

1, ®ds®(Q+9/q — Q+g/q)

evaluate -

d6®(gg/qd — QQ) ® dy” ,

w/ mq # 0 to match

d&5u(09/ad — Q/Q + X)

impose 6(§ — 4m3) on massless

kinematics

choose p = mj + £pf so that
pr—0

K — Mq = Lo

G(m,pr) = 1in contrast to FONLL

[1] Kniehl,Kramer,IS,Spiesberger,in preparation
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NUMERICAL RESULTS

Exemplify results for

pr. n distributions

photoproduction: Q% < 2 GeV?
1.5GeV < pr < 12.5 GeV, || < 1.5, 100 GeV < W, < 285 GeV

compare with H1 preliminary data: H1lprelim-08-073

e®p at low Q% 0.05 < Q% < 0.7 GeV?,
15<pr <9.0GeV,|n <15,0.02<y <0.85

compare with ZEUS data: PLB649

charm mass: m = 1.5 GeV

as at NLO with /\T‘:4 =0.328 GeV, i.e. as(MZ) = 0.1180
independent choice of renormalization and factorization scales:
wio=E&1/p2 +m2,i =R,F,F/ default: § = 1

PDFs: proton: CTEQ6.5, photon: GRV

fragmentation functions: KKKS 2008

I. Schienbein (LPSC Grenoble) Masses in pQCD July 14, 2009

53/73



DIRECT AND RESOLVED PARTS

100 g— T

E T :
a5 [nb/GeV]
h/p — D*iX —E
1k ]
01k ]
0.01 [ I L B
25 5 75 10 125
pr [GeV]
25 , i . :
20 Zﬁ% [nb] i

[ tot

vp — DX

I. Schienbein (LPSC Grenoble)

Masses in pQCD

direct and resolved
contributions:
pr distribution

resolved part
dominated by
charm PDF

direct and resolved
contributions:
n distribution
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MASS EFFECTS

1.5

1.4

1.3

1.2

1.1

0.9

T T ratio of cross sections:
o(m = 0)/a(m # 0)
do .
dpr [ratio] mass effects
yp — D**X suppressed in ot
m=0/m+#0

£
- tot ]
:. L. 1 M P R .:
2.5 5 7.5 10 12.5
pr [GeV]
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COMPARISON WITH H1 PRELIMINARY DATA

D* in Photoproduction

=
o
N

HERA Il

t

do(ep - eD*X)/dp [nb/GeV]
=
o

T ||||||T|

10t Q%?<2GeV?

H1 Preliminary

--H1 data (prel.)

= FFNS (CTEQ5F3)
1.3<m < 1.7 GeV
05< u”/ m§+p‘2 <2

= GMVFNS (CTEQ6.5)

= 100<WYP<285 GeV &
E p(09>18Gev z
L movi<15
P N B M B T B |
1075 4 6 10 12
p (DM)[GeV]

I. Schienbein (LPSC Grenoble)

H1lprelim-08-073
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D* in Photoproduction

— 40
= H1 Preliminary -6-H1 data (prel.)
ey
2 HERA I == FFNS (CTEQ5F3)
X 13<m, <17 GeV
2 30 05<p /\Imzep?<2
1 == GMVFNS (CTEQ6.5)
g
3
20
10 ————

H1prelim-08-073



SCALE DEPENDENCE

100

47 [nh/GeV]

dpr

p — DX

E&=(3.1,
[ (1,2,
01k (1,1,
(2.1,
1
F 1,3,
0.01 1 1 1
2.5 5 7.5 10 12.5
pr [GeV]
40 T T T T
%"’/ [nb] T
yp — D*X -

I. Schienbein (LPSC Grenoble)

Masses in pQCD

pi = &i\/PF +m?
fori =R,F,F’

renormalization scale: R
factorization scales:

F: initial state (PDF)

F’: final state (FF)

variation by factor 2 up/down:

+84/ —53%
+13/ - 16%

at low
high PT

large scale uncertainties

at small pr

determines scale uncertainty for all n

O improvement: matching to Ny = 3,
threshold for c-initiated
subprocesses

July 14, 2009
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PDF INPUT

12 — : : :
[ 2 Tratios] ] ratio of cross sections
L f W= DX normalized to
CTEQ6.5

CTEQ5M1

largest influence

CTEQSM ) )
from varying PDF input

09 F

MRST2004 at small pr
0.8 L L L L ]
25 5 75 10 5 but small com_pared to
12 pr [GeV] scale uncertainty
N T T T
3—’; [ratios] ]
1.1 yp — DX ]

CTEQ5M1 ]
F —— 4
—|_‘_| —

CTEQ5M :l‘:|=

0.9

MRST2004

0.8 1 1 1 1
-1.5 -1 -0.5 0 0.5 1 1.5

—_
L L B e L L
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PHOTON PDF

11 ]

d%T [ratios] ]

- p — D**X -

[ ~-PDF ]

ot AFG/GRV ]

09 -. | ST ST S N SR T SN T NN SR T SN S R S S N1 ]
2.5 5 7.5 10 12.5

pPr [GGV]

I. Schienbein (LPSC Grenoble)

Masses in pQCD

ratio of cross sections

uncertainties
from v PDF input
slightly smaller

default: GRV

compared with AFG:
Aurenche, Fontannaz,
Guillet, EPJC44 (2005)

5 sets (low/high 12, soft/hard
non-perturbative gluon)
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FRAGMENTATION FUNCTIONS

16 T

1ab @% ] FFfor.c.—> D* L

12F °BELLE g ] from fitting to e"e ™ data
I CLEO {1 2008 analysis based on GM-VFNS
"8 0.8F ] Mo =M
o Oef 1 globalfit: data from
© 04p 1  ALEPH, OPAL, BELLE, CLEO
3 02F ] )
I 355 S BELLE/CLEO fit

0 010203 04 0506070809 1
X KKKS: Kneesch, Kramer, Kniehl, IS

p

NPB799 (2008)

OPAL E

tension between low and high energy
data sets — speculations about non-
E perturbative (power-suppressed) terms

= . . . R h !
%.l 02 03 04 05 06 07 08 09 1
X
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100 g : T T _
E uncertainties from

do [ub/Gev] ] ¢ — D" FF:

w0

] global fit: data from
3 ALEPH, OPAL, BELLE, CLEO

01k BELLE/CLEO fit

Kneesch, Kramer, Kniehl, IS

001 L L L L

25 5 75 10 12,5 NPB799 (2008)
pr [GeV]
40 T T T T
35 %Z [nb] 1
30 | p — DX o

25 - -




ep — D* + X AT Low Q2

60

50

40

30

20

10

I. Schienbein (LPSC Grenoble)

r T . 60 T T 1 L
3 e mb/Gev? 1 5o E 2 [nb] E
a ep— D*=X ] i ep— D*X ]
- 4 40F7 Lo .
= i sf 3
f_ ............... _f 20 f_ 1 _f
- wp
: R -

0.2 0.4 0.6

Q* [GeV]?

0.05 < Q% < 0.7 GeV?

0.2 0.4 0.6 0.8

Y
ZEUS PLB649

scales at pir,F = &R f 4 /p$ + m2 varied by factor 2 up and down
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ep — D* + X AT Low Q2

10

0.1

........ I

s ]

F o o 3

[ 42 [nb/GeV]

E ep— DX 3
> 5

pPr [GQV]

scales at g F = &r

0.05 < Q2 < 0.7 GeV?

10 T
SE w £
: j—n[nb] ]
6:_ €p—>D*iX et _:
T | LT
0:....|....| ........ et
-1.5 -1 05 0 05 1 1.5

ZEUS PLB649

\/P? + m2 varied by factor 2 up and down

uncertainty for all  dominated by smallest pr
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o Phase Space: 2 < Q2 < 100 GeV?,0.05 <y < 0.7,
1.5 < pr,Lan(D*) < 15 GeV, |nLan(D*)| < 1.5,

" [nbiGeV]

do D /dp

*

2 *\2
_ gQ +£PT)

o pr? = pp?=pL?
e Uncertainty band: variation of £ € [1/2,2]



e Phase Space: 2 < Q2 < 100 GeV?,0.05 <y < 0.7,
1.5 < pr 1ap(D*) < 15GeV, [nLan(D*)| < 1.5,

o Additional Cut: p%(D*) > 2 GeV (y*p-CMS)

< 14r
3 E
3 2120
=
= —i 5§
g D
* [}
fg 3 o8k
3 0. =
””””””””””””” 0.6-
L 04
4 5 6 7 10 15
p; [GeV]

2 *\2
o ur? = pp? = pp? = ¢S
e Uncertainty band: variation of £ € [1/2,2]

» More distributions



¢ Discussion of 1-particle inclusive production of heavy quarks in a
massive VFNS (GM-VFNS)



¢ Discussion of 1-particle inclusive production of heavy quarks in a
massive VFNS (GM-VFNS)

e Available at NLO in the GM-VFNS:
e 7y — HX
e vp — HX
e pp — HX



SUMMARY

¢ Discussion of 1-particle inclusive production of heavy quarks in a

massive VFNS (GM-VFNS)

e Available at NLO in the GM-VFNS:

e vy — HX
* 7p — HX
* pp — HX

e Work in progress:
e ep — HX
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SUMMARY

Discussion of 1-particle inclusive production of heavy quarks in a
massive VFNS (GM-VFNS)

Available at NLO in the GM-VFNS:
e vy — HX
e vp — HX
e pp — HX

Work in progress:
e ep — HX

Generell expectation:

e Improvement at pr > m;, due to updated FFs (and PDFs)
e Mass effects: Improve agreement with (HERA) data for pr = my,
e Mass effects: Reduced factorization scale dependence

I. Schienbein (LPSC Grenoble) Masses in pQCD July 14, 2009 67/73



Backup Slides

I. Schienbein (LPSC Grenoble) Masses in pQCD July 14, 2009 68/73



250

100

NLO
-- 1o

[;reo/ad]

«go back



FONLL = FO + (RS — FOMO)G(m, pr)

FO: Fixed Order; FOMO: Massless limit of FO; RS: Resummed

G(m pT) pZ +25m2
FO : pr<b5m
FONLL = ~
= {RS . pr>5m

< back to schemes

[1] Cacciari, Greco, Nason, JHEP05(1998)007



COMPARISON WITH FONLL

FONLL = FO + (RS — FOMO)G(m pr) with

G(m,pr) = m

GM-VFNS = FO + (RS — FOMO)&(m, pr) with
G(m7 pT) =1

FO: Fixed Order; FOMO: Massless limit of FO; RS = ZM-VFNS: Resummed

Both approaches interpolate between FO and ZM-VFNS
e FONLL: obvious;
¢ GM-VFNS: matching with FO at quark level (see
Olness,Scalise, Tung,PRD59(1998)014506)

Factor G(m, pr) follows from calculation; G(m, pr) = 1 <> S-ACOT scheme
Different point-of-view: GM-VFNS fi nally needs PDFs and FFs in this scheme.
Numerical comparisons interesting and should be done!

. Schienbein (LPSC Grenoble) Masses in pQCD July 14, 2009
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e Results with old FFs with initial scale pg = 2m¢
e Uncertainty band: independent variation of ug, up, uf = £mr, € € [1/2,2]

40 T
pp-D¥X, vS=196TeV  -1sys<1l
35 [
GM-VFNS
ZM-VFNS
—~a
8
o 25
E
g 20
9
5]
S5 p
&
10 F
5 L
75 10 125 15 175 20 225 25

pr (GeV)
e In this example still pr > 3m¢
e Mass effects bigger for small ur (large as(ur))



STRONG COUPLING CONSTANT

e PDG'04: as(Mz) = 0.1187 + 0.0020

o CTEQ6M PDFs: as(Mz) = 0.118; MRSTO3 as(Mz ) = 0.1165;

e do(pp — DX) ox a2(1 + asK)

0.4
ag(k) NLO, MSbar
035 \» upper: a(M,)=0.121 ]
a(M,)=0.1187
03F \» 0 lower: a (M,)=0.1165 -
0.25F a(M,)=0.118 9
0.2}
015}
0.1 ‘
1 10

H (Gev)

I. Schienbein (LPSC Grenoble)

14

13

12

11

0.9

0.8

R m;
mac, R = orju la W)

min
R;ax\ Rmin = (15 (u la S\ K
e
Rr“:m

2
10 u(Gev) 10
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