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Experimental set-up

HERA Collider

@ ep collisions

@ /s=300...318 GeV and
lower energy runs

v

H1 and ZEUS:

@ 47 multipurpose detectors

o £ ~ 500 pb~?
per each experiment

A,
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Kinematics

e(Ee,pe) e (Eer, per)
Q?=-¢*=—(e~¢)’
Q2
T 20p !
_4p T-p
q-e
s=(e+p)’

2 _ _ _
Q" = szy | p(Ep,pp) P(Ep, p)
Any two of the variables (Q?, z, y) define kinematics J
Q? > 1 GeV? — deep inelastic scattering (DIS)

Q? < 1 GeV? — photoproduction processes (PHP)
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New results from HERA covered in this talk:

e H1 and ZEUS Collaborations,
"Combination and QCD analysis of beauty and charm production
cross section measurements in deep inelastic ep scattering at HERA"
[preliminary] Hlprelim-17-071, ZEUS-prel-17-01

https://wuw.desy.de/hlzeus/combined_results/index.php?do=heavy_flavours

@ H1 Collaboration,
“Measurement of Jet Production Cross Sections in Deep-inelastic ep
Scattering at HERA”
EPJ C77 (2017) 215, EPJ C75 (2015) 65, H1prelim-17-031

@ ZEUS Collaboration, “Further measurements of isolated photons
accompanied by jets in deep inelastic ep scattering”
[preliminary] ZEUS-prel-16-001
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Heavy flavour (HF) production in DIS

Test of pQCD (multiple hard e(k) / pQCD

scales: Q*, pr(Q), mq) )
Y(@) ©

Charm and beauty in DIS are ME A
. . D
predominantly produced via 4ﬁ
B -Gl Fusi BGF ¥~ CD
prc;s:er;s uon Fusion ( ) gE p) non pQ
) PDF
oc=PDFMEQFF P(p)

’ non pQCD

Production is directly sensitive to g PDF in the proton and to HQ masses |

PDF: parton distribution functions
ME: (hard) matrix element
FF: fragmentation function & fraction
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pQCD approximation of heavy flavour production

Fixed Flavour Number Scheme (FFNS)

@ c,b-quarks are massive = not a part of the proton, produced
perturbatively in hard scattering

e valid for Q% ~ m?,

Zero Mass Variable Flavour Number Scheme (ZMVENS)

@ c,b-quarks are massless = a part of the proton
e valid for Q* >> m?,

<

General Mass Variable Flavour Number Scheme (GMVENS)

@ equivalent to FFNS at low Q?
@ equivalent to ZMVFNS at high Q2
@ not unique (RT, ACOT, ...)

detailed discussion in [EPJ C73 (2013) 2311]
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Input data

Data set Tagging Q7 range N Z Vs |Ny
[GeV?] [pb~'1 | [GeV]

1 HI VTX [8] VTX 5 - 2000 29| 245 318@

2 HI D** HERA-I [9] D+t 2 - 100 17 47| 318

3 HI D** HERA-II (medium Q?) [10] | D** 5 — 100 25| 348| 318

4 HI D** HERA-II (high Q%) [11] D 100 — 1000 6| 351 318

5 ZEUS D** 96-97[12] Dt 1 - 20021 37| 300

6 ZEUS D** 98-00 [13] Dt 1.5 — 1000 31 82| 318

7 ZEUS D" 2005 [14] D° 5 - 1000 9| 134 318

8 ZEUS p 2005 [7] u 20 — 10000 8| 126 318@

9 ZEUS DT HERA-II 2] DT 5 — 1000 14| 354] 318

10 ZEUS D** HERA-II [3] D 5 — 1000 31| 363| 318

11 ZEUS VTX HERA-II [4] VTX 5 — 1000 18| 354| 31817

12 ZEUS ¢ HERA-II [5] e 10 — 1000 363 318| 9

13 ZEUS pt + jet HERA- [6] u 2 — 3000 114 31811

(corresponding references can be found in backup)

: : L QQ _ d%699 rp;Q*
Combined reduced cross sections: o7 = 125,407 Zma? (I (1=9)7)

@ Combined data provided in kinematic range:

2.5 < Q% <2000 GeV?, 3 x 1072 < TBj < 5 X 1072

Input 209 ¢, 52 b data points = combined 52 ¢, 27 b points
Extends previous HERA charm combination with 3 new ¢ data
sets and 5 new b: first combination of HERA b data
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Combined data

= HLVTX A4 HLD*HERA-I v H1D*HERA-I CHARM BEAUTY

o ZEUS 12005 ZEUSD*98-00 4 ZEUS D*96-97 H1 and ZEUS H1 and ZEUS
o ZEUSD® © ZEUSD' + ZEUS D* HERAHI S ® HIVTX © ZEUS 2005 + ZEUS pHERA-l o
% ZEUS VTX ® HERA (prel) prellmlnary v ZEUSe + ZEUSVTX o HERA (prel.) prellmlnary
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L ! 4 e I 4 0.02 - T+ 4
e ey ', ", %
) Ny -~
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Bi

x2/dof = 149/187

20

— input data are consistent

— significantly reduced uncertainties as °
compared to the individual measurements

2
pull
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BACKUP. Combined data

CHARM

= HLVTX 4 HLD*HERA{I ¥ H1D*HERA-
o ZEUS p 2005 ZEUSD*98-00 4 ZEUS D*96-97 H1 and ZEUS ® HLVTX 4 HID*HERAI o ZzEUSpn2005 H1 and ZEUS
o zeusp® ¢ ZEUSD' * ZEUS D* HERA-II Lo ZEUS D* 98-00 4 ZEUSD*96-97 ¢ ZEUSD' L
© ZEUSVIX e HERA (prel) preliminary . zeusorhEradl = zEUSVTX o HERA (prel) preliminary
©3 @=25GeV? Q7 =566V PEam "B L T — T
o 03r T T # ] Q=32 GeV?
0.2+ —+ + 1
(R} ‘%& E
[ #e I . I (3 ]
0af ¥ ", % & .

Q% =12 GeV? Q% =18 GeV? Q=32 Ge\lzi }
0.4F —+ 4 0.4 - } —
bl
02 ‘Qﬂ 1 *ﬁ ] } +
‘! . *5‘ $$‘

0.4 &% —+ % + ozl
0.2f e T s, | [, :

7, ', g 1#
0.6-Q" =350 Gev* T Q? =650 GeV? Q= 2000 Gev? | %

0.4 T
0.2r f’f’ o “#q o, 0 PR ST
10* 10° 102 10* 10° 102 10* 10° 10'2x 10 10 X

Bj Bj
Significantly improved precision compared to input measurements
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Theoretical predictions compared to combined data

Predictions calculated
with OPENQCDRAD

e HERA (prel.)

CHARM (beautv in BACKUP)

= NLO HERAPDF2.0 FF3A

..... H1 and ZEUS
M M4 . NLO ABM11 appr. NNLO ABMP16
interfaced in xFitter oo preliminary
www-zeuthen.desy.de/~alekhin/OPENQCDRAD 3 03,(32:2'569\’2 J&Escevt TG ]
www.xfitter.org ° 02h 4 1 ]
@ input PDFs: HERAPDF2.0FF3A, 0.1r "*ﬁ‘\ T i\ \
ABM11, ABMP16, or fitted oy Q- 18 Gev? Qa2 cev
@ NLO or approx. NNLO as o4r s T T 7
implemented in OPENQCDRAD 0.2 T \\ 1
] /.Lf = Ur = ‘/C;)2 + 4m2Q, varied 0.6 [-Q* =60 GeV? —-Q% =120 GeV? 1.Q% =200 GeV? 4
by factor 2 (dominant unc.) 0.4p T T 1
@ me(me) = 1.27 £ 0.03 GeV, 02f T \ \
mb(mb) = 4.18 £ 0.03 GeV 0.6 Q7 = 350 GeV? 1 Q’:&":OGEV" ‘ Q’:zo‘oosw" '
[PDG2016], or fitted o4l ]
FFN scheme, ny = 3: reliable in %] \ - ]
this kinematic range 10° 10° 102 10° 10° 10? 0° 10° 107

2

Overall reasonable description, some z slope at low and medium Q2
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Theoretical predictions compared to combined data

Predictions calculated CHARM (beautv in BACKUP)

H e HERA (prel.) — NLO HERAPDF2.0 FF3A
with OPENQCDRAD Mot wmmonowrs H1and ZEUS
interfaced in xFitter NLOfit DIS + ¢ + b preliminary
-zeuthen.desy.de/~alekhin/OPENQCDRAD  § p ; !
www-zeuthen.desy.de/~alekhin/ Q bg 1ok ¥$§ i $ A ﬁi
wuw.xfitter.org v 1 g T e - E T T ,i P
@ input PDFs: HERAPDF2.0FF3A, %E 08, fvz Te I t [ g7 cevt

ABM11, ABMP16, or fitted
@ NLO or approx. NNLO as

implemented in OPENQCDRAD . T ' ’ r : ;
o By = pr = /Q2 + 4m2Q, varied :szfzeosevZ [ @ =1206eV? J@i=2000ev? ]
by factor 2 (dominant unc.) o %%?w_p i ¢ A
@ me(me) =1.2740.03 GeV, 08 1Y { i} T :
mb(mb) =4.18 :t 0.03 GeV 12 Q? =350 GeV? ki Q2=6;UGEV2‘ ‘ K Q2=20‘00Gevz‘ ‘ g
PDG2016], fitted b 1 -‘
[ |, or fitte il i; 7 §$ t
FFN scheme, ny = 3: reliable in 08r T -
this kinematic range 10* 10° 10? 10* 10° 107 10* 10° 102

Bj

Overall reasonable description, some z slope at low and medium Q2
Small sensitivity to PDFs, appr. NNLO do not improve description
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QCD analysis of combined charm and beauty data

Similar to HERAPDF2.0 FF:
@ performed using xFitter [www.xfitter.org|
@ inclusive HERA data + new combined c&b data
@ NLO DGLAP [QCDNUM] and matrix elements [OPENQCDRAD], ny = 3

pp = pr = 4/ Q? +4m2Q varied by factor 2 (model unc.)

free mc(me), mp(me)

as(Mz)" =3 = 0.106 (= as(Mz)"/=5 = 0.118)
HERAPDF parametrisation, 14p

fit uncertainty using Ax? =1

model and parametrisation uncertainties

me(me) = 1290138 (fit) 792 (mod) *7, (par) MeV
my(myp) = 40491102 (£it) 29 (mod) T3, (par) MeV
= determined precise HQ masses consistent with world average

PDG2016: me(me) = 1270 + 30 MeV, my(my) = 4180740 Mev
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Running of m,. from HERA DIS data

Gizsko et al., arXiv:1705.08863 (work partially done within scope of PROSA, ZEUS and H1 collaborations)

‘8b§ 02 L 0’25 GeV* |- Q=5 GeV: |- e7eev* | @ Determined using earlier
o 3 \“: < published HERA charm data
0 e SR TR e ST [EPJ C73 (2013) 2311]
05 Q%=12GeV? | Q=18 GeV? 10% 102 10?2
L. r . x5 @ MS charm mass mc(m.)
[ ‘\‘\.\'\m“i L extracted in regions of Q% and
0 Pl ol Vi PRI R )
05 |- =32GeV? |- Q°=60 GeV? translated to appropriate scale p
[ . N .
0 Frowd vl ol el vl 1l " U
2. 2 2 2 .
05 - Q=120 GeV* |- G°=200 GeV check of QCD running mass concept
o Pl ol ol il d ol D) S er T ]
2 2 2. 2 r ’
0.5 - Q=350 GeV' - Q7=650 GeV’ %14; e NLOfit of HERA data (this work) ]
L L =zt = PDG with evolved uncertainty 1
[ r £ [ = ]
L | \\\\C I I \\\'ﬁ, 121 ]
0 Pl vl ol Sl ol il 0 r ]
05 Q*=2000 GeV?| 10 102 10° F ]
F ® HERA T ‘} + B
[ —  NLOQCD fit m(m,) = 1.26 GeV F } {; 4
ol vl il 08 .
10* 10° 102 r b
06— —
Xpgj r b
0.4l . | . P
1 10
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New results from HERA covered in this talk:

e H1 and ZEUS Collaborations,
“Combination and QCD analysis of beauty and charm production
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H1 Collaboration,
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H1 multijet production in NC DIS

BGF QCDC e H1
e ¢ - L ////// € e ¢ iet T
o hd e ks '
o e hd o d it
® q [ ,—~—‘
f &P 3/ ! ﬁ" , ©p o o - HM  E—
P P P
@ ®) ) @
elweak coupling x g x ag x aé
2¢P +q=0 @ Jets are reconstructed using k7 algorithm

P

Q/2

q=1(0,0,0,-Q)

@ Breit frame: separates QCD
processes from EW

@ QCD jets at LO are produced via
Boson-Gluon Fusion (BGF) and
QCD Compton (QCDC):
— probe g - s at LO
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Phase space:

DIS: 5.5 < Q? < 80 GeV?

02<y<06

4.5 < pi* < 50 GeV
—-1.0<nl*P < 2.5

5.0 < ("), < 50 GeV

trijets 5.5 < ('), < 40 GeV
+ extension of high-Q? meas. [EPJ C75 (2015) 65]

inclusive jets
dijets
Simultaneous unfolding of (multi)jet and NC

DIS events, respecting all statistical correlations
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H1 inclusive jets: comparison to theoretical predictions

) 710" En
S ss<arescev? seci<ticev? 15 10F  ticaiciecev: 15 1%[  1e<aiczecev
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. .
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o107 210 a0 210
G107 G107 G102 G107
2107 3107} S0~ S10°
=107 =107 =107 <107 . ..
510° 510° 510° S10° @ High precision data
107 10° 107 1
57 10 20 30 5710 20 30 57 10 20 30 5710 20 30 over the whole
Py [GeV] P [GeV] Py’ [GeV] P [GeV] . .
. /
H1 Inclusive jets "% :gn 150 < @°< 200 GeV? '% :gz 200< Q<270 GeV? J'?: 18’ 270< Q<400 GeV? kmematlc range!
S 107 9 10 9 103 \
3 2 3 .
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[e By T 102 [e By
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H1 inclusive jets: comparison to

theoretical

predictions

16<Q?<22GeV?

57 10 20 30 5 7 10 20 30
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3
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R K
© 1.
1.
X
X
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0. . .
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H1 Inclusive jets
} H1HERAN
* H1 HERA-II

EurPrys 0. 075 201965

§ Systematic uncertainty

N

. NLO @ hadr. corr.
ZZNNLO ® hadr. corr.

—aNNLO ® hadr. corr.
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Ratio to NLO

5.5 < Q% < 80 Gev?

0.2<y<06
4.5 < plf* < 50 GeV

-1.0 < n'** <25
[EPJ C77 (2017) 215]

NNLO calculations
[PRL 117 (2016) 042001]:

@ improved shape

@ reduced scale unc.
at high scales

150 < Q2 < 15000 GeV?2
0.2<y<0.7

5 < plit < 50 GeV
-1.0< ™ <25
[EPJ C75 (2015) 65]
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N

Gom / goom

NLO

oom )

H1 multijets normalised to NC DIS

Dijets / NC DIS / NLO

Trijets / NC DIS / NLO
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@ Experimental systematic unc. partially cancel in ratio Jets / NC DIS
@ Improved description of dijets shape by NNLO calculations
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H1 multijets: extraction and running of atg at NNL

H1 Collaboration and V. Bertone, J. Currie, T. Gehrmann, C. Gwenlan, A. Huss, J. Niehues, M. Sutton
Hilprelim-17-031

’C\E T — TT{TTTT‘TTTT‘TTTT‘TTTT
= 0.22 B World average 2016 ] H1etal (preliminary)
» @ H1 jets (nNLoj i
8 0.20F . H1 inclusive jets [al NNLO]
. r * JADE 3-jet rate [NNLO+NLLA+K] 300 GeV high-Q? e
- ¢ ALEPH y_ (Dissertori, etal) INNLO] HERA-I low-Q? ot
0.18 | = OPALy,_ “mnLol ] HERA-l high-Q? e
r + CMS tf Loy 1 HERA-II low-Q? —re—
0.16 - GFitter EW fit (n°Loj - HERA-II high-Q? e
0.14 m H1 dijets [al NNLO]
r 7 300 GeV high-Q* —————
5 . B HERA-l low-Q° ————
0.12- \ 1 . HERA-Il low-Q? T
L H - \‘*ﬂ\i HERA-Il high-G? .t
0.10- 1 et al. (preliminary) b
0 13 — } } — H1 inclusive jets [NNLOJ —iei—3
= " I | B H1 dijets (nNLoj —te—
g 012 & =|
ol 0.11 _| H1 jets (NNLO] —ro—
0.107 Il | i worldaverage[2016] H‘\\H‘H-\.-\‘\H\‘\H\
7 10 20 30 100 200 0.11 0.115 0.12 0.125
n_ [GeV] o ()

Fit to inclusive and dijet data: x?/ndor = 1.03, ngor = 203
as(mz) = 0.1157(6)exp (3)nad (6)Ppr (12)PDFas (2)PDrect (131 ) scale
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New results from HERA covered in this talk:

@ H1 and ZEUS Collaborations,
“Combination and QCD analysis of beauty and charm production
cross section measurements in deep inelastic ep scattering at HERA"
[preliminary] Hlprelim-17-071, ZEUS-prel-17-01

https://www.desy.de/hlzeus/combined_results/index.php?do=heavy_flavours

@ H1 Collaboration,
“Measurement of Jet Production Cross Sections in Deep-inelastic ep
Scattering at HERA”
EPJ C77 (2017) 215, EPJ C75 (2015) 65, H1prelim-17-031

ZEUS Collaboration, “Further measurements of isolated photons
accompanied by jets in deep inelastic ep scattering”
[preliminary] ZEUS-prel-16-001
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ZEUS isolated photons in DIS

ZEUS-prel-16-001, complements ZEUS publication PLB 715 (2012) 88: new variables

QQ LL

Phase space:

Isolated (prompt) photons can be
radiated from:

DIS 10 < Q2 < 350 GeV?

4 < E] <15 GeV

. v
@ quarks (QQ): part of hard process, o7 g <09

provide insights into QCD

jet 2.5 < EY <35 GeV

@ leptons (LL) o< het<is
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ZEUS isolated photons in DIS: signal /background separation

ZEUS preliminary <6Z> - Z’LEZ|ZZ - chusterl/(wcellziEi)

e 07 is energy-weighted mean width of

8 F |
ESOO 8 - ZEUS (prel.) ] the electromagnetic shower (cluster) in
RN QaQ 1 calorimeter relative to its centroid
600 [ (D L .
r .| Hadronic BG ] I ‘ I l
400 _ [ ] Fitresult _
200 ] |. ,.
0 e . ] o > Yy Single
0 0.5 1 15 5 -vyy photon

= calorimeter granularity was used to separate prompt v (QQ and LL)
from hadronic background (e.g. 7 — vv)
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ZEUS isolated photons in DIS: comparison to MC models

ZEUS preliminary

2wl - s 1 gef T Djangoh (LL) + Pythia (QQ):
gy ‘jaats, Mc -5‘ 3
S 10E M e E ]
) [Juw+aatemg [ ‘ ] o QQ contrbution Scaled
""""""""""" . by 1.6
10" 3 % . .
Y @ LL contribution taken as
i predicted
Zoasf i j T 2
g 5 ..
gl 3 — good description for all
= " =
variables
0.05
. _ EV_pYyEiet_piet
o o ® Ty = 2E.y B
50 100 150 ’ ‘
Ao (deg.) ° _ E7+pZ+EJet+szet
- - Tp = 2B,
= = 6
= o1 = A jet ¥
g s — _
§ 0.08 § . ° (b (b] ¢
S 0.06 ) 3 ° AT] — n]ct _ ,,77
0.04 5 . .
0.02 1 ° A¢€,’Y = ¢ - ¢
0 . . L ot — € _ Y
50 100 150 35 - B B o A =
A9, (deg) an, Tle Y n n
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ZEUS isolated photons in DIS: comparison to QCD predi
ZEUS Preliminary 16-001

~ : : ~ . =
I ZEUS (prel.) 7 2 ] ED
) |BLZ =t & =
< © 4 <
< <
Y g
©
=
10
P ererar——— ‘
0 0 50 100 150

- - . - ~
= C 20 =
& 4t § 0.12F s ¢
s L =
J: 2 oaf & 3
E 3
g SH008 ] z ¢
2F 3 0.06F | 3
L <3
1: SN ,.g 0.04 F 2
£ 0025 3 1
ob ‘ . ‘ 0 . ‘ ‘ ob
2 1 0 1 2 0 50 100 150 35 3 25 2 15 -1
An A9, (deg) An,,

@ NLO collinear factorisation by Aurenche, Fontannaz and Guillet (AFG) [1704.08074]

— describe all variables well
@ krp-factorisation by Baranov, Lipatov and Zotov (BLZ) [PRD81 (2010) 094034]
— fair agreement, except Ty

24/25 O. Zenaiev Latest tests of hard QCD at HERA



New preliminary combined HERA HQ data:

@ improvement in precision w.r.t previous HERA results on charm

@ first combined HERA results on beauty

@ enables precise determination of charm and beauty masses
[H1prelim-17-071, ZEUS-prel-17-01]
https://wuw.desy.de/hlzeus/combined_results/index.php?do=heavy_flavours

Measurement of multijet production by H1:
@ high precision data over wide Q?, pr kinematic range

@ successfull test of recently appeared NNLO calculations: improved pr
shape at NNLO, smaller scale uncertainties

@ enables precise determination and check of running of as
[EPJ C77 (2017) 215, EPJ C75 (2015) 65, Hlprelim-17-031]

Measurement of isolated photons by ZEUS:
@ good agreement with NLO collinear factorisation predictions
@ worser agreement with kp-factorisation predictions
[ZEUS-prel-16-001]

H1 and ZEUS continue producing valuable QCD results after 10 years of HERA shutdown!
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BACKUP
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BACKUP. Measurement of charm production at HERA

g " .
Golden” decay channel Weakly decaying charm
* 0
D* — D°(Km)m, hadrons
ZEUS

> L H1 data 24500,‘”‘ aerv 1302 505g

g 8000 H1 —— WC comb. E 4000 E|

0 r —— Sig+Bg Fit ;

o 24705 + 343 D* .g“"“ E

~ 6000 — £ 3000 ]

[} a E

2 r " gzsoo ]

E 4000 — 2000

L ! 1500 i

1000 * ZEUS D* 354 pb" 3

2000 — k|

L S0 Gauss +background E

L
L, arXivi1106.1028 8 75 e ims 18 1es Z 205 21
00135 014 0145 0.15 0155 0.16 0.165 017 M(Knr) (GeV)

m(Knrn) - m(Kn) [GeV] T Zous P 6145 Evo 76882 e 2572008 0880
= & E B @
Dedicated H1ZEUS combination:

“Combination of differential D** cross-section

measurements in deep-inelastic ep scattering at
HERA” [JHEP09 (2015) 149]

27/25 O. Zenaiev Latest tests of hard QCD at HERA



BACKUP. Measurement of ¢ and b production at HERA

Semi-leptonic (SL) HQ decays Inclusive lifetime tagging
2 H1 Data §

w [T T rel ) Jet c arXiv:0907.2643]
s “ZEUS126pb™ § N v £ 10°; — TotalMC
E ] ‘:./ w 3
10 2 ] / 104§ ,,,,, 3
B* \*f 3: 1

102 T 10°F E
<o i ‘ ]

B 10°F E

10 bree \ 8 ]
0 1 2 4B 10; 4
arXiv:0904.3487 pE'(GeV) Jet “i
g P

200 @0 0 1020

Track significance S1

Recent reviews of HF production at HERA:

@ O. Behnke, A. Geiser, M. Lisovyi, “Charm, Beauty and Top at HERA",
Prog. Part. Nucl. Phys. 84 (2015) 1

@ 0.Z., “Charm Production and QCD Analysis at HERA and LHC ",
Eur. Phys. J. C77 (2017) 151

28/25 O. Zenaiev Latest tests of hard QCD at HERA



BACKUP. Combination procedure

o fiducial cross sections extrapolated to full phase space using
consistent NLO predictions [HVQDIS], account for relevant unc.

o combined at the level of reduced cross sections ¢<¢;, 0%,
O_QQ _ %099 z5;Q*
red dep;jdQ? 2mwa? (1+(1-y)?2)
(QQ stands either for cc or bb)
@ combination accounts for correlation of systematic uncertainties, as
well as correlation of ¢ and b from same measurements

(full phase space)

e = significant improvement in precision via cross calibration of
different measurement techniques and ¢/b

Combined using HERAverager program
[https://wiki-zeuthen.desy.de/HERAverager]
well established combination method used in:

@ previous HERA charm combination [EPJ C73 (2013) 2311]
e HERAPDF2.0 [EPJ C75 (2015) 580]
@ ATLAS papers [1603.09222, 1512.02192, 1606.01736, 1612.03016]
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BACKUP. Input data
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BACKUP. Combination procedure

@ Take measured visible x-section ois and extrapolate to full phase space
NLO
Tred using consistent NLO setup: oved = 0vis il [HVQDIS]

@ Combine oreq accounting for bin-to-bin correlations [HERAverager]

NLO setup for extrapolation as in [DESY-12-172]
@ pole masses m. = 1.5+ 0.15 GeV, mp = 4.5 £ 0.25 GeV
consistent with extracted from data: m. = 1.43 4+ 0.04 GeV, m; = 4.35 + 0.11 GeV
and consistent with PDG: m. = 1.67 &= 0.07 GeV, m; = 4.78 + 0.06 GeV

@ ur=pur =.,/Q*+ 4mé, varied simultaneously by factor 2

at = (Myz) = 0.105 £ 0.002 [as’ =" (M) = 0.116 + 0.002]
@ HERAPDF1.0 FFNS, ny = 3, assign 2% uncor. unc.
(checked vs HERAPDF2.0: see backup)

@ c fragmentation: Kartvelishvili frag. function parametrised as step
function with k7 kink (H1, ZEUS meas. [DESY-08-080, DESY-08-209])

b fragmentation: Peterson e, = 0.0035 £ 0.0020 [NP B565 (2000) 245]
charm fragmentation fractions [EPJ C76 (2016) 397]

branching ratios PDG2016

hadronisation uncertainties for data with jets in the final state
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BACKUP. Combined data

BEAUTY

®m HIVTX © ZEUS p2005 + ZEUS pHERA-I H1 an_d Z_EUS ® HLVTX © ZEUS p2005 + ZEUS pHERA-I H1 an_d ZEUS
v ZEUSe + ZEUSVTX e HERA (prel) preliminary v ZEUSe * ZEUSVIX o HERA (prel) preliminary
lgbg G o25Gef s Gev PEam "_8@ T T T T T LI
0.01+ - -+ b Q%=32GeV?
0.005- T g T gt 1,/ 0.04 - N
k] ¥
.04l =126V | o*=18Gev? Ho=22 Ge\/z+
0.021 - B Pﬁ T
LY > ‘t&__
Q=60 GeV? Q=120 GeV* Q7 =200 GeV?
0.04|- { —+ i + 1\ 0.02 - —
0.02- Ii T T 1
- # s o
Q? =350 GeV? Q? =650 GeV? Q? = 2000 GeV? E T
0.04 B PT
0.02f i* 1 ?‘Q | |
0 L L
i i O . 3 .
10° 10° 107 10% 10° 102 10° 10° 102 10 10? .
Bj Bj
Significantly improved precision compared to input measurements
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BACKUP. Data combination

e

N, N, _)2 N,
X (m,b) = Z Z ~ I +Z I
Jj=1

=1 i=1 g

Minimised in iterative procedure
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BACKUP. Theoretical predictions compared to data

Predictions calculated
with OPENQCDRAD
interfaced in xFitter
www-zeuthen.desy.de/~alekhin/OPENQCDRAD
www.xfitter.org
@ input PDFs: HERAPDF2.0FF3A,
ABM11, ABMP16, or fitted

@ NLO or approx. NNLO as
implemented in OPENQCDRAD

® L = pr 1/Q2+4m%,varied
by factor 2 (dominant unc.)
@ mc(me) = 1.274+0.03 GeV,

mp(mp) = 4.18 + 0.03 GeV
[PDG2016], or fitted

FFN scheme, ny = 3: reliable in
this kinematic range

cT

5
o

(e}

0.3
0.2
0.1

0.4

0.6
0.4
0.2

0.6
0.4

0.2

H1 and ZEUS
e HERA (prel.) O HERA 2012 Lo
HERAPDF2.0 FF3A preliminary
Q*=25GeV? Q*=5Gev? Q?*=7GeV?
Q*=12GeV? Q=18 GeV? Q=32 GeV?
[-Q? = 60 GeV? —4Q?=120 GeV* 4Q? =200 GeV? 4
- Q? =350 GeV? +Q= ss‘u GeV? ' ' Q= zéoo Gevz‘ '
\ . . . . . N
10* 10° 107 10* 10° 107 10" 10° 107

Overall reasonable description, some z slope at low and medium Q2
Same in previous HIZEUS charm combination, but within larger unc.
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BACKUP. Theoretical predictions compared to data

Predictions calculated
with OPENQCDRAD
interfaced in xFitter

e HERA (prel.)

BEAUTY

NLO ABM11
NLOfitDIS+c +b

appr. NNLO ABMP16

= NLO HERAPDF2.0 FF3A

H1 and ZEUS
preliminary

www-zeuthen.desy.de/~alekhin/OPENQCDRAD 'Eﬁ Q?=25GeV? Q?=5GeV? Q?=7Gev?
www.xfitter.org 0011 T
@ input PDFs: HERAPDF2.0FF3A, %0% T «& “\(\
ABM11, ABMP16, or fitted I poieeeen Q\\\
@ NLO or approx. NNLO as
implemented in OPENQCDRAD %02 T
e \\
() Bf = pr = /Q2 + 4’)77%2, varied Q% =60 GeV? Q% = 120 GeV? =200 GeV?
by factor 2 (dominant unc.) o0er T T 1
® me(me) = 1.27 + 0.03 GeV, o0zr \ T \N\ T \
mb(mb) =4.18 £0.03 GeV Q% =350 GeV? Q= SSUGQVQ Q= 2000 Gev? '
[PDG2016], or fitted 0.04f
. . 0.02}
FFN scheme, ny = 3: reliable in \ N

this kinematic range

10* 10° 10? 104 10° 107

Overall good description within data uncertainties
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BACKUP. Theoretical predictions compared to data

Predictions calculated
with OPENQCDRAD
interfaced in xFitter
www-zeuthen.desy.de/~alekhin/OPENQCDRAD

www.xfitter.org

@ input PDFs: HERAPDF2.0FF3A,
ABM11, ABMP16, or fitted

@ NLO or approx. NNLO as
implemented in OPENQCDRAD

® uf=pr=,/Q2 +4m%, varied

by factor 2 (dominant unc.)

@ mc(me) = 1.27+0.03 GeV,
mb(mb) =4.18 +0.03 GeV
[PDG2016], or fitted

FFN scheme, ny = 3: reliable in
this kinematic range

e HERA (prel.) = NLO HERAPDF2.0 FF3A
NLOABMI1 ==~ appr. NNLO ABMP16 H1 and ZEUS
rrrrr NLOfit DIS + ¢ +b preliminary
£ 7 11 A
S
5 15F T+ i o
28 e
o 1 = T+ Ei """" -
123 L £ L
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15 S T
1k PR I ST thL -----
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05[ ¢ o i
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15 | Q° =350 Gev* | @= 65‘-0 GeV* ‘ Q*= 2600 GEVZ‘
1tk s ; i';:, oy
0.5 1
10 10° 10? 10* 10° 107 10* 10° 102 N
Bj

Overall good description within data uncertainties
Small sensitivity to PDFs and higher order corrections
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BACKUP. Theoretical predictions compared to data

Dataset PDF 2 x? with PDF unc. ‘
HERA 2012 ¢ [1] HERAPDF20_NLO_FF3A EIG 59 59 _
abm113n_nlo 62 62 [1] previous HERA charm
(dof = 52) ABMP16_3_nnlo 64 63 combination EPJ C73 (2013) 2311
New combined c | FERAPDF20.NLO_FF3A EIG 86 85 [4] ZEUS b lifetime tagging
abml1.3n nlo 92 91 measurement JHEP09 (2014) 127
(dof = 52) ABMP16_3_nnlo 101 99
2EUS VIX b 1] HERAPDF20 NLO FF3A EIG 14 4 (most precise individual public
abm11_3n_nlo 13 13 data sets for ¢ and b from HERA
(dof=17) ABMP16 3 nnlo 14 14 to date)
] HERAPDF20 NLO_FF3A EIG 33 33
New combined b
abml1 3n nlo 34 34
(dof =27) ABMP16_3 nnlo 39 39

Quantitatively confirms observed findings:
@ larger tension for new charm data owing to reduced uncertainties
@ appr. NNLO does not improve data description compared to NLO

@ overall small sensitivity to input PDFs
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BACKUP. QCD analysis settings

Similar to HERAPDF2.0 FF, using running HQ mass definition:
@ xFitter-1.2.0
@ Input data:

o HERA etp inclusive data, Q2;, > 3.5 GeV? [1506.06042]
o new HERA ¢ and b combined

@ FFNS ny =3 (‘FF ABM RUNM’), (as(FrL) = as(F2))

o al'™*(Myz) =0.106

@ free me(me), my(my), or PDG me(me) = 1.27 GeV, me(me) = 4.18 GeV

@ DGLAP NLO [QCDNUM]

@ PDF parametrisation: 14p HERAPDF at ,ufco =1.9 GeV?, f, = 0.4:
zg(z) = AgaPo(1 — z)% — A;zBé(l — ;I;)Cs/y Additional constrains:
zu,,(:x) _ A“,UIB“U (1 _ :E)C’M; (1 + Euvm2) AU = AD(I - fs), By = Bp, C_t; =25
zdy(z) = Ag,zdv (1 — 2)%do Jo 2 (ai(2) + (@) + g(a)]ede = 1
2U(x) = AgaP0 (1 — 2)C0 (1 + Dga) Iy [u(z) — a(@)]de = 2,
zD(z) = ApaPb(1 — 2)°D S ld(z) — d(z)]dz = 1

o fit (Ax? = 1), model (scales, s, fs, @2y) and par. (ps0, Ey, = 0) unc.

38/25 O. Zenaiev Latest tests of hard QCD at HERA



BACKUP. Discussion of HQ mass extraction

me(me) = 1290138 (it) 7 (mod) "], (par) MeV
mp(me) = 40497 155(fit) 30 (mod) T, (par) MeV

Results have sizable model and parametrisation uncertainty:
@ model uncertainties dominated by scale variations
@ parametrisation uncertainties dominated by reduced 13p form:
closely related to inclusive HERA data in the fit

Using inclusive HERA data only:

_ +144 ; .
mc(mc) - 1798—134(ﬁt) MeV .’,Eg(Z) — AgIBg(]. _ I)C‘g _ Alngg (1 _ m)Cg
m(my) = 845012280 (fit) MeV 2ty (2) = Ay 2Pu0 (1 — )% (14 Bu,r)
No full i luation, b d, () = Ag, 2w (1 — 2)“dv

o tull uncertainty -e.va- uation, but «U(z) = Af,zBﬁ(l o x)cg(1+ Dgz)
observed large sensitivity to «D(z) = Apa®D(1 — 2)°D

PDF parametrisation (— 13p):

me(me) = 1798 — 1450 MeV,

mp(mp) = 8450 — 3995 MeV
= inclusive HERA data alone cannot constrain HQ masses
= interplay of PDFs and HQ masses needs carefull treatment
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BACKUP. m.(m.) extraction in FFNS and VFNS

JHEP 1608 (2016) 050
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FONLL Damping power = 1

1.352 [+0.017

variation FONLL-C FFN
central 1.335 £ 0.043 1.318 £0.054
Qt=15 1.354 [+0.019 1.329 [+0.011
Dy, non-zero 1.340 [+0.005 1.308 [—0.010:
fs=03 1.338 [+0.003 1.320 [+0.002
fs=05 1.332 [-0.003] 1.315 [-0.003]
mp(myp) = 3.93 GeV 1.330 [—0.005] 1.312 [—0.006]
mp(my) = 4.43 GeV 1.343 [+0.008] 1.324 [+0.006]
ag(Mz) = 0.1165 1.342 [+0.007] 1.332 [+0.014]
ay(Myz) =0.1195 1.329 [—0.006] 1.300 [—0.018]
W= =2-QF 1.347 [+0.012] 1.314 [—0.004]
wh = = Q%2 1.361 [+0.026] 1.363 [+0.045]

]

]

FONLL Damping power = 4

1.327 [—0.008

A determination of m.m.) from HERA data using a

matched heavy-flavor scheme

@ consistent results obtained in FFNS and FONLL, with somewhat
different decomposition of uncertainties
@ = VFNS can be used for MS mass extraction, if all uncertainties
from extra parameters are considered

O. Zenaiev

Latest tests of hard QCD at HERA



