Heavy Flavour Production at HERA
and the LHC
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 What else can we learn from HERA?



Motivation

* Gluon density/heavy flavour PDFs essential for understanding
QCD and calculating cross sections/uncertainties at LHC.

*Heavy flavours offer direct probe of gluon density of the proton.
Gluon density measured indirectly from F, scaling violations.

*Test models/schemes/PDFs. Multi-scale problem. Q4,pr,M,,

oStatistically limited. Data provide test but only weak constraint.
Chance to learn more at HERA-11?
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Theoretical Approaches
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Variable FNS: Interpolate between massive and massless avoiding double counting etc. ACOT(CTEQ), MRST.



VFNS schemes

* Most favoured by PDF fitters. Thorne-Roberts
(MRST,ZEUS). CTEQ6HQ. Final state resummed (p2/m?)
calculations (FO-NLL).

«Completely massless scheme does not describe threshold!

*Massive scheme has theoretical problems at large scales
p.2/m? or Q%/m2. Partonic NLO calculations unavailable for
many processes in massive scheme e.g. CC (limited data
samples to fit).

« Controversial subject. Requires decisions on how to treat
different terms across threshold region.

*MRST use VFNS for NNLO (only scheme with continuous
F,¢P at this order).



Experimental Techniques(HERA)

For inclusive ¢ and b cross sections (F,c¢, F,Pb)
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Explicit reconstruction (D*). Extrapolation to full phase space (factor 5-1.5)



BT - ] dashed: pp=pp=p="wmi+pl]
E E solud pi, /2 < gy < Zg ]
= i CTROEML
o WwE ¢ g, = 475 Ge¥V —
.g" F dotted: Peterson 1iik=El=0.3%5
L B £ = 0.008
= I
!t e : =
nCDE data 3
lbcorw: FOMLL vk H=2 fit
109 M P B I
a3 1 1G 20 25

b production at Tevatron
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b jets at HERA

Using impact parameter of tracks in jets
BEAUTY
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b fraction consistent with (massless) charge counting limit
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CHARM

Open charm production
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Not all details described at low x, (consistent with ZEUS D" +jets)
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Charm scaling violations
— data start to look like
(early) inclusive data.

Consistent results
between displaced tracks
(VTX) and D™ methods

Similar overall statistical
plus systematic errors for
2 methods

NLO QCD works
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Charm c.f. Theory
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Displayed in impact
parameter binning method x

bins.

CTEQ VFENS scheme looks
disfavoured around

threshold.
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Charm large fraction of DIS
cross section and approaches
massless limit away from
threshold.

Threshold effect important
for beauty.

QCD describes data
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Evolution of MLO Gluon in FFIS and VEIS

FF/VENS gluons
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MRST produced a FFNS
compatible set of partons
from standard VFNS
partons.

Matched at ¢ threshold

Not a FF fit but helps to
Illustrate differences in
evolution of schemes.

FENS gluon is larger (c,b
quarks in VENS carry
missing gluon momentum)

rure 3: The evolution of the gluon distribution in the 3-fHavour FFNS and the VFNS, for

vical low and high values of z.



FF/VVFNS Evolution
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Figure 5: The evolution of F(z,(}*) in the 3-flavour FFNS and VFNS (left). The evolution of
F3(xz, @%) in the 3-flavour FFNS and VFNS (right).

Charm FENS/VENS
diverge at low Q?
and converge at high
Q?4/low X.
Convergence due to
missing info in
FFNS.

Beauty mainly
diverges in HERA
Kinematical range.
More chance to
distinguish schemes
experimentally?
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Effect of gluon at LHC

[ ratio of gg luminosities
25 L (FFNS/NVFNS) at LHC
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Scheme dependence
Introduces large QCD
uncertainty at LHC (>20%
Increasing with Xx).

No strong experimental
evidence to disfavour FFNS
(VFNS theoretically more
convenient)

Can HERA-II data help to
reduce this? Heavy flavour/jet
measurements/F ?

re 4: The effect on the luminosity distribution for gg — X of using FFNS or VFNS partons.
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PDFs and charm
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Large difference in
PDFs at low Q2. This
arises from different
schemes and different
gluons.
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PDFs and beauty

Q=2 GeV” Q=4GeV’ Q’=7GeV’
— MRSTO4 (VF) — CTEQ6HQ (VF)
— MRSTO04 (FF) — CTEQSF3
--- MRST NNL

\’k \\ e
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N
Q= 60 GeV
\\\

Higher mass increases
effective x range and
smaller differences
between gluons.

HF schemes show
differences. Possible to
distinguish?

Need luminosity!

Scale uncertainties?
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Scale Uncertainty

Q=2 GeV Q=4 GeV Q=7 GeV
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o
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Renormalisation scale
selects different o,

Factorisation scale
different gluon density.

Large uncertainties at low
scales.

Uncertainties smaller for
beauty.

18



L AU B L) I S L S LU IS oL L N LU S B R L B B ISR ERLL I SR
0 | Q=2 GeV* Q=4GeV: I . Q=7GeV"

— CTEQSF3 T " .
02 [ = 2%*Renorm )

-- 2*Fact _ Ky
0 = Q7 H4m” .
. ;&\_‘.‘
+ i e —HHHHH HHH— :::::'::l B ] ”.i;””l T
ol Q’=11GeV® ]| Q’=18 GeV’ Q'=30GeV’" |
| + ZEUS D"
A H1 D
04 +
02 v
2y
0 P -
ol Q=60 GeV~ T Q™= 500 GeV” ]
04
02
0 wul il
0 107

Scale Uncertainty

Small charm mass In
scale has small effect

Scale uncertainties
larger than data allow?

Mainly come from
gluon density — should
each scale variation
use a different PDF?
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CTEQ/I\/I RST FF gluons
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Compare CTEQ and MRST
FF gluons.

Effective x range increases
with quark mass

X =x(Q*+M?)/Q?

Vertical lines show;

Black - HERA charm data
Blue — effective charm x
Red — effective beauty x
Large difference at low Q-.

N.B. HF cross section is not
proportional to gluon but a
convolution of coeff. and
gluon density
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| Compare MRST/ZEUS
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| Which use Thorne-
Roberts VFNS scheme

| Low Q?Z region has large
1 PDF/scale/scheme

| uncertainties plus data

» extrapolation

1 uncertainties

Focus on beauty!
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Summary

» Heavy flavours provide direct access to gluon measured
Indirectly from fits to inclusive data.

» QCD Is a success (within uncertainties)!
*Progress in understanding different schemes/gluons.

 With more F,¢¢/F,P° data is it possible to distinguish different
schemes/gluons in time for the LHC?

«Charm is difficult to unfold gluon/scheme/scale. Beauty may be
more useful for scheme testing. Need luminosity!
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