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Motivation ‘¢

* HERA provide important input for tests of QCD

* at HERA heavy-flavour production in DIS proceeds predominantly
via the boson-gluon-fusion

* Cross section depends strongly on the gluon distribution and heavy-
guark mass - this mass provides a hard scale for the applicability
of perturbative QCD

» other hard scales are also present in this process: the transverse
momenta of the outgoing quarks and the and Q2 of the exchanged
photon.

* The presence of several hard scales complicates the calculation of
heavy-flavour production in pQCD

Different approaches have been developed to cope with the
multiple scale problem inherent in this process: massive fixed-
flavour-number scheme (FFNS) and different implementations of
the variable- flavour-number scheme (VFNS)
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HERA with two general purpose detectors \ 3
H1l and ZEUS
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Days of running

318 ‘ HERAI: ~ 130 pb! (physics)

Bl RA HERA II: ~ 380 pb-i(physics)
p (920 GeV) e (27.6 GeV)

Collected ~0.5 fb-1 of integrated luminosity by each experiment
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HERA Physics

a’ Inclusive HERA:

Measurements

318 GeV

p (920 GeV) e (27.6 GeV)

* Jocated at Hamburg, Germany;
Jets and Hadronic * operated during 1992-2007;

Final State o Tewo data-taking periods:
= HERA(92-00)
Heavy Flavour - HERAII (03-07)

HERA operated with 4 different proton

D!ffrac'tio.n, Proton beam energies (Ep):

Dissociation HERA II:

- 920 GeV - High Energy Run (HER);

- 575 GeV - Middle Energy Run (MER);

- 460 GeV - Low Energy Run (LER);
HERA I:

93/98 years - energy 820 GeV;

and electron beam energy (Ee):27.5 GeV

Proton Structure Beyond Standard
Model Searches

HERA experiments ZEUS & H1 - one of the best QCD laboratories

~
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Deep Inelastic scattering at HERA »
HERA: e *‘

My —+—
(6) Electron i Zje-c-..___‘__‘::::" L ' Proton (P)
‘1-:: q e
- : - . Electron (' = (-
kinematic variables: Retoh (] q
Q2 - -C|2 photon (or Z) virtuality, squared momentum transfer
5 Q% <1 GeV=
X = g Bjorken scaling variable, photoproduction
2Pq  for Q? > (2m,)*: momentum fraction of p constituent = =
> :
y = i inelasticity, Q ~ 1 GeV
/P v momentum fraction (of e) DIS
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Charm and beauty at HERA &‘
h

4
27.6 GeV

[ boson-gluon fusion is a dominant
process for the charm creation in DIS;

J charm contribution to the inclusive
DIS cross section is up to 30% at

HERA;

[ beauty cross sections much smaller
than charm: o~ 1 ub o}, ~ 10 nb;

[ heavy flavour production sensitive to
the gluon density of the proton;

[ possibility to test pQCD;

d better understanding of the charm and
beauty is one of the key issues for
LHC experiments;
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Kmemat"fm Q% > 1 GeV? deep inelastic scattering (DIS)
*Centre-of-mass energy

Q%< 1 GeV? photoproduction (PHP
Js =+ p)? photop (PHP)

*Momentum transfer
0=t =-(1-1)?
*Bjorken x
x = (?/2P-q
*Inelasticity

y = P-¢q/P-l

Any two of the variables (Q?, x, y)
define kinematics.

HERA experiments ZEUS & H1 - one of the best QCD laboratories, good job
for LHC and future QCD initiatives (EIC, eRICH and LHeC);

N
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Combination of 13 charm+beauty data set%‘
h

—|

Dataset Tagging Q7 range Z vs (N | Ny ‘E Mean = 0.02 + 0.05
[GeV2] ipb-'1]1GeV] — e~ &G L Width=0.77 £ 0.03
I HI VTX [14] l VTX 5 — 2000] 245| 318 2
> HI DT HERA [10] D* 2 — 10| 47| 318 N
3 HI D*E HERA-II (medium Q¢) [20] | D*+ 5 - 100 348 318
4 HI D** HERA-II (high Q%) [15] 7 i 100 — 1000 351 318
5 ZEUS D*t 96-97 [4] D+ { = b 37| 300 10 |-
6 ZEUS D** 98-00 [6] T 1.5 = 1O0D 82| 318
7 ZEUS D 2005 [12] D 5 — 1000 134 318
8 ZEUS u 2005 [13] u 20 — 10000 126 318 M :
9 ZEUS DT HERA-II |21 ] Dt s — 1000] 3s4| 318 I .
10 ZEUS D** HERA-II [22 Dt 5 — 1000] 363 318§
11 ZEUS VTX HERA-II [23] VTX 5 — 1000] 354| 318
12 ZEUS e HERA-IT [19] e 10 — 1000] 363 318
13 ZEUS it +jet HERA-I [16] u 2 — 3000 114 318

3 additional charm datasets w.r.t. EP) C73 (2013) 2311
beauty combined for the first time account for all systematic
correlations between data points, data sets, and between

charm and beauty

3
Pull

good data consistency:
x%= 149/187 dof
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Combined reduced charm production cross sections ‘
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Combined reduced beauty production cross /8§

sections
h
e HERA m H1VTX o ZEUS u 2005
+ ZEUS pnHERA-l v ZEUSe  # ZEUSVTX H1 and ZEUS
‘%E Q? = 2.5 GeV? | Q?=5Gev? | Q?=7Gev?
0.01+ -+ + ? -
0.005 - 1 ﬁi - %, -
¥ e
0.04 KE 12 GeV? | Q= 18 GeV? | | Q= 32 Ge’u‘z}l 1
0.02}- + + iﬁ .
Qz EDGeUz 1 Q% =120 GeV? _Q2 zuuc;ev" l
0.04 ; 4 + .
0.02 .i.* T ﬁ) T T? -
Q2-350Gev  lo?-esocev® L qeez000Gev?:
0.04 - -
0.02f i t —
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Reduced cross sections as function of X, at Q°=32 GeV? ‘
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Heavy quark production at HERA

h
® HERA B H1VTX o ZEUS p 2005
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Combined reduced (charm) cross sections as a ‘
function of x_ for given values of Q’ N

® HERA © HERA 2012 H1 and ZEUS
'U%E 0 3 - C}2 = 2I.5 Gel? | | —+ Qz = 5IGe"u'2 | | + (Z}2 = '."IGe‘-.F2 I |
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Fixed Flavour Number Scheme (FFNS) ‘

h
no charm in proton

full kinematical (
treatment of
charm mass

(multi-scale problem:
Q?, pt, M. -> logs of ratios)

+ NLO (+partial NNLO)

no resummation of logs
corrections,

“natural” scale: ho extra mGTChing
uz = Q2 + 4m 2 parameters
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Comparison to NLO QCD FFNS predictions

S

(Charm)

e HERA —— NLO HERAPDF2.0 FF3A h
----- NLO ABKMo9 oesereee NLO ABMP16
----- appr. NNLO ABMP16 H1 and ZEUS
IUE —02:2:5 Ge'd'zl | —+ Qz SGe‘J"" | T ('."t2 ?Ge‘d’z |

0.3_— - _ y
021 __ __ 'ﬁiu_q\ i
0.1r ;EM.,.,, 1 M\\ 1 - | data reasonably

Q?=12GeV? Q- mGeE lae- e described
oar - i best: HERAPDF2.0 FF
o2k M, ’*“\ [ and ABKMO9NLO

I 5o . ] el ~ 30 tension with Xs;
0_5__0 60 GeV —_—Q 120(;@'.;'z —“—Q = 200 GeV? - SlOpe
0.4F \ 1 \ 1 appr. NNLO does not
0.2 + + 1

Improve
0.6 - Q? = 350 GeV? —+ Q? = 650 GeV? + Q2 = 2000 GeV? .
0.41 1 {
0.2/ 1 { —
10* 10° 1072 10" 10° 102 10 10° 107
Xg;
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Comparison to NLO QCD FFNS predictions ‘
(Beauty)

A
* HERA ——— NLO HERAPDF2.0 FF3A
---------- NLO ABMP16  ----- appr. NNLO ABMP16 H1 and ZEUS
Q*-25Ge® | Q?=5Gev? | a@?=1Gev2
0.01+ —+ 1 )

| Q* =32 GeV?

0.005
.3

—t ."r.‘lrn—-.-.

| Q% =12GeV?

0.04

IS N .

| Q% = 60 GeV? 1 Q% =120 GeV? 1 Q% = 200 GeV? |
0.04 - — + =

N T Net N

T LERIR L] | T T T T T T T T T IIIII| T LELLBLLLL TTTIT T LELBLULLLL T
L Q? = 350 Ge\/? 1 Q? = 650 Ge\? L Q? = 2000 GeV/?
0.04 - -

002} . \‘i\ . \,\ RS

all consistent

10* 103 107 10" 10° 10% 10* 107 10? .
Bj

~
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QCD fit: charm subset \ 3

[N

e HERA ~— NLO HERAPDF2.0 FF3A
----- HERAPDF-HQMASS H1 and ZEUS

- . : : : :
15 e L Q2 = 2.5 GeW? 1Q%=5GeV? 1 Q% =7 GeV?

2; |

fully consistent R
with HERAPDF2.0 FF3A 04

uncertainty breakdown 06[o -s0aw T E T

in backup 041 T 1 ‘_
02 \\ T o T \ ‘_
06 [ smons T e e
041 1

104 10° 10? 104 10° 10% 10* 10° 102

aaml

mc(mc) = 1.29 +0'05—0.04 exp/fit +0'06—0.01 mod/scale +0'00—0.03 par GeV
PDG: 1.27 +0.03 GeV (lattice QCD + time-like processes)

*..............-llIllllllllllllllllllIlllllllllIllll..................llllllllllllllllllllllll--'
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Comparison with other m (m ) determinations ‘

this work: FF, HERA, this work oy

mc(mc) =1.29 +0'05—0.04 exp/fit FONLL C (XFitter, APFEL)
0.06 0.00
5 -0.01 mod/scale X -0.03 par GeV

FF (XFitter, APFEL)

FF (HERA) previous

latest ABMP16 result: m(m.) = 1.252+0.018+0.032 GeV '
S. Alekhin et al., arXiv:1701.05383, FF (Alekhin et al. approx. NNLO)
Phys. Rev. D96 (2017) 014011

FF (Alekhin et al. NLO) 8+
previous results summarized in
V. Bertone et al., arXiv:1605.01946, ek ol L
JHEP 1608 (2016) 050 :
S—ACOT—x (CT10 str. 2) ——
scheme () [Cuﬂ
FONLL (this work) 1.335 =+ 0.043(exp) T ooo (Param) Touos (mod) Toocd (th)
FFN (this work) 1.318 + 0.054(exp) Ty ono (param) 5 1o (mod) T o0 (th) S—ACOT-y (CT10 str. 3)
FFN (HERA) [9] 1.26 =+ 0.05(exp) £ 0.03(mod) £+ 0.02(param) =+ 0.02(r)
FFN (Alekhin et al.) [24] 1.24 + 0.03(exp) T o (scale) Th15(th) (approx. NNLO) _
115+ 0.04(exp) * 0% (scale) (NLO) S—ACOT—y (CT10 str. 4)
S-ACOT-y (CT10) [29] 1.1250 7] (strategy 1)
i.l&fgj?? (strategy 2)
1199998 (stratogy 3) World average

1 1 1 1

l.EﬂlfH:[]’g (strategy 4)
Worl average (53] 127+ 005 L0

1kl 22 13 14 1S
m.(m_) [GeV]

N
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QCD fit: beauty subset

& HERA
HERAFPDF-HGMASS

S NLOHERAPDFZOFFIA  Lyq oo ZEUS

S

123 Q® =25 Gel? Q'=5Gev? Q=7 Gev?
0.01 1 |
0.005 + +
h“"‘*!‘.-‘m_ \\ i\m
0.04 L& =12 GeV? o= ~ 18 GeV? _Q2=3IZGe‘u"I '
0.02} + - {\ﬁ
fully consistent with e \;x e
| Q% = 60 GeV? 1a?= 120 Ge 1 3= Z{IEI' Ge
HERAPDF FF3A 0.04] 1 T )
ool \g\ 1 1 \ _
02=3ﬁuGe\F HM m’ 650 Gevz e D‘ EGDDGEU:””“": -
0.04 | <+
' | N
0.02} 1 1 ]
10* 107 107 10% 107 10% 10* 10° 10% .
. - 0.10 09 0.00
new: |my(m,) = 4.05 919 4 1y et 0% 0.03 modsscale O 0-0.03 par ©EV |
. = 0.08 0.05
ZEUS: my(my) = 4.07 +0.14, /sc 2008 modsscale - °°-0.00 par €€V

PDG:

4. 18 + 0.03 GeV (lattice QCD + time-like processes)

N
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| 3
QCD fit: charm x slope ‘&

plot data/fit H1 and ZEUS
vs. <x> of £ T Q22
incoming partons ,; T + H [Ge:sl
3 | | o &
(rather than x;) Eﬁ 12 - o
for each data point 'Sbe - Q L H % .-
,. 1 et R e || e 12
‘LO: X =%¥gj" ('Ti) 1Tt ¥ e 1 =18
< 0| AW ELETT | v 32
<x> calculated at NLO _ g I * | « 60
using HVQDIS 08 F L | 4 ¥ || ¢ 120
i od oy * 2200
(a) |
-> common <x> trend - N R R
for all Q? 2> e o’
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S
Summary ‘&

* Final HERA charm and beauty data in DIS have been combined
Including all correlations. Charm precision improved by ~20%,
beauty combined for the first time

« Data are reasonably described by FFENS predictions (NLO better
than approx. NNLO), but show ~3¢ tension in x slope w.r.t
Inclusive

* QCD fit of inclusive, charm and beauty data (simultaneous fit of
PDFs, m_and m, in FFNS at NLO) yields (in agreement with

world average and previous measurements):

m.(m_) = 1290 *46_, (exp/fit) *62_, ,(mod) *3_3,(par) MeV
mb(mb) - 4049+104_109(exp/fi'l')+90_32(m0d) *1_31(p0r‘) MeV

* More detailed studies of x slope tension -> can not be solved by
varying the gluon density, or adding higher orders, or resumming
log 1/x terms, within the respective pQCD frameworks

~
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