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Syner'gy with fu’rur'e expemmen’rs EIC

" REACHING FOR THE HORIZON

The 2015
LONG RANGE PLAN
for NUCLEAR SCIENCE

some EIC members have recently joined ZEUS or H1 o work on

common analysis topics with real ZEUS or H1 data, more welcome!
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Charm in ep Charged Current reactions

First ever collider measurement, large uncertainties
PhD project of J. Nam, temple university
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Sets the stage for future measurements at EIC/LHeC/ ...
-> see next presentation (S. Sekula)
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Lesson: HERA relevance for EIC

Many of the HERA heavy flavour physics topics
remain relevant, in particular in the context of EIC

The full HERA data remain available for analysis
(in simplified format for ZEUS, in original format for H1)

Many important physics topics which can be addressed
with the existing HERA data have not yet been

addressed, due to lack of person power; a publishable
result can be produced (e.g. in ZEUS) by a master student or a
part-time PhD student within ~ a year

->

Additional person power from the EIC community is most
welcome
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How to get access to the HERA data

ZEUS: (common ntuples, flat root ntuples, only software needed:
plain root, almost any version); both HERA I and HERA IT data

contact Matthew.Wing@desy.de (ZEUS spokesperson) (or me)

- either access for specific single project/paper for common
publication, or

- become full ZEUS member (no fees/chores beyond working on
the physics) and participate in all papers

H1: (dedicated OO framework)
contact Stefan.Schmitt@desy.de (H1 spokesperson)

to become H1 member (no fees fees/chores beyond working on the
physics)

HERMES: contact Gunar.Schnell@desy.de (HERMES spokesperson)

for more details, see also
https://indico.bnl.gov/event/9287/contributions/41457/attachments/30600/48033/EIC_2020.pdf
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Review of open charm & beauty at HERA

discussion
of ~60
papers

by H1

and

ZEUS

+ theory,
1995-2015

arXiv:1506.07519

Progress in Particle and Nuclear Physics 84 (2015) 1-72

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

journal homepage: www.elsevier.com/locate/ppnp

Review

Charm, beauty and top at HERA @Cmsmm
0.Behnke, A. Geiser*, M. Lisovyi '

DESY, Hamburg, Germany

ARTICLE INFO ABSTRACT
iél:.eymrﬂs: Results on open charm and beauty production and on the search for top production in
Al

high-energy electron-proton collisions at HERA are reviewed. This includes a discussion of

E;;UIF relevant theoretical aspects, a summary of the available measurements and measurement
HERA techniques, and their impact on improved understanding of QCD and its parameters, such
DIS as parton density functions and charm- and beauty-quark masses. The impact of these
Photoproduction results on measurements at the LHC and elsewhere is also addressed.

@© 2015 Elsevier B.V. All rights reserved.

(also includes discussion of different heavy flavour schemes)
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Example:
all charm

photoproduction cross

section measurements
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-> "“work horse”
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Lesson: Tracking

Tracking is crucial for the reconstruction of charm
and beauty final states

The D* is the “workhorse’, *if* you can reconstruct the
“slow pion' from D*->DOm decay (complements secondary
vertex/impact parameter reconstruction)

Most of the charm cross section is forward
and/or at low p+ (beauty more central)

Statistics is the limitation for beauty studies
->
Forsee widest possible fiducial coverage for tracking,

as much forward as you can, and down to 50 MeV pions,
on largest possible statistics

-> compare detector session on Friday
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- modified scale dependence of fragmentation
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Lesson: Phenomenological calculations

Phenomenological QCD (+EW) theory calculations are essential,
but not entirely trivial.

Only few theorists are currently active e.g. in
differential NNLO predictions for heavy flavours in
ep/gamma p/eN/gamma N collisions,

(ep total see talk S. Moch, pp differential see talk A. Mitov,
PDF talks see P. Nadolsky, J. Rojo, V. Guzey)

or in NLO+NLL PS MC predictions for such processes
(with the exception of those present at this workshop, of course ©)

->

Encourage your theory collegues to get involved in such calculations,
both for photoproduction and DIS, and both for proton and nuclear
collisions, well before EIC starts.
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Combination of
H1 and ZEUS
D* measurements

example: z
(energy/momentum fraction
taken by D*)

shape directly sensitive
to fragmentation
parameters

more work on theory
needed
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Lesson: Fragmentation

ep collisions are a great environment to study heavy
flavour fragmentation fractions and functions

lately nonuniversality found at LHC for in both pp and
heavy ion collisions, in particular for baryons
(need proton particle id)

see also talk I. Schienbein tomorrow

restudy in ep: need to access lowest possible p; and
highest possible rapidities
->

Forsee widest possible fiducial coverage for heavy
flavour reconstruction, with particle id

see also detector session on Friday
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Diffractive D* produc’rlon in DIS D

Diffractive fraction
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Lesson: Heavy flavours in Diffractio

Diffractive production of heavy flavours remains a hot topic,

in particular for photoproduction
(corresponding HERA II data not yet analyzed)

Universality of diffractive PDF is known to be badly broken
when going to pp (“gap survival factor")

Comparison with ultra-peripheral Pb p (i.e. gamma p) collisions at
LHC would be possible and desirable

->

Encourage your experimental collegues to get involved in such
measurements (with HERA or LHC data, later with EIC)
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lefer'en’rlal cross sections bb->uu+X

muon p+ L
ZEUS preliminary
_ ZEUS
— [ T H 1 [ PP [ IR | T T [ PEE [ PE BT | L | ] | —_ 9
% 102:_ ® ZEUS (prel.) 377pb™ _E > 10 L S o ;
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Good agreement with HERA I result, smaller data uncertainties.
Shape of NLO prediction agrees well with data.
Normalisation agreement better for reduced QCD scale

(NNLO corrections, also to bb correlations, potentially large)
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Total beauty cross section in ep @ 318 GeV

r - -

Total cross section: using MC cross section x scale factor + corrections

. HERA I paper: JHEP02 (2009) 032
ep —bbX (318 GeV) = 13.9 + 1.5 (stat.) *;3 (syst.) nb

btt

- HERA 1II preliminary: ZEUS-prel-18-006
ep - bbX (318 GeV) = 11.4 + 0.8 (stat.) *5, (syst.) nb

btt

NLO QCD predictions (same as HERA I paper): . ., . .
FMNR+HVQDIS 7.5 *45 nb stale |17 = Yi(m o+ Q)

for theory-inspired
motivation of

-> agreement within (large) uncertainties  Qcb scale choice

see
only measurement of its kind so far doi: 10.3360/dis.2007.163

any chance to get NNLO prediction?

(exists for pp and (almost) for DIS)
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Beauty in photoproduction: summary

b quark HERA version 2012
— 1()3 = — — | ——————————— =
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for theory-inspired
motivation of

QCD scale choice
see

doi:10.3360/dis.2007.163
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Lesson: beauty

Total as well as differential beauty cross sections
fully experimentally accessible

Limited by statistics (b cross section 1 order of magnitude
smaller than charm)

Limited by non-availability of NNLO QCD corrections

->

Collect maximum statistics, improve theory.
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Measur'emen’r of the cross-section ratio 6,,5)/05/,1s)

arXiv:1605.01946. Nucl. Phys. B909 (2016) 934
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Lesson: J/psi production

J/psi production is a great tool to study many aspects
of QCD

see also talk Y. Makris tomorrow

->

For full fiducial coverage, need muon reconstruction
down to ~1-1.5 GeV
(HERA: p;r > 1.5 GeV for nonisolated muons,

p > 1 6eV for isolated muons)
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Parton density functions (PDF)
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parton densities from HERA and LHC data
-> cross sections at LHC, cosmic rays,
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Final HERA mclusuve DIS combmcmon and PDF fi’r
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[Heavy flavour contributions fo o, |

4.11. 20

detect —

5 2 dzﬂ' ~ Z?T{'L’z \2 2
Q- X Q7 /2pq d"’s}iin ~ Oy, [1+ (1-y) ]

_ &

Measure cross section

anything see also talk R. Thorne

flavour
: 276 GeV

tagging

2
Q, XBj ll or E QCD
b © >
.
> i 920 GeV,
=> Grbbl O'r‘CC_Z
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includes fit of inclusive charm + jet DIS daTa

charm: H1 and ZEUS
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ConsTr'amT of gluon at very low x

Xiv 1503 04581 Eur Phvys J. C75 (20 m 396,

Combined fit of 7
HERA I inclusive data: main PDF constraint &

HERA charm and beauty data: constrain m,, m, and
gluon at low x: 10-2 -10-4

LHCb charm and beauty data, constrain gluon at
very low x: 10-3- 106

=
=
= AR : . =
0 I i @) LHéh : v
:: ir "/-’ S — M Ji=TTeV 3 {.:j
S v %\’ﬂm : =
= -’U‘7— ——han, = g
%_ \ﬁ"v 3o .E.
i S Py
B 2 L == ST : o 1
[} ) 5 //f e %-. B ' 4 i
Ttk o fs =7 TeV ——
7‘— = “xzﬂ-- amm _;- ' 10 =
107F o it~ . E -
——FONLL _ o e - JHEP 08 (2013) 117
107 £ T GMENS intr cham =g o —
o s 10 15 20
Nucl.Phys. B871 (2013) 1 _ " p,GeVie] p_|GeVic]
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Input data sets

—_— ——— e

HERA I combined inclusive + HERA combined charm + ZEUS beauty
+ LHCb charm + LHCb beauty

JHEP 01 (2010) 109 e B LA LL) S ALl B B ALY B ELR AL
HERA Inclusive DIS 3.5<Q°<30000 GeV?, 4.32<10°*<x <0.65 " OERA niis .
THEP 1409 (2014) 127 — inclusive —
ZEUS beauty 6.5<Q%<600 GeV?, 1.5><1tr‘<x81.<3.5><10'2 . .
Eur. Phys J. C 73 (2013) 2311 [ HERA beauty —
HERA charm 2.5<Q"<2000 GeV?, 3x10°<x_ <5x10° . .
- HERA charm
LHCb beauty y=4.5, 0<p_<40 GeV
THEP 08 (2013) 117 = , ‘HCb beauty
LHCb beauty y=2.0, 0<p_ <40 GeV previously
- uncovered . EIC .
LHCb charm y=4.5, 0<pT<8 GeV
Nucl. Phys. B 871 (2013) 1 — ‘ LHCb charn‘wi- —
Y LHCb c(harm y=2).0, 0<p <8 GeV A
NI e NI e g aaal e aaaal f ol AN N TET
10° 10° 10 10° 102 10" 1

gluon momentum fraction x

combination of data sets "bridges” complete x range
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fmalcomparnson of gluon fits

Xiv 1503 04581 FEur Phvs J C75 (2015) 396

PROSA NLO FFNS fit

:‘: 60 Hf=10 GeV” gluon positive
% ::Eﬁ 3:2 + LHCb abs and well
40 —J HERA DIS + LHCb norm Consfr.ained down
to x ~ 10-6
20
first constraint
° from data
2 ° for x << 104
S

already in use to constrain

1 F cosmic ray prompt

\lllll”l | |||||||| | |||||||| | |||||||| | |||||||| | t [ *
(10°) 10° 10* 10° 102 10" 1 neutrino specirum
X (e.g. Ice Cube)
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update, and cosmic ray predlchons

arXiv.1611.03815  JHEP 05 (2017) 004 | THEP 04 (2020)
S _ use final HERA data, include more LHCb
[ ZrRoR e erns ““| data, and ALICE data -> constrain |

A cosmic ray prompt neutrino "
60K,
2, spectrum (e.g. Ice Cube)
K
%::;’fff., (v, +anti-v) flux
201/ . ' ' : .
0

107 10° 10° 10 107 1072 10'*x1

=
S

120
7 pZ =10 GeV?
—— NNPDF3.1
100 ~— BGR 1808.02034 NLO

H++ PROSA 2019 FFNS
—— PROSA 2019 VFNS
PROSA scale var + Mgpam var + PDFvar —— |

PROSA 2019, HR = HE = S'qul:th +4 mGZJ
PROSA 2015, g = i = sart(pr> + 4 mc?) - - - -

E® dN/dE (GeV2cm?2stsr)
= 3

4012 GMS 2015, H3pCR = .. = .
" CT14nlo GM-VFNS, pp = sqrt(pr” + 4 mGE} =2 pp ]
PROSA 2019 GM-VFNS, pp = sqri{pr® + 4 m.2) = 2 Up ]
0 lceCube prompt upper limit [Q{}% C. L] {Hﬁp CRB + ERS)
1{,1’ i . PR ' P PR | f PR
—200 sl sl sl il sl 109 10t 1:}5 m“ 10 10°
10 10 10 10 ‘!U 1072 10 10 5 1 EU.‘ lab [ GEH :'
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Lesson: low x physics

The EIC kinematic coverage strongly overlaps with

HERA, fixed target, and forward coverage at the
LHC (LHCb, also e.g. CMS after high luminosity upgrade)

HERA data were/are essential to disentangle and
calibrate the two x " branches' at LHCb

The result can be used to study e.g. the cosmic ray
neutrino spectrum at Ice Cube
->

EIC data will have a similar essential role w.r.t. phase 2

LHC data; further enhanced by the availability of 'nuclear’ data
vs. heavy ion collisions
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Fmal HERA Charm combma’rlon

209 -> 52 data pom’rs

(+ beau‘ry combina‘rion,
see backup)

& HERA B H1VTX & H1iD* HERAHI

¥ H1D*HERA. o ZEUS |1 2005 ZEUS D* 98-00
 oEusDraser o zeuep? o Prus o H1 and ZEUS 3 HERA II data sets added
+ ZEUSD*HERA-I  +* ZEUS VTX an -> 20% impr'ovemenT
'!E:E - @ = 2.5 GeV® 1 GIE=5IGE‘H"E ‘ ' 1 a*= —7Gev ;
0.3 T T . e HERA = H1VTX 4 H1D*HERAJI
0.2 N 1 1L ] o ZEUS n2005 © ZEUSD*98-00 ~ ZEUS D' 96.97
L T ¥4 1 1. ] o ZEUSD + ZEUSD*HERAJl + ZEUSVTX H1 and ZEUS
0-1‘*'-3 T 5._1 T 1 7 g L B ' T T T T T
[ . . = ¢ ! i I WO o © Q%=32 GeV?
| @ =12 GeV? 1 |BEE'I.|"2 qz 32-3-;\:“ ] (d)
0.4+ —+ *‘ + . i fr |
0.2+ % -+ + $ - 0.4 — _
06lacmont o dairmeE T e I | + |
0.4+ -+ + - tu VL
L 4 1 J :ll|
0.2\ + %’i* T ¢ £ 0.2 — ﬂ |
0.6 @° =350 GeV* -+ @ = 650 GeV® + @ = 2000 GeV® . N @ |
0.4] - H}
D.E-— 4 _-_ é _-_ _- u 1 | | 11 1 | 1 1 | | | | 1 1 |
i uwl el ! t ] el wl 4 1 * i AT Al v . 10_3 1']-2 xBj
10* 10° 107 10* 10° 102 10* 107 107
Bj
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QCD fIT charm x slope
G—

plot data/fit = 14 Q?
vs. <x> of £ - ' (GeV?]
| O
incoming partons ”bE . 0 2.5
(rather than xg;) mﬁg Tl 03
: © A 7
for each data point © . 19
LO: .TZIBJ'- (]— E) vy 32
o _ . 60
<x> calculated at NLO 0.8 [ N Egﬂ
n " >
using HYQDIS -
-> common <x> trend 107 102 10"
for all Q2 (X)

further discussion (gluon shape (?), low x resummation (?), ..) see backup
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QCD fit: charm subset -

_:" :Eme_HQMASS £ NLO HERAPDF2.0 FF3A H1 and ZEUS
'Sbg 0 3—_{]2=2.569‘u'2 _—-Qz=5lGe‘ul'2 | ' _—c:-2 7GeV? ;
0.2} 1 1 :
. 0.1- L'!.g‘h T N\.\ B ]

fully consistent s e
L Q?= 12 GeV? laz-18Gev? L1 @*=32GeV? l
with HERAPDF2.0 FF3A 0.4 ) T ]
021 \n.\ \ ‘ ‘
UncerTGinTy br'eakdown 0.6|-02- 60 Geve | __Q’ 120 VP _—Qz=2:]DGeV2= I _
in backup 047 T T ‘_
0.2 \\ _- 3\ T \ :

0.6ra*-= 350 Ge‘u’z Q‘ 650 Ge‘u"z c:-’=2:mo Ge\r‘lz I h
047 1 1 '_
0.2} + 1 ]
| . \l vl ....:‘E:‘.‘m P BT BT :'\.:??.n

104 10° 102 10* 102 107 10* 10° 107 .
Bj

M - 1.29 +O°O5-O 04 exp/fit +O.O6-O 01 _mad/scale +O.OO-() Q3 par Gev I

PDG: 1.27 +0.03 GeV (lattice QCD + time-like processes)
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Comparison with other m (m,) de‘rer'mma‘rlons

Eur.Phys.J.C 78 (2018) 473, arXiv:

this work: FF, HERA, this work ——

m (m ) = 1.29 +0. 05-0 04 exp/fit FONLL C (XFitter, APFEL)

+0.06 +0.00

FF (HERA) previous

latest ABMP16 result: m(m.) = 1.252+0.018+0.032 GeV _
S. Alekhin et al., arXiv:1701.05383, G R e DT
Phys. Rev. D96 (2017) 014011

FF (Alekhin et al. NLO) ——+
previous results summarized in xFitter
V. Bertone et al., arXiv:1605.01946, SACOR T Or 1) —
JHEP 1608 (2016) 050 : APFEL
S—-ACOT—y (CT10 str. 2) —e—
scheme me(m.) [GeV]
FONLL (this work) 1.335 + 0. 043(8}\p)+3 8(1)5(1)'11 'un)"'g géé(ll 0d)+g 3g‘§(tl )
FFN (this work) 1.318 £ 0.054(exp) "y, 810(p aram)” 0019 mod)“d i th) S—-ACOT-Y (CT10 str. 3)
FFN (HERA) [9] 1.26 £+ 0.05(exp) = 0.03(mod) £ 0.02(param) =+ 0.02(a)
FFN (Alekhin et al.) [24] 1.24 + 0.03(exp) T D3 (scale) ) 07 (th) (approx. NNLO)
1.15 % 0.04(exp) +9:%(scale) (NLO) S-ACOT— (CT10str. 4)
S-ACOT-y (CT10) [29] 1.1270% (strategy 1)

1.18109% (strategy 2)
1.197098 (strategy 3)
1 1
1.2-’1f8'?§ (strategy 4) ; :
. ‘) /
World average [53] 1.275 £ 0.025 1.0 I.1 12 13 14 15
m.m.) [GeV]|

World average
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QCD fIT ~ beauty bse’r

s HERA L NLO HERAFDF2.0 FF3A
----- HERAFDF-HQMASS H1 and ZEUS
123 Q2 = 2.5 GeV? Q?-5GeV? ' Q2-7GeV?

0.01 -+ =

0.005 - —+ \\i\\ 4 i

0.04L a?-12 Gew2 | {]z 18 GeV? __u:::-2 32 Ge‘u’z |

0.02 - - Q\ﬁ .

fully consistent with . S & ~——

| 0% = 60 GeV? 1 {;12 120 Ge‘u’z 1 Q’ 200 Ge‘u‘z |

HERAPDF FF3A 0.04]- 1 il ]
0.02 - =

az 350 Ge‘u’z I ] {]2 650 Ge‘u’z | 02 zuon Ge\.r'z I ]

0.04 -+ T+ 1

0.02} \ \,\ { ]

| il ol 4 1-: ol ol ol il ol el ol }:T

10* 10° 102 10* 10° 107 10* 10° 1072 «

Bi

new: [mg(mg) = 4.05 000 005 000 " GeV |
ZEUS: mb(mb) = 4.07 tO°14e><p/fi't 4.0°08-O.08 mod/scale 4.0°05-O.00 par GeV

PDG: 4.18 + 0.03 GeV (lattice QCD + time-like processes)
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Lesson: QCD studies, coverage

Deep inelastic scattering is a both experimentally and
theoretically very clean environment for heavy flavour
production and the measurement of related QCD
parameters.

->

Make sure you have full trigger coverage for inclusive
charm and beauty production in DIS, best through an
inclusive DIS trigger, possibly complemented by
dedicated heavy flavour triggers.
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Running strong coupling ,constant™ q.

e.g. from jet production at e+e-, ep, and pp at DESY, Fermilab and CERN

— 0.25 — , e . — IEPIJCI7|5|(|2015)186
[ —&— CMS R;; ratio —>— HERA
—i— CMS it prod. —+— LEP
—&— CMS incl. jet —\— PETRA |
—— CMS 3-jetmass —V— SPS 1
—O— Tevatron |

e
wn
Mot

0.20]

0.15}

0.10} - Yes
| ovs(Mz) = 0117139975 (3-jet mass) _ ’
005l == os(Mz) = 0.1185 + 0.0006 (World average) i it r“ “S'
| 10 III IIH1IOO - II1I(I)OO _
Q [GeV]
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running of a, and quark masses

d, running depends on number of coulours N, and
number of quark flavours N-

0,(Q?) = a,(Qo°)
1+ o, (1IN-2Ng)/121 In(Q?/Qp°)

leading

order

quark mass running depends on o , e.g. ?CD |
m(pole) = m(m) (1 + 4/3 o/m) ormulae

=m@Q (1 + o/t (4/3+In(Q?/m_?))

part of gluon field around quark not 'visible’ any
more when ‘looking' at smaller distances/larger
energy scales -> effective mass decreases
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he r*unnmg charm quark mass |

Dhys.Lett.B 775 (2017) 233-238, ar

Do mass determination separately for different Q2+4m?

3 "I HERA

: 14 ° NLO fit of HERA data (this work) r‘unning mass

% \ ] PDG with evolved uncertainty concep‘l' in QCD

E is self-consistent |

-

—h
T 1 | T | L | T | L I L
I—.—i ]

0.8
. but mass is also
0.6 | manifestation of
Higgs Yukawa
04 —— — couplings |

=
[~
;)
S

Yq = V2mg/v
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the running beauty quark mass

translate m,(m,) -> m,(2m,) Prog. Part. Nucl. Phys. 84 (2015) 1
ZEUS
; 5 [ I I [ [ [ [ | 1 [ [ I I [ T 1
5
45 PDG  2m,
= (lattice etc.) EP
3 L
E ZEUS |

=

w

18)]
IIII||III||III|III||IIII|III|

»*
IIII|IIII|IIII|IIII|IIII|IIII

%

[ | PDG with evolved uncertainty a
3 A ZEUS 1.
® DELPHI 3-jets .
* DELPHI 4-jets NLO 0
A ALEPH P
2.5 O OPAL
O SLD
2 | 1 | | | 1 I 1 1 | | | | 11 |
10 10°
u [GeV]
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Top

extract top mass from CMS cross sections at
different scales

CMS 35.9 fb”' (13 TeV)
b
2 "t b ABMP16_5_nlo PDF set
E : ;3::- ]J.ra' = 476 GeV
= 1.05(— u,=m =163 GeV
E- E : e
11— e %
0.95(
[ [] NLO extraction from differential o
0.9 o Reference scale = j ?
C NLO extraction from ?nclusive O
0.85— 7 One-loop RGE, n = 3, as(mz) =0.1191
: 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1
400 600 800 1000
u[GeV
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Running of o, and quark Yukawa couplmgs

update o

° T T T T TTT | T T T T T T 1T | T T T T T T TT |
relate m;, m, m, to associated g’ 1 L > Y, Peeo ttamssons
o — B hﬂq_."‘"“——l—._ ]
Higgs Yukawa couplmgs = E R SAo— ]
. CMs 359 o' (13 TeV) B : :
‘E’L* H‘;_ ik g —BE= PDG world average 2014 « H1 low O DIS, scaled .
3 105 4 i 160y (@] * H1 high Q” DIS, scaled
E 3 o B T [ H1 correl. th. uncertainty (fit) N
I L HERA = FEUS (prel.) NC DIS 300 ph". scaled i
0.95F m * FEUS photoprod. 300 pb"_. scaled
F % NLOexraction from differentiale, | | =T | S ZEUS correl. exp. uncertainty
0sF o Felernco -, c | (X I ZEUS DIS correl. th. uncertainty N
0.85__ 1 ()tg-l(:paghac: m5| dL;Tcn o | .E S - ZEUS PHP correl. th. ul'iCEI'tElinw
. . 1 Ly o JADE, OPAL, ALEPH jets/shapes
200 00 600 800 13°[°GeV] - 1 s d PE+TR ALEP
; E 10 - (UA1) TRy _
LO EW (+NLO QCD) formula: - °Dojets Tevatron i
L + CMS jets R, (CMS) _
y sz /V L s CMSincljets  |LHC .
Q Q - + CMS 3-jet mass -
zZEUs
=t ’ o B ]
) 1
- f > VY, rosat |
(C h O OS e Mf ‘ } i LEP/SLC Z Tevatron H-bb i
scheme 1 ]
. . S ] -2 ATLAS/CMS H-bb
in which o i 10 — -
f I | PDG (latt.) i
= 16 L |
ormuia g oy I HERA cc DIS ]
. 30 1'4: = PDG with evolved uncertainty L ]
is exact) = f Sy
] C [—— T
T * + + E L L g i
*r + E o A, Geiser/DESY 2016
0.6} ] 1 | L1 111 | | | | I | | | | L1 1 11 |
C | A 2 3
0 1 10 10 10

1 [GeV]
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Lesson: HERA/EIC and Higgs

- measuring heavy quark masses
(within the standard model)
is equivalent to measuring Higgs Yukawa couplings

Heavy quark physics is also QCD + Higgs physics,
even at EIC
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Conclusion and Outlook

EIC has a great future in taking over the relay from HERA
concerning ep collisions plus go well beyond

Meanwhile, the HERA data remain available, and only about half the
analyses known that could be done with the HERA II data have
actually been done (lack of person power).

Synergy with EIC person power might alleviate this.

Theory improvements would/will greatly boost the significance of
these HERA results.

Hopefully the outlook towards EIC will motivate theorists to already
provide the corresponding improvements now, rather than waiting
for EIC to start.
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|Deep Inelastic ep Scattering at HERA |

HERA: . T

23 - Zf: """" ' * Proton (P)
___..:::::::- q TS

L.
________
- -

=
_________
-

* . . _ﬂ! - /- /;
kinematic variables: Electron (L) q=1(-l

Q2 = -q2 photon (or Z) virtuality, squared momentum transfer

, Q%<1 6GeVe:
X = Q B jorken scaling variable, photoproduction
2Pq  for Q2 > (2m,)%:  momentum fraction of p constituent
S Q 2 16eVe:
Y = 3 inelasticity,
(P v momentum fraction (of e) DIS
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Charm Fragmentation

c E}D" ¢ g}D;
g}n’ CS}K'

. .
< 1K < 1K

Cs :S
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fixed flavour number scheme (FFNs)

e” :
< T no charm in proton

27.6 GeV

c
LO m, full kinematical
C treatment of
20 Ge\ > charm mass
P (multi-scale problem:
+ NLO (+partial NNLO) Q?, Pt, M. ->logs of ratios)
corrections,
“natural” scale: no resummation of logs

QZ + 4mC2
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————————————=——mmm—
57 -> 27 data points . et time

Beauty combination

combined for the first time
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e HERA m H1VTX o ZEUS p 2005
+ ZEUS uHERA{ v ZEUSe  # ZEUSVTX H1 and ZEUS
ﬁb.g Q2=2:5 GeV? | Q2=5IGeV2 | | cf-? v e HERA = HIVIX o ZEUS u 2005
0.01} T i 7 7 + ZEUS pnHERAI v ZEUSe + ZEUSVTX H1 and ZEUS
0.005 4 % I Eﬁ | 2% 4 Qz'_lam B T o)
i = e
0.04 | Q? =12GeV? Q’= 18 GeV? Q%= 32 GEV2 0.04 — ]
0.02 T T Eﬁ -
- : q*. ' ﬁl %‘#
| Q% =60 GeV? 1 Q* =120 GeV* | cf-zoo GeV? 0.02 H —
0.04 - -+ + } i)
0.02f Iit + ﬁ) — - I t §
L Q% = 350 GeV? 1 @* = 650 GeV? 1 @%=2000 GeV? P SRR . . L
0.04} 1 | 10° 10°
0.02+ % T T
1 1 1 - Ll Ll Lol .-u ?mn- TERNEREE R TT| B S AN W N T 171 M B R RTH | L |H||-
10* 10° 107 10* 10° 107 10* 10° 102
Bj
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Charm

= L B L LA BN ILSLELY L e B R L LS B R S
g 'LHCb | Z10°F LH(‘:h
= 10 e (a) =2 T Il I (b) e
O & m 138 Fii TR e?‘..r;u
_ = i A ke 25 1 = 10 3 i o 2 E
2 *"L*n‘ Z e o St mg ]
N N e
ﬁ"-—'_ i ;__:F____ .- :b f_}.‘- ? m::- §F I ;" — ~ "_ < 2 The }0 nh—-hé
£ v ﬁ":_,, =l £, =B el
B m IR S wi%‘r‘ﬁﬁ e
z //’ E R ’-’kr_} i B Y e e iy, ]
E . :_ :;U_" E_f/ ‘-‘\1‘_"':.,__1.\‘-\,_ -\-\""-._\__:?"-\_._\_ .
FU‘-: K«- == e i"—-ri—"'—-c_..l _j"q"‘i)-‘- 45 =
7 107 _r ’ g = l—"::ui‘._ll'-l-Tej__
) g e
Nucl.Phys. B871 (2013) 1-20 i —FONLLEIE S 4[ —e—LHCbdata o P PR
: e
[ —— GMVFNS S, 10" F ___ FoNLL g
107 £ T GMVENS inir. cham L [ —— GMVFNS —
O e e R L N bl e B e P e
(i I 2 3 4 5 6 7 &8 L ] I 2 £l 4 5 f 7 &
d 1. 0 G v %* P, [GeVie] P, [GeV/ie]
own to pt = e D D
E.ruz §_||||||||||||||||||| ||||IT-IIIIILI‘II_I|£I‘Ib‘III_§ -\:“"EFU- |||||_|||||||||||||| ||||||||||Lﬁ&‘£||§
2 e G N I 9
: Yoot T o) z 3
large theory uncertainty at £ —— “j—\ s, 1 % / ﬁ s
= gL Theaies - <2.‘ 1 '-.-l._ - The I'E
NLO (~factor 2) but also EAF opa & S0y -] 5
g 7 = — =503
strong m. dependence Sl i w e S
B -//" _HT-L—““ “"“--__h*-._? 'ﬂh"ﬁ 'f__;[,r-"
! Ry oy ¢ .
° eg ® 3 ."/ -\H—\_i‘_ — ""“‘:; %0, n‘l-";_?E 1 E o~ = —-:*—"h.h_h 0, Mz 3
directly sensitive to gluon e S B "“*11? P
r e T b = — e -
-5 | o [ ——LHCbaata Nu Ma,] 107 —LHCodaa SN
~n E ——FONLL e E F ——FONLL e 9]
down 1.0 X 10 ¢ | —— GMVFNS e Jo5 b ——GMVFNS e
e T T A T U T O T M A O A O A A AR A AT AN I A U A T TV S N A I O A O s o=
iv (1] I 2 2 4 5 t 7 & 1] I 2 k) 4 o] f 7 &
P, [GeV/e] P, [GeV/e]

F fi ell (f 2

ONLL 1.5 w. ac.ror. Figure 4: Differential cross-sections for nY, D, [(c)| D*t, and D] meson production

Scale uncertalnty not Shown) compared to theoretical predictions. The cross-sections for different y regions are shown as
functions of pp. The y ranges are shown as separate curves and associated sets of points scaled
by factors 107™, where the exponent m is shown on the plot with the y range. The error hars
associated with the data points show the sum in quadrature of the statistical and total systematic
uncertainty. The shaded regions show the range of theoretical uncertainties for the GMVFNS
prediction.
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Comparison to 'old’ global PDFs

HERAPDF style parameterization with sizeable
" negative gluon' term (but net positive gluon)

xg {x,uf}, comparison plot

abm11! 3n_nlo.LHgrid |
CT10nlo_nf3. LHgrd
MSTW2008nloG8cl_nf3 LHgrid
MNMNPDF21_FFMN_MNF3 100 LHgrd
GJROSFFnicE.LHgnd

=316 GeV

CJ HERA + LHCb

10 e
CH iy fime==aic:
- ’lllil-

Gunerated by APFELL0.1: V. Bortone, 5.Carrarza, J.Rojo (arXie1 10.1304)

of

L1111 I
107

_10_- 1 L__1 1__L I 11111 1 1 1
1071

i0°  10°  10¢ 107
in good agreement with constrained ABM11
parameterization at low x

—
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C(mc)fom FONLLfIT of HERA da‘ra

1500 | HERA-lsll inclusive + charm FONLL (this work)
i ® FONLL-C
1480 :_ mg(mg) = 1.335 £ 0.043 GeV XF/’ er FF (this work)
1460 |- FF (HERA)
1440 - A EF E L FF (Alekhin et al. approx. NNLO)
1420 |- FF (Alekhin et al. NLO) -~
i 1 1 1 | 1 1 1 I 1 1 1 I 1
1 1.2 1.4 1.6
mg(m,) [GeV] S-ACOT—y (CT10 str. 1) ¥—@—
S—-ACOT—y (CT10 str. 2) —e—
scheme me(m.) [GeV]
FONLL (this work) 1.335+0. O—l3(exp)+u 000 (Par m1)+3 o0s (mod) T{ 062 (th)
FFEN (this work) 1.318 & 0.054(exp) Ty’ 810(p aram) gi;(mod)"'g géj(th) S-ACOT—y (CT10 str. 3)
FFN (HERA) [9] 1.26 £ 0.05(exp) £ 0.03(mod) £ 0.02(param) = 0.02(c)
FFN (Alekhin et al.) [24] 1.24 =+ 0.03(exp) T5 03 (scale) T0 00 (th) (approx. NNLO)
1.15+0. 0-1:((3Xp)+0 04("!(3?11@) (NLO) S_ACOT_x (CTlO Str. 4)
S-ACOT-y (CT10) [29] 11275 (strategy 1)
1.1810% (strategy 2)
L1975 02 (strategy 3) World average | | | |
)

1.24f8:(1)g (strategy 4 -
World average [53] 1.275 + 0.025 10 1.1 1.2 13 14 15

m.(m_) [GeV]
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NLO scale dependence

= — B
PROSA
Charm a.|. Pp — D° —central (}.lr=}.l.f=|.l.0) --- 1 x2.0 ux05 —..pux20 H x0.5
;! 100_ T T T T ;! 20_ T T T T i ; 25 T T T T ]
LHCb 3 [ 2.0<p_<3.0GeV 3 | 40<p <50Gev | o f 7.0<p <80GeV |
g o L 12 o 12 % 1 absolute
g eob L., 18 ! g cross section:
8 [ 5 10 8
(similar 5
for beauty, : : - ; ~factor 2
see bGCkUp) oF ob : of
=N -1 S s B - T P-) SR SRR - T P
o 1 { o 1 o 1 ——
2 25 3 35 4 45 2 25 3 35 4 45 2 25 3 35 4 45
y y y
515" T Zo<p <s0cev | |3 T s0<p <socev | 3|3 T 70<p <socev | :
88t FELE | Bfg. = i pr-normalized
S | cross section:
i T 1 (use shape in
o5k - o5 1 vy for gach pt bin,
’ : normalized to
J1.05F | ] o105f q 108f central Y bin)
g ] § e R —
0.95F ] 0.95F : E 0.95F ()
0.9 j 0.9 0.9 ~ feW /o
2 25 3 35 4 45 2 25 3 35 4 4)-’.5 2 25 3 35 4 -31(.5
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surement of m. running

H1 and ZEUS preliminary
R L

+  mg(m)scanfor Q®=2.5-7.5 GeV

N
(3]

Q%=18 GeV? 0%=32 GeV?

Q%=120 GeV? | Q=200 GeV?

Q°=2000 GeV*
@ HERA

I ABMOSNNLO MS
WY ABMOSNLO MS

10% 10° 107 10% 10° 10 107 102 107

xBj

S
-"-IIII|IIII[ITIT|II[I|I/fIIIIII

~—>

- -
o o

o

III|IIII[I1I1|II[I|[II|III

1 | 1 | - 1 | 1 L1 1 |

o

1.4I — I1.5
mg(m,) [GeV]

extract m. (1) separately
for 6 different kinematic
ranges in P2 = Q%+4m2

(take log average for central scale)
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the running b quark mass at LEP

“% E -.:-m:ss naeFi.s;rHe]rﬂésc:;:m- LEP: Z -> bb + g|uonS,
= sh s B measurement of phase space/
¢ I = i angular distributions
[ O o©OPaL
- O SLD
sl | Mm@ = M@ (1 - a/1In(Q%/Qy?))
g e
’E EPJ €55 (2008) 525
T
Q (GeV)

Fig. 6. The energy evolution of the M S-running b-quark mass

mp(}) as measured at LEP. DELPHI results from }'1"!'3'! [7] at -

the M scale and from semileptonic B-decays [31] at low en- Char‘m a"d 1.op mass r‘unn'ng
ergy are shown together with results from other experiments P

(ALEPH [4], OPAL [5] and SLD [6]). The masses extracted not eXPhClﬂY measured

from LO and approximate NLO ca.]-:uhhum: of R; are found ( f )

to be consistent with prc-wﬁus experimental results and with SO ar

the reference value mp{Q} (grey band) uhtamm‘] from evolv-
ing the average mp{mg) = 4.20 £ 0.07 GaV ’-1 from [17] using
QCD RGE (with a strong coupling I:D-I'tbt‘]ﬂl[ value ag(Mz) =
0.1202+ 0.0050 [30])
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Higgs couplings

hhhhhhh

relate m;, m, m_. to associated
Higgs Yukawa couplings

LO EW (+NLO QCD) formula:
Yq = V2mg/v

A. Geiser, Heavy Flavours at EIC
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Direct measurements of Higgs Yukawa couplings

EPJC 75 (2015) 212
19.7fb" (8 TeV) + 5.1 fb' (7 TeV

_Ill I LI | llllll T LI IIII!I I LI IEII]""”“'I”""

- CMS

1

-
—

T llllll[
L1 e

=== 658% CL
—95% CL
---SM Higgs

I III]IIII
1 llllllll

LI IIIIIII

=

111 llllll

(M, g) fit
—68% CL
— 95% CL

T IIIIII

11 1 llllll

0.1 1

10
Particle mass (GeV)

Hbb updated from PRD 92 (2015) 032008

100

to be updated from JHEPO8 (2016) 045

VS. mass
arXiv: 1507.04548, EPJC 76 (2016) 6
E>|> _IIIII| I I IIIIII| I I IIIIH| ‘I—[
‘ Z 1L ATLAS -
- - [s=7TeV,4.5-4.7 b ]
° [ s=8Tev, 203" 1
£
& 10 T — Observed —
- --- SM Expected E
102E A -
g A 1
N AT i
- A b ]
10°: w7 E
:'I”I’:I"I’ 1 1 IIIIII| 1 IIIIH| 1 II\I\I| .
10" 1 10 102
Particle mass [GeV]
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Measurement of the cross-section ratio 6,,5)/03/,1s)

in deep inelastic exclusive ep scattering at HERA

Diffractive vector meson (VM) arXiv 1605.01946
prOdUCtion at HERA courtesy N. Kovalchuk

elastic (exclusive) proton-dissociative
d_cr“
oh) Q* k) light oh) g e(k') A\ elastic
| pv UJ, (p
A heavy , roton-dissociative
- Jp(1s), w(28). Y| .
't\'\ p(P') ... ;% Y(P') .
]
Kinematics of the process
- - : Q*<1GeV—yp - SR WU ST
Q photon virtuality Q% 2 1 GeV? — DIS Q q (k - k')
W — photon-proton CMS energy W= = (q + P)?
t — 4-mom. transfer squared at proton vertex t=(P-P')
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Measurement of the cross-section ratio 6,,5)/07/,1s)

o /o 'nDlé

wzs)  Jp(S)

courtesy N. Kovalchuk

Y (@)
o N .

Ratio R = —r=¥(25r  gives information about the
Oyp—J/yp dynamics of hard process

[ PAT

node sensitive to radial wave

/ function of charmonium

o T ———=—"rlfm]
\\\\__’,/’f "-I»'(ZS)

W (2S) wave function different from J/p wave function:
* Has anode at = 0.35 fm

. >~ 2<r? S
P(29) J/W(1S)
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Measuremen’r of the cross- sec‘rlon ratio o (25)/ oJ,w(ls)

simultaneous
measurement of

J/Q, ¢ -> pp

ZEUS
(] 104 E T T U ! T I W
2 u
:ﬁ Jhy(1S)
10° & E
. . v(28)
102 = o ° E
: ’
- .
- #
® Q i+ * .............. *-*
..... +tgﬂggi_¢x++¢t
10 - e ZEUS 468 pb” + + é
- —Background fit
R ‘ | | | 1 Il ] 1 1 1 1
2 3 * 5
M,, (GeV)
4.11.20

A M (GeV)

ZEUS
10 — .
F - 1@
- | | -
() A= =
. g
AR g
tE i ;
"""""""""" e
PRI | i LT
| S |
1 1
1 \: : 1
2 25 3 3.5 4
M,, (GeV)
w
o
-
T
e ZEUS 468 pb™’ w

Y => J/ TUT—> HUTIT
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(] ¢|+

0 ' -
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QCD fit with xg;> 0.01 for inclusive data

NLO HERAPDF2.0 FF3A

------ HERAPDF-HQMASS
can improve - HERAPDF-HQMASS [DIS x_ = 0.01] H1 and ZEUS
low x charm Et, 19 ﬁi L @?=12 %%v" e
wea l.2 [*-. T ., B 7
slope 13 1 1 = il % ! N
(no longer 9% ol g T H?.* W ii? |
constrained FQ2=25GeV? e | ¥ _
by inclusive) 10* 10° 107 10* 10° 1072 10* 107 10?7
Bj
« HERANCe'p0.5fb™
I HEHAPDF?H%MASS[DISI = 0.01]
. o
bUT fﬂlls —— NLO HERAFPDF2.0 FF3A
t+o describe ---- HERAPDF-HQMASS H1 and ZEUS
low x *Eo% 120 Q? = 3.5 GeV? Q*=22GeV? Q% =150 Ge\?
inclusive data =, | 1 . -
-{bf‘ 1 -1 W— W—f?
-> not a solution 0.8 -+ | + | T
(bUT hinT) I dvvl vt v evd v el pvnml vl llluLl_l_l_LLLull_l_LLu.Lui_l_LLu.Lul_l_LLuuLl“ Cinml s voml gkl
10*10° 102 10"  10*10°10210"  10* 107 10?2 107,
Bj
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charm and
beauty mass
floating

gluon at x < 0.01
inconsistent
with

inclusive fit

4.11. 20

H1 and ZEUS

' ity 3 _ ] »
i gsp  HT18GeV (a)
;r o.8F 22 HERAPDF-HQMASS [DIS x,, =001]
E > HERAPDF-HQMASS
07E
0.6
0.5
0.4F
0.3F
0.2F
o.1F
ﬂ: I L1 IIII I LLLLL
10 10 102 107! 1
_ = H1 and ZEUS
A a 2
5 12} ue=19 Ge (c)
'E [ ¢, HERAPDF-HGMASS [DIS x, =001]

10" . HERAPDF-HGMASS

H1 and ZEUS
_u:=1.36e1.ﬁ (b)

X psl
T [ 5. HERAPDF-HGMASS [DIS x_ > 0.01]
- >3 HERAPDF-HQMASS

_ H1 and ZEUS
Hf 3 b= 1.9 GeV" (d)
4 [ oo HERAPDF-HGMASS [DIS x =0.01]

- < HERAPDF-HOMASS

10* 10 102 10r! o1
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FONLL-C fit of inclusive data

arXiv:1802.00064 (XFitter team):
FONLL-C inclusive fit (no charm) with and without NLLx resummation

personal remark:

FONLL-C inclusive fit with NLLx qualitatively consistent with FF charm

+ x> 0.01 inclusive fit (compare previous slide)

-> combine both worlds by applying NLLx to light flavours only in FF scheme?

H o o = 3.0 GeV" B [ @ =30GeV o % 1 @ = 3.0 GeV .
o wimin MNLOHNLLx oF L it NNLOH+MNLLx ' o s MMLOHNLLx e
= 0.8 ==NNLO - - et MMLO) o it NMLO)
g g g w
0.
0.
1.
0.
0.
0.
0. 0.
0.
TN IO 11 I T O 111 A I W 0111 W W W THY |
104 107 102 10" 11 10+ 10 102 10’ 11 104 10° 102 10 11

Fipure 3 The up valence PDF xu,. the gluon PDF xp and the total singlet PDF xX for the final fits with (NNLO+NLLx) and without (NNL()
In{ 1 /%) resemmation.
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CD fit

simultaneous NLO QCD fit of
combined inclusive DIS data (arXiv:1506.06042), Q?,...=3.5 GeV?
new combined charm and beauty DIS data

simultaneously fit PDF's (a la HERAPDF FF) in FFNS at NLO and
charm quark and beauty quark “running” masses in MSbar scheme
using xFitter [www.xfitter.org], 14 parameters (+1)
NLO DGLAP [QCcDNUM]and matrix elements [OPENQCDRAD], nf = 3
Ue = kg = VQ? + 4mg?, varied by factor 2 (for heavy flavour part only)

free m(m.), my(m,)
a(M,)nf=3 = 0.106, equivalent to a (M, )"=> = 0.118 + 0.002

fit uncertainty using Ax? = 1
-> HERAPDF-HQMASS
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Lesson: kinematic coverage

— ]

The EIC kinematic coverage strongly overlaps with

HERA, fixed target, and forward coverage at the
LHC (LHCb, also e.g. CMS after high luminosity upgrade)

HERA data were/are essential to disentangle and
calibrate the two x " branches' at LHCb

->

EIC data will have a similar essential role w.r.t. phase 2

LHC data; further enhanced by the availability of ‘nuclear’ data
vs. heavy ion collisions
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