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: *(k P K+ X; = (P + k)?
e"‘(k) e"‘(k) e (k) +p(P) — e~ (K)+ X; s=(P+k)
Photon virtuality: Q% = —¢?> = —(k — k')?
vy (Q) c Bjorken x: © = 23213; Inelasticity: y = ZZIIZ
4 > Q? = sxy; W = ~*p CM energy
/W | Photoproduction (PHP): Q% ~ 0 GeV? (e* undetected)
SR E—

9 (x P) c Deep Inelastic Scattering (DIS): Q% > 1 or 5GeV? (e* detected)
g
protqn (P) BGF: Dominant process for c,b production in DIS

Direct probe of gluon density in proton; Sensitivity to c,b quark masses

HERA: unique e®p collider with E(e*, p) = 27.6,820/920 GeV
2 main experiments: H1, ZEUS

2 run periods: HERA 1, HERA 1I
1995-2000 2003-2007
\/s 318 (300) 318 GeV
L 1.5 103! 7-103em 257t
Lint 126 373 pb~1

HERA 1II data taken = half e*p and half e p

In 2007 two short runs at lower p energies: E, = 575 GeV; E, = 460 GeV
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Several QCD NLO schemes for heavy quark (Q=c or b) production:
1)Massive scheme: Q* =~ mg, Fixed flavour number scheme (FFNS)

3 active flavours in proton; Q-quark not considered as parton in p
c or b produced perturbatively in hard scattering (see p.2)
Mass effects correctly included
Spoiled by large logs of Q2/m2Q,pt/mQ...
2)Massless scheme: Q* >> mj,

Zero-mass variable flavour number scheme (ZM-VFNS)

c or b treated as massless parton
Resummation of large logarithms of Q?/ mé

= c or b density added as 4th flavour like the light quarks
At intermediate Q? the 2 schemes should be merged

3) General-mass variable flavour number scheme (GM-VFNS)
Equivalent to FFNS for Q? < m2Q and to ZM-VFNS for Q? > m2Q

Interpolation in between (various schemes interpolate differently)

Used in parton density function (PDF) fits (useful at LHC)
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Clear D** signals seen in M (K ~ntn}) — M(K~=") distributions
at 3 different CM energies: /s = 318, 251,225 GeV

in the kinematic region: 1.9 < pT* < 20 GeV ; [nP7| < 1.6 ;

Q? <1 GeV?;0.167 < y < 0.802

JHEP 10 (2014) 003

HER: £ = 144 pb~! MER: £ = 6.3 pb~! LER: £ = 13.4 pb~!
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S 5 ZEUS 144 pb™ (V5 = 318 GeV) 1 & 200 £ ZEUS 6.3 pb™ (V5 = 251 GeV) i o ZEUS 13.4 pb™ (15 = 225 GeV)
5000 |- ° Wrong-sign combinations -] E Wrong-sign combinations z 350 — Wrong-sign combinations —
C [/ signal region ] 180 = [/ signal region = E [/ signal region
4000 I PP PPPP Background fit (correct-sign) _] 160 [t e Background fit (correct-sign) - 300 L e Background fit (correct-sign) B
: ~— —  Background fit (wrong-sign) E 140 ~— —  Background fit (wrong-sign) - 250 i ~ — Background fit (wrong-sign) =
3000 |- — 120 |~ + { ﬁ ER F
¢ CPR — . - - 7
C o Q%'mg%’ﬁgaﬂ”ms%a ] 10E B %TM : E ﬁi + %% i%gm% ]
2000 [ oot = 80 il W&ﬁﬁﬂﬁw % E
y = = g # ]
C ] 60 - 100 — i =
1000 |- ] 40 = E ]
] 20 [ 50 £ ¢ E
0 I I P R B o Bl il e e e | Pt I S I B [
0.14 0145 015 0.155 0.16 0165 0.17 0.14 0.145 015 0.155 0.16 0.165 0.17 0.14 0.145 0.15 0.155 0.16 0.165 0.17
M(K 1)-M(K™) (GeV) M(K T)-M(K™) (GeV. M(K T)-M(KT) (GeV)

N(D*) = 12256 + 191 N (D*) = 417 + 37 N (D*) = 859 + 49

Background estimated by fitting simultaneously correct- and wrong-sign
distributions in the range AM < 0.168 GeV
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Visible D* PHP cross sections obtained from: o,;;(D*) = Ndate(DY)

A-BR-L
BR = B(D* — D%) - B(D° — Km) = 0.0263; A = acceptance

Ratio of visible cross sections: R, = G"R;i —HER,MER,LER

OHE

yields higher precision of E-dependence of cross section

since some syst. uncertainties in data and theory cancel

Data compared to FFNS NLO predictions:

ZEUS
012 T T T T T T T T T T T
e o

"we] Total syst. uncertainty ~ 5% in data

1%’“%' few % in theory
: ] < W > = mean W from generated MC

06 ]
B Q?<1GeV? ] o o .
b e mmse o w1 MER/LER cross sections similar

L = \io qcp 19<p¥<20Gev
B 0.167 <y < 0.802 N

0z [ 1 HER cross section higher

0 L L L L I L L L ‘ L L L ‘ L L L ‘ L L L I ]
240 260 280 300 320

Vs (GeV)

Cross sections increase with increasing ep CM energy
This increase is predicted by NLO QCD

Heavy Flavour production at HERA U. Karshon 5



Fragmentation fractions of c-quarks into charm hadrons:
Probability of ¢ quark to hadronise into a given charm hadron

f(c — charm hadron) = o(charm hadron)/o(total charm production)
Needed to go from partonic QCD to hadronic cross sections

No QCD predictions; crucial to compare pQCD with measurements
Are they the same for c-quarks produced in ete™, ep, pp collisions ?

Test fragmentation universality by measuring all of them

Measurements performed in PHP regime: Q% < 1 GeV?
Charm hadrons reconstructed in the range:
pr > 3.8 GeV, |n| < 1.6, 130 < W < 300 GeV

Charm hadrons measured: D° — K—n", DT — K #wntn™
D*t — D'zt —» K wtw/
Dj — o, Aj — K prt
Otot = 0°1(D°) + 0°1(D") + o(D}) +1.14 o(A})
Full HERA II data: 372 pb~! JHEP 09 (2013) 058
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Silicon-strip detector used for charm vertices

= Clear charm hadron signals for all channals

0.7

b
=

0.2

+% i ! ¥t LA

0.1

5§ F 7 Charm fragmentation fractions:

o o f E

g o5 | 1 Results (left column) in good

S oal vic-0°) 3 agreement with previous results:

e f “fc-D) ]

g 03 + = fc D) 1 ZEUS PHP, ZEUS DIS, H1 DIS, e e~
- s f(c-D;) -

<
o

yp ep DIS ep DIS ete”

ZEUS ZEUS ZEUS H1
HERA Il HERA HERA

Precision of charm f.f. competitive with combined ete~ LEP results
Fragmentation fractions of c-quarks independent of production

Support hypothesis of universality of heavy-quark fragmentation
Universality supported also by new LHC pp data (ALICE + LHCb)
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do/dQ? (nb/GeV ?)

da/dy (nb)
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Full HERA II data: 354 pb~!
JHEP 05 (2013) 023

Clean DT signal
N (D) = 8356 + 198

D™ differential cross sections

w.r.t Q7 Y, pT(D+)7 77(D+)

: in kinematic region
= 5 < Q% < 1000 GeV?,
' 1.5 < pr(D*) < 15 GeV,

In(D*)| < 1.6,
0.02 < y < 0.7

NLO QCD predictions based on FFNS describe data well
up to Q2 ~ 1000 GeV?

Similar agreement for double differential cross sections

do /dy for different Q2 ranges

Heavy Flavour production at HERA

U. Karshon



ZEUS Charm contribution to proton structure function:
o Q*=65Gev* | Q=204 Gev* | Express double differential cross section as:

04 - 1

: d’c® __ 2rwa? 2\ ce 2 Ioce
02 - dzdQ? — xQ* [(1+(1_y) )F2 —Y FL]
ot Fs¢, Ff¢ are charm contributions to
04 r .

| proton structure functions F5 and FT,
0.2 -
i do /dy for different Q? bins used

[ X cc .
oa | . zusorasmapt 0O extract Fy¢ at reference points

[ O ZEUSD 81.9pb™* 2 . . .

x;, Qs for each bin 2 usin

2T . | == HERAPDFLS5 v Q’L S

f BN e ZEUS-S PDF cc 2
o b v i _ F (wQ)

4 3 2 cC . 2 . . 2,th€0 (2 1
10 10 0 x Fz,meas(w’“ Qz) — Oj,meas i theo

F5 theo and o 1he0 calculated at NLO in FFNS with HVQDIS program

D¥ results compared to previous ZEUS D* results and to predictions of GM-VFNS
based on HERAPDF1.5 parton densities and of FFNS based on ZEUS-S PDF

HERAPDF1.5 uses HERA ep data to provide NLO predictions
compatible with other PDF groups

The NLO calculations describe new precise data well
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Combined 9 data sets of D*, DT, D°, p and liftime tag data
with 155 H1 and ZEUS cross section measurements
from various HERA I and HERA II analyses EPJ C73 (2013) 2311

Charm reduced cross section, ¢, obtained in kinematic range:
2.5 < Q? <2000 GeV% 3:10° < < 5-1072
20.06 ﬂ.a2 e
jdez - 2wQ4 (14 (1 —y)H)ore]

H1 and ZEUS

06 T I

W H1VTX V HID*HERA [ | ZEUSD*98-00 ¢ ZEUSD®
| A HiD*HERAI () ZEUSc - uX /\ ZEUSD*9697 ©£h ZEUSD'|

® HERA

| Reduced cross sections o¢¢,

red

80
as function of x for fixed Q? values:

Example for Q% = 18 GeV?

04 I Q’=18 GeV* |

%V J 1 Combined results - filled circles
ol

Correlated systematics fully taken into account

% ‘ﬁ % | Combined results uncertainty =~ factor 2

better than each most precise data set

ob————l——— ', in the combination
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cT
red

How well does the mixed massive-massless scheme GM-VFNS work?

Reduced cross sections o¢¢, as function of x for fixed Q? values

Q’=350 GeV? |

Q°=650 GeV?

H1 and ZEUS
Q=25Gev® | Q’=5 GeV? Q%= 7 GeV?
L + ++
L 0 D)
. ]
IIIIIII 1Ll IIIIIII 11 IIIIII| 1 IIIIII 11 IIIIIII 11
| Q’=12 GeV* Q’=18 GeV? Q’=32 GeV?
L)
L)
®
I IIIIII 1111 III iy IIIIIII 1 IIIIIIII 1 IIIIIIII 1 17 IIIIIIII 1 IIIIIIII 1 IIIIIIII 111l
Q’=60GeV* | Q°=120 GeV? Q=200 GeV?

Q=2000 GeV?

Combined inclusive DIS data (HERA I41I)
compared to NLO predictions based

on HERAPDF1.5 extracted in
RT standard scheme

Lines are predictions with M, = 1.4 GeV

M, = effective (not physical)
mass parameter in GM-VFNS

Large theory uncertainty

dominated by M., variation

Within uncertainties NLO GM-VFNS

L e HERA
i | == HERAPDF1.5
M“_‘_“&-I IIIIIII IIIIII 1 I‘\ I 1 IIIIIIII 1 IIIII I} .
10* 10° 102 10* 10° 102  10* 102 102 describe data well
X
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in kinematic range:

Combined NLO analysis with ¢, and inclusive DIS cross sections

W > 15 GeV, = < 0.65, Q? > 3.5 GeV?

For each HFL scheme, PDF fits performed with 1.2 < M. < 1.8 GeV

x? values vs. M, from PDF

fits for various HFL schemes

H1 and ZEUS
T T { T T T

700

650

600

T
Charm + HERA-I inclusive

—— RT standard
------- RT optimised
----- ACOT-full
- S-ACOT-x
ZM-VFNS

opt
* M

‘e
.
L Los | L

Minimal x? values observed for

each scheme at different M C"pt

VFNS predictions for ¢, with

M. = 1.4 GeV (up) and M. = M?"" (down)

0

red

Q*= 7GeV?

Q= 5 GeV?

| ||§||||,| 1|||||||] |u|l|,nl‘-

_|_|_|_|,|_|,|l ||||||,u] ||||||1|JI|
10* 102 102

X
Data described much better
with Mgpt than with fixed M,

Predictions of all schemes are
very similar for Q? > 5 GeV?
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Implications on NLO predictions for W, Z production at LHC

W, W, Z° cross section predictions for LHC at /s = 7 TeV
Calculated for each scheme for 1.2 < M, < 1.8 GeV in 0.1 GeV steps

H1 and ZEUS
o HlandZEUS H1 and ZEUS = ———
2 a4} . ) = 44F " T T T T c L Charm + HERA-l inclusive
k=3 | Charm + HERA-linclusive '8 | Charm + HERA-I inclusive | — 32}
+ B — RT standard —_ N i —— RT standard
2 [ e RT optimised '; | — RTstandard i o] L e RT optimised 2 M
b 62 T acorul * MOCP‘ s | RT optimised > MO 31; - = ACOT-ull Mc E
-= S-ACOT-X I === ACOT-full c - -= S-ACOT-X i
i ZMVENS ] 42 - S-ACOTX C ZM-VENS b
60 - . ZM-VFNS e C

Vs=7TeV |

27
R R B R L :
1.2 1.4 1.6 1.8 —

38

NG | - Ns=7Tev
s=7TeV

P R 1.2 1.4 1.6 1.8
1.2 1.4 1.6 1.8
M, [GeV]

M, [GeV] M [GeV]

All cross sections rise monotonically with M,

Significant spread of =~ 6% between predictions for any fixed M.

Reduces to =~ 1.4 — 2% when taking Mcol’t for each scheme
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Combined charm data vs. ABM FFNS prediction: Uses instead

of pole mass the running mass definition in M S scheme

o H1and ZEUS 4y (1m,) extraction in MS scheme:
vb o i Q*=25GeV? | Q*=5GeV* | Q%7 GeV?
0.2 = - Same minimisation procedure as for VFNS
I I I H1 and ZEUS
0 \l—k LI | \HHH‘ LI LI | \HHH‘ | \HHH‘ | c;< 700 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘an‘ ‘ ‘
05 - Q*=12Gev* | Q*=18GeV* | Q*=32 GeV? | Charm + HERAH inclusive |
l | | | ® FF (ABM) o |
L L B 680 mc(mc)=1.26 +0.05 GeV |
0 7\\\\\\\ | \HHH‘ L LU | \ | \HHH‘ | \HHH‘ L 1] I 1
05 L Q*=60 GeV? | Q*=120GeV? | Q%=200 GeV? 660} ]
. I . |
| | \ \ 640 o, . -
0 LI | \HHH‘ | \HHH‘ L1l LI | \HHH‘ | \HHH‘ 1111l \HHH‘ | \HHH‘ | \HHH‘ A B ........... T
| Q%=350 GeV? | Q%=650 GeV? | Q%2000 GeV? - 1
0.5 60— 1
- - L ® HERA P 1 1.2 1.4 1.6
L L | B ABMO9NNLO MS
N \ \m ABMOINLO Ms mC(mc) [GeV]
0 \HHH‘ | \HHH‘ | \HHH‘ AN \HHH‘ | \HHH‘ | \HHH‘ LIl \HHH‘ | \HHH‘ | \HHH‘N

10* 10® 102 10* 10° 10* 10" 10° 107 mc(mc) — 1.26 + 0.05¢5p. 4+ 0.03,,,04.
X
4+0.02p0ram. + 0.024, GeV

Data well described in full kinematic region

Uncertainties are experimental,
Similar NLO/NNLO predictions

model, parametrisation and o

Consistent with PDG: 1.275 £+ 0.025 GeV

Less sensitivity to higher order corrections)
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me(m,) [GeV]

m¢(W) [GeV]

Measurement of running m.

H1 and ZEUS preliminary
— — ;

HERA (prel.)
PDG with uncertainty

Extract m.(m.) separately for

| f 6 different kinematic ranges in

* H = \/< Q? > +4m.(m.)?

< Q? > is the logarithmic average Q2
of the subset

1 Red points at scale m. and bands are

I =
S o
T T

N
N
A

1=
0.8 j

0.6 j

[ ]

PDG average
H1 and ZEUS preliminary
T m.(m.) translated to m.(u) by:
. HERA (prel.) _| —1
= PDG with evolved uncertainty (as—(u) ) B 0
[ ] iy

1 me(p) = mc(mc)(as<mc))ﬁo‘1

Bo=9/4 for Ny =3

1 Data consistent with expected QCD running

First measurement of m.(u) from combined

0.4
1

10 o u‘[G‘eV‘] HERA charm reduced cross section data

Important consistency check, similar to running m; at LEP

EPJ C55 (2008) 525
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Combined H14+ZEUS D** visible differential cross sections w.r.t py
hep-ex 1503.06042; JHEP to be published

dofdp_ (D¥) (nb/GeV)

ratio to HERA

ep - eD*X

H1 and ZEUS

T T T ‘ -
5< Q%< 1000 GeV? T
0.02<y<0.7 =

p,(D¥) > 1.5 GeV .

In(D¥)| < 1.5

——
P .
|

5 6 7 8910 20
p, (D*) (GeV)

do/dn (D*) (nb)

ep -

eD**X

*

D*
s T

H1 and ZEUS

YI{

IIII{II

T

T

‘IIY

I{YIYI{IIII

1 - —
L 5<Q@*<1000 GeV?
HERA 0.02<y<0.7
- ° Hl p,(D¥) > 1.5 GeV .
i s ZEUS In(D*)| < 1.5 |
0 | l ) l ) l ) l ) l 111
-15 -1 05 0 0.5 1 1.5
n (")

Correlations in systematic uncertainties fully taken into account

Impressive reduction of uncertainties in the combined results

Precision of combined data =~ 5% in large fraction of phase space

Similar results and precision obtained for do/dQ? and do/dy

Heavy Flavour production at HERA
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Differential cross sections compared to NLO predictions: HVQDIS
HVQDIS setup for ep — ccX — D*X uses some arbitrary variable definition
e.g. r = pr = +/Q*+4m2 ; mPo'® =1.5 GeV

Try to change parameters such that normalisation and shapes of all

differential cross sections describe the data well

Found this to happen with pu, = 0.5,/Q% + 4m2 ; mP¢ = 1.4 GeV
and with some softening of the fragmantation function used
(Kartvelishvili et al.)

All other parameters left at default values

The value of mngle = 1.4 GeV was also found to describe better

the data in the study of o, (p.14)

red

"NLO QCD customised” shown as red dots in the following plots

This is NOT a prediction, but may hint at which direction theory can be improved
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HERA D** differential cross sections w.r.t pfp)*, nP", Q?,y vs. theory (HVQDIS)

Negligible theoretical uncertainties in data points, since no extrapolation

Combined data reach

precision of ~ 5%

NLO describe data
within large uncertainties

(= 10 — 30%)

NLO customised describe

data very well

NNLO calculations and
improved fragmentation

models may help

Similar conclusions for
D* double-differential

cross sections in Q?,y

+
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Beauty cross section at HERA

much smaller than charm

: With a micro-vertex detector at HERA 11,

lifetime information can be used

) t y . . . .
E}F", n’¢t, Q% x distributions of sec. vertices

for b-enriched sample with 2 < m,, < 6 GeV

g x and |S| = |d/dd| > 8 d=decay length

Differential cross sections for

inclusive jet production in b-events

as function of Q? and =

Good description of the data by the
NLO FFNS HVQDIS prediction
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Left: Structure function F2b’_’ as function of Q? for fixed = values in good agreement
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with FFNS and GM-VFNS NLO and NNLO predictions

Right: Reduced b cross section o

to determine b-quark mass in a QCD fit as done for the c-quark mass

Lines are results with my = 4.07 (best fit), 3.93 and 4.21 GeV

bb

Sensitivity to m; comes mostly from low Q?
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as function of x for fixed Q? values used
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Extraction of my(m;) from NLO FFNS fit

using M S scheme

Uncertainties are from fit, model,

PDF parametrisation and theory
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4.18 £ 0.03 GeV from lattice QCD + time-like processes

my(my) translated, as for m.(m.),
to my(p) with p = 2m, and compared
to PDG and LEP results

Mass running is consistent with QCD
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H1 and ZEUS still providing new charm(ing) and beauty(full) results
with full HERA data = tighter constraints on QCD

o(D*) in PHP vs. ep CM energy measured for the first time at HERA.
The D* cross sections increase with /s as predicted by NLO QCD

New precise charm fragmentation fractions measurements in PHP competitive
with ete™ collisions; support fragmentation universality

New DIS charm measurements and HERA charm data combination
provide constraints on PDFs and on QCD heavy quark calculations

Most HERA DIS charm data were combined:
Consistent data sets extracted using different methods; reduced uncertainties
Data are well described by FFNS and GM-VFNS QCD predictions
Optimal M. parameter for different VFNS improves predictions of ow,z at LHC
Running charm mass in M S FFNS: m.(m.) = 1.26 +0.06 GeV agree with PDG
First measurement of the charm-mass running at HERA

Combination of D* visible cross sections:
Negligible theory uncertainties (no extrapolation)
Challenge to theory and fragmentation models

New precise b-jet measurement + lifetime tag in DIS using secondary vertices:
Data well described by NLO QCD
b mass measured in M S scheme: m;(m;) = 4.07 & 0.17 GeV agree with PDG

b mass running consistent with QCD
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