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Heavy quark production in DIS

Fixed Flavour Number Scheme
(FFNS)

- nf=3 active flavours in p
- heavy-quarks produced in hard scattering

- mass effects correctly included

- spoiled by large logs of Q*/m?, p./m ...

Variable Flavour Number Scheme(s)
(VENS)

- ¢, b massless partons for Qz>mc2
e 2

LO : 6(a°)
HERA

--- HI Z

ol

- simplifies calculations at colliders (neglecting m )
- resums large log(Q?%m?)

- Zero Mass (ZM) VENS
- neglects m_at all Q*

- General Mass (GM) VENS
- FFNS at Qz<mc2 , ZM-FNS at Q*>>>m?

- Interpolating in between
- different prescriptions available




Charm production in DIS

Reduced charm cross section defined in analogy to inclusive DIS:

d?c®  2mwa? :
— M Y+:1+(1—y)2
dr d@g IQd Y I:'Fned(m Q )

2
0% (z, Q2 5) = F;E(s:,@%—fi—ff(z,cf)

but considering events with charm in the final state

Different definition used by theorists in some case
but differences are small in the HERA range. (up to

In this analysis we will combine HERA charm production measurements
to extract a combined measurement of o<, (z, Q% s)



Input data sets

9 data sets used for a total of 155 points R p——— ZTS ]
% 2000~ :;mgt -l jll "f,k _
© 1500 L — Fit I G, \"*M_

Data Set Period Q*[GeV?] i , o
«1)H1VTX HERAI+Il 5-2000 0|
« 2) H1 D* HERA | 2 -100 1 . |
« 3) H1 D* HERAII  5-100 -

*4)H1 D* HERAIlI 100 - 1000
«5) ZEUS D* '96-'97 1- 200
«6) ZEUS D* '98-'00 1.5-1000

+ HiData 3
— Total MC 1

«7)ZEUS DO '05 5-1000
«8) ZEUS D+ '05 5-1000
«9) ZEUS p '05 20 - 10000

|

1 [ M|

-10 0 10 20 30
SV distance significance SL

ZEUS HERA Il D*, D+, and VTX preliminary not included



Correction to full phase space

D*/D/y measurements are “visible” D*/D/p cross sections ( Oyis bin )
in bins of Q%, y (or x), pt, N

Reduced cross sections are obtained as

c-: th 2
red(ir Q ) — Yyis,bin red tl'(j Q )
vis,bin

This method accounts for extrapolation to full phase space
The theory used for this “extrapolation” is FFNS at NLO : HVQDIS
Parameters (and systematic variations) used for HVQDIS:

- m. = 1.5+0.15GeV

- My = My = \/QE +4m? , varied up/down by factor 2;
- a7 (M) = 0.105 £ 0.002.

- PDF: HERAPDF1.0, FFNS variant
m,y,a variations done simultaneously in HVQDIS and in PDF fit.



Fragmentation model

To produce visible D*, D, y cross section a fragmentation model is used:

- Longitudinal fragmentation function : Kartvelishvili with variable @k (35 )
§ = y*g cms energy squared,
based on D* fragmentation mesurements in ep:

§ range ag(D*) ak(gs.) | Measurement A 2

5<5, | 61=09 | 4607 |[47] D".DIS, nojetsample | -1 — 0 =40 E’EV
§1<5<35 | 33+04 | 3.0+0.3 |[47] D*,DIS, jet sample §3 = 324 GeV

5§ > & 2674+ 031 | 2194+ 0.24 | [11] D* jet photoproduction
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More fragmentation

- Fragmentation for ground-state D meson was softened wrt D* to account for D* decays
(based on e+e- data and kinematics)

- transverse fragmentation (KT of D wrt c direction): based on e+e- data:
<kt>= 0.35 +- 0.15 GeV

- Fragmentation fractions, updated average of e+e- and ep data (arXiv:1112.3757)

flec = D) 0.2287 =+ 0.0056
flc = D) 0.2256 =+ 0.0077
f(e — DOmtP™"y [ (0.409 + 0.014
B(c — p) 0.096 & 0.004

Good description of measured cross sections

o2 D*in DIS — 4 D*in DIS
5‘ 1 H1 & H1i data 0 H1 [ ] H1 data
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Combination

- The H1 VTX data are already given as 0°,
- 155 measurements are combined into 52 x,Q? points

- combination: measurements at the same x,Q? point must come from the same true T4

- the combination is done similarly to the inclusive HERA combination, by minimizing

correlated systematic errors

statiztical errors uncorrelated systematic errors

- the main difference is that the statistical error is taken as constant rather than proportional
to sqrt of cross section, since in charm case the bkg contribution is large

- 48 correlated systematics, 9 of which related to Hvqdis+Fragmentation

- 1 procedural uncertainty from using different definitions of x°



-X* /Mot = 62/103
uncertainties a bit conservative
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- Systematics fluctuate reasonably,
(only 1 by more than 1 o)

- uncertainty on some syst of improved Ba
--> cross-calibration of different data sets

Results

source | data sets | name shift |or Reduction factor ||
&y 1 H1 ventex resohation -0.1 o4
4 1—4 H1 CIC efficiency -0.3 82
& 1 H1 C5T efficiency 0.0 o8
8, 1 B mulriplicity 03 o6
dg 1-o « longitudinal frapmentation -09 B4
. 1.3.4 photmproduction backgronnd 0.2 o4
S 1 D+ multiplicity 0.0 o0
g 1 ° multiplicity 0.0 on
g 1 0, mlriplicity 0.1 o8
E 1 b fragrentation 0.0 100
E 1 HI1 VTX model: r-rewsighiing =04 o5
Sz |1 H1 VTX model: pr-rewsighting 0.3 74
g 1 H1 VTX model: nic)-rewsighting -0.3 BT
. |1 H1 VTX uds-backeround 0.0 (53 )
se |1 H1 VTX ¢ of o-guark 0.2 o9
ds 1 H1 hadromic energy scale -0l i
dur 1 H1 VTX F: mormalization -0.2 o7
dus 3.4 H1 Primary vertex fit 0.1 o
dg 24 H1 electron enarEy 0.6 &
dan 2 H1 alectron polar angle 03 T
d | 3.4 H1 luminosity (HEFA-II) -09 20
Sz | 3.4 H]1 trigper efficiency (HERA-IT) 03 o8
g 3.4 H1 frapmentation maodel im kAT -1 a9
Say | 27 BR{D* — Kmr) 0.1 o8
fae | 2-6 fle — D) 0.1 94,
o 2.3 H1 efficiency using alternative hIC model 0.4 73
dar | 20 NLO, me 05 72
foz | 22 NLO, scale ( -1.z> &6
dag 2-0 « tramsverse fragmendation 2 T8
dan -0 NLO, PDF 0.2 o7
I NLO, ag{Mz) -02 @5
daa |2 H1 lumincsity (1998-2000) 0.1 o7
daa |2 H1 trigger efficiency (HERA-T) 02 o5
day | 2 H1 MC alternative frapmentation 0.1 70
S | @ ZEUS p: BRMUON efficiency 01 o2
dag o ZHITS p: FRATNON efficiency 0.2 T
dar o ZEUS u: energy scale 0.0 85
9 ZEUS p: B calibration 0.0 72
Fan L4 ZHIIS pi: hadromic pesolwtion 0.8 Tl
S o ZEUIS - IP reschaticmn -0z o7
dax 2 ZEUS p: MMC model 0.1 86
Syn L4 Bl{e — u) o1 o7
b | 7.8 FEUS lifetime significance 0.5 52
faa |7 fle — DY) 0.3 o7
e |2 fle — D+) x BR{D+ — Knmr) -0.6 o1
Sa | 70 FEUS luminosity (2005) 01 o5
far |5 ZEUS luminosity (1996-1997) 0.4 o6
P ZEUS luminosity {1998-2000) 0.3 %0




Results compared to single measurements

- Combined data
more precise than
single data sets

- Total uncertainty ~6%

at medium x and

12 < Q* <60 GeV?

- Correlated uncertainty

ccC

similar size of uncorrelated

--> full correlation matrix

provided

--> very important to use it
(in contrast with inclusive

ccombination)

- Procedural errors small
except at Q=350 GeV?

(4-5%)
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Results compared to single measurements
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Comparison with HERAPDF1.5

H1 and ZEUS

Q’=2.5GeV"' | @’=5GeV" | Q=7 GeV®

- GM-VENS 83
(RT-standard variant) b
O(a ?) for FFN part

O(a ) for VFN part

- PDF : HERAPDF1.5
(no charm data included)

- Central line for
m =1.4 GeV (pole)

- Main uncertainty from
model variation
1.35<m < 1.65 GeV

||||u_|] ||||||_|J h

11 1 1l L 11l L1 1 IIIIII|_|J L 111l |
Q’=350 GeV* Q°=650 GeV* Q°=2000 GeV*

- Consistency of charm data 0.5 - = -

with inclusive fit * HERA

==HERAPDF1.5




Comparison with FFNS (ABM)

- ABM FFNS
describe data well in the
full HERA range

-m (m)=1.18 GeV (MS)

ccC

red

0.2

H1 and ZEUS

Q%=2.5 GeV?

Q%=12 GeV?

T T T T I

\M_

Q%=5 GeV’

Q%=18 GeV?

N

Q%=7 GeV?

Q’=32 GeV?

Q%=60 GeV?

T T T T |

Q=120 GeV? |

N
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Q=650 GeV? |
| @ HERA
B ABMoSNNLO MS

Q2=2000 GeV?

ABMOSNLO MS
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Comparison with CT10 GM-VENS

Comparison to CT10

GM-VFENS
S-ACOT-x scheme:

-NLO : O(a ) -> poor agreement
- NNLO : O(a32) -> fair agreement

m_= 1.3 GeV (pole)

Agreement improves going to
higher order.

red
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&K i N ] pr
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b L ] L ]
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T T T |

AN

\
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AN
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Comparison with MSTWO08 and NNPLD

cc
red

0.2
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GM-VENS, qualitatively similar behaviours
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- NNPDF2.INLO FONLL A
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Detailed comparison not simple as different groups use different parameters, schemes, data...
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Differences between predictions

Theory Scheme Ref. | Fyp, M, Massive Massless asz(myg) Scale Included
def. | [GeV] (@?sm?) | (@*>ml) | (ny =5) charm data
MSTWO08 NLO RT standard | [28] | F5,) | 1.4 (pole) O(a?) O(a,) 0.12108 Q [1.4-6.8.9.11]
MSTW08 NNLO approx.-O(a?) O(a?) 0.11707
MSTWO08 NLO (opt) | RT optimised | [31] O(a?) O(a,) 0.12108
MSTWO08 NNLO (opt.) approx.-O(a?) O(al) 0.11707
HERAPDF1.5 NLO RT standard | [55] | F5;, | 1.4 (pole) O(a?) O(a) 0.1176 Q HERA inclusive DIS only
NNPDF2.1 FONLLA | FONLL A [30] | na. V2 O(as) Ofas) 0.119 Q [4-6.12,13,15.18]
NNPDF21FONLLB | FONLL B F5y | V2 (pole) Oa?) O(cvs)
NNPDF2.1 FONLLC | FONLLC F5,\ | V2 (pole) O(a?) O(a?)
CT10 NLO S-ACOT-y | [221| na. 1.3 O(a,) O(e,) 0.118 QT+ m? | [4-6.8.9]
CT10 NNLO (prel.) [56] | Fg7, | 1.3 (pole) O(a?) O(a?)
ABKM09 NLO FFNS [571 | Fsf, | 1.18 (MS) O(a?) _ 0.1135 | /Q2 + 4m? | for mass optimisation only
ABKMO09 NNLO approx -O(a?) -

- Different perturbative orders of FFN / VFN parts
- Different matching prescriptions between FFN and VFN parts
- Different mc, a_

- Different scales

- Different fitted data sets (in general including some HERA charm data)
17




QCD analysis

Fit of charm and inclusive HERA data using different GM-VFNS schemes and FFNS
Same inclusive data as in HERAPDF1.0 + charm data with Q* >3.5 GeV?

More flexible 13 parameter parametrization:

rg(r) = AP (1-2)% — Az (1-1)%, .
TUy(z) = A,z . (1—1)% . (1+ E, 27, A, A, Ay, fixed by sum rules
rdy(z) = Agz"-(1-1z)%, B; =Bp

wU(z) = Agz™™-(1- 1‘}""’ Ay = Ap(1—f,) F.=031
zD(z) = Apz"P-(1—-1)°7 ¢ = s

Different GM-VFNS schemes used:
- RT NLO with “standard” and “optimal” matching between FFN/VFEN parts (as in MSTW)
(O(a ?) for FFN part, O(a ) for VFN part)

- ACOT-full NLO and S-ACOT-x NLO (as in CT10 NLO, all O(a ) )

- ZM-VFNS NLO ( O(a) ) 18



GM-VENS Fit results

- results depend mainly on :
1) heavy-flavour scheme of GM-VFNS
2) the charm mass value

H1 and ZEUS
—o 800 s - ]
- Approach used : = i O HERA- inclusive

The charm mass is treated as a o ! ®  Charm + HERAH inclusive ]
free parameter of the fit, Mc, =790 M”'=1.50 + 0.06 GeV R
different for each heavy-flavour scheme ! RT standard ]
_ _ _ 700 -
- In contrast to the fit to inclusive data only, i ]
a minimum of 2 is found i o ]
650 ° o

i ®00cscssee® |

600 NS

o o o © ]

I B S N

350 1.2 1.4 1.6 1.8

M. [GeV]
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Optimal Mc for differen schemes

Best fit Mc*™ differs for different approaches:

- Best global fit : ACOT-full

- Best fit to charm data : RT standard

- Systematics calculated similarly to

H1 and ZEUS
S

=° 750
c:-" L
=

700+

Charm + HERA-I inclusive

RT standard
------- RT optimised
----- ACOT-full

= S-ACOT-y
ZM-VFNS

* W

HERAPDF fit :
650
600 _ |
scheme Mert X2 /Mot
[GeV] u::r::f ‘Ec+f:rf§d ol
RT standard | 1.50 & 0.06gg, £ 0.06pm0q = 0.01 500y £0.003,, | 630.7/626 | 49.0/47
RT optimised | 1.38 + 0.05exp + 0.03moa & 0.01p0am + 0.01,, | 623.8/626 | 45.8/47
ACOT-full | 1.52 £ 0.05gp £ 0.12p04 £ 0.01pprm £ 0.06,, | 607.3/626 | 53.3/47
S-ACOT-y | 1.15 £ 0.04ep + 0.01yoq + 0.01param £ 0.02,, | 613.3/626 | 50.3/47
ZM-VENS | 1.60 £ 0.05gp £ 0.030q £ 0.0553m £ 0.01,, | 631.7/626 | 55.3/47

20



Fit results compared to charm data

- Using the optimized Mc
all the fits describe data
reasonably well,
including ZM-VFNS

- Largest deviations observed
In the lowest Q?bin
( not included in the fit )

— RT standard - -ACOT-full  ZM-VFNS
.--RT optimised - S-ACOT-7 H1 and ZEUS
Q’=2.5GeV' | Q°= 5 GeV* Q@°=7 GeV*
X i ' “‘x
9 - (N
e i .
_I_I_LLLI.Il_I_LLLLI.I.I.I__I_de-I-H_LLLLLLIJ 1 ||||LI.IJ ||||||I.IJ-',.|;.
B Q@=12GeV? | Q°=18 GeV?
4&}1#.&%& i \\‘ |

Q’=350 GeV*

10 10° 1072

Q°=120 GeV*

Q°=650 GeV*

10* 10° 102

j \

Q°=200 GeV*

Q°=2000 GeV*
* HERA

N

10% 10° 107
X



G, [nb]

54

Impact on LHC cross sections

- Cross sections for W+,W-,Z production at LHC as a function of Mc

H1 and ZEUS
——

62[

60|

]
I Charm + HERA-I inclusive

— RT standard
RT optimised
=== ACOT-full
- S-ACOT-y
ZM-VFNS

*

Ns =7 TeV

16 1

M, [GeV]-

42

40
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- For fixed Mc there is a significant spread among different schemes (~ 6%)

- Using optimized Mc the spread is reduced (1.8% for Z at Mc=1.4 GeV)

- The choice of the optimized Mc stabilizes the PDFs

16

1.8
M, [GeV]
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Impact on PDFs
RT “standard” fit, with optimized Mc

- Uncertainty on g(x) reduced due to the reduced range allowed for Mc variation
in the parametrization uncertainty

- Uncertainty on c(x) reduced significantly

- Uncertainty on light sea reduced because of reduced uncertanty of charm component

1 SRR H1 and ZEUS
= - RT standard P ] 1
with optimized Mc Q’ =10 GeV

HERAPDF1.0 13p

xf

Q=10 GeV?

£ HERAPDFL0 + charm

HERAPDF1.0 13p
" HERAPDFL.0 + charm




FFNS fit and measurement of m_

The QCD fit was also done in the FFNS at O(a?)

- FFNS (nf=3) gives a good fit of HERA data

- ABM version with m (Q) in MS scheme

- No dependence on GM-VFNS matching scheme
-> can be used to measure the charm mass

Result:

PDG:  Me(m.) = 1.275 £ 0.025 GeV

o

=

700—

620 —

H1 and ZEUS
— T 1

680
660

640

I
Charm + HERA-I inclusive
¢ FF (ABM)
rnc(mc}=1 .26 + 0.05 GeV

44 16
m.(m ) [GeV]

me(me) = 1.26 £ 0.050 & 0.03 00 = 0.02,0ram =+ 0.02,, GeV
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Conclusions

H1-ZEUS charm data have been combined:

- consistent extraction of Oreg

- different data sets are compatible,

- uncertainty ~6% at mid-x, mid-Q* , significant correlations.
Inclusive + charm GM-VFNS fits:

fitting optimal Mc for each scheme

- reduces the differences between different schemes

- reduces the uncertainty on c(x), g(x), u(x), d(x)

FFNS NLO measurement of m_

Still more data to be combined ...
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LHC cross sections, errors correspond to optimal Mc uncertainty

scheme oz [nb] ow+ [nb] ow- [nb]
RT standard | 28.91 4+ 0.30 | 57.04 £ 0.55 | 39.94 4+ 0.35
RT optimised | 28.85 + 0.24 | 57.03 £ 0.45 | 39.93 4+ 0.27
ACOT-full |29.324+042 | 57.84 +0.74 | 40.39 £ 0.47
S-ACOT-xy | 29.00£0.22 | 57.32+0.42 | 39.86 +£0.24
ZM-VENS | 28.81 +0.24 | 56.71 £0.40 | 39.86 + 0.25
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Systematics of QCD fit

- Model uncertainties:
- strange : 0.23<fs<0.38
- beauty: mb=4.75+-0.25 GeV
- Low-Q2 selection : Q2_min for inclusive data from 3.5 to 5 GeV2

- Parametrization uncertainties:
- single parameters added in turn to the PDF parametrizations
- starting scale Q20 from 1.4 to 1.9 GeV2

- as(Mz) = 0.1176 +-0.002 [0.105 for FFNS]
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Charm measurements at HERA

ZEUS
Many different measurements: = T - e
. : : s I D X
- Wide kinematic range G10° L F;hp %_ » e 5
0 <Q2 < 10000 GeV2 % t T,
3 “‘w\
[
- Different methods to tag charm: “10%L o seusarc — DIS * .
- Full reconstruction of D and D* mesons, O ZEUSDIS %00 LN
Semlleptonlc decayS O ZEUS Photoproductiop 96-97 \\ i
- Inclusive lifetime T N E\.‘m—
very different systematics and sensitivities 10 107 w0 10 10° 10
Q? (GeVd

- We present here a combination of
all DIS data (Q2>1GeV?) published so far

- Improvements wrt preliminary result released in 2008:
- all data sets used are final
- consistent approach for kinematical acceptance
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