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Outline
e |ntroduction Next talk: E. Gallo about
_ _ _ searches and electroweak
- The HERA collider and collider experiments physics at HERA

-  HERA kinematics
« Selected physics results in perturbative QCD

: : : Disclaimer:

- Inclusive cross sections, structure functions, PDFs
—  Heavv flavor production this talk is on HERA result, but

y reflects my personal opinions only.
There is a slight preference in
showing results from H1 rather than
ZEUS, simply because | know the
H1 results better. Please apologize
for that.
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The HERA collider

 Operated from 1992 to 2007

e Circumference 6.3 km

mé Integrated luminosity:
r about 500 pb™" per

- collider’'experiment e
* Proton: 460-920 GeV, Leptons 27.6 GeV mE / ] \
* Peak luminosity ~7x10% cm*s” o ] | Two collider

00 00 1500 . <
Days of running expe Il mentS. S

H1 and ZEUS

» Electrons or positrons colliding with protons :

11 integrated luminosity [pb™]
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* Lepton beam polarisation up to 40-60% (Sokolov-
Ternov effect, rise-time ~30 minutes)

~=— FElectrons / Positrons
~=— Protons
=AW Photon Radiation

Fixed-target, not
covered in this tal
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HERA compared to other colliders

CFNS workshop, May 2020

HERA at construction time: energy frontier
(Ep~Tevatron, E~7" LEP)

Detectors were designed for discoveries, not so much

for precision
EIC compared to HERA:

- Reduced center-of-mass energy x0.3
- Much higher luminosity x100

- Better lepton polarisation

- Target polarisation

- Heavy targets

- Much improved detectors: tracking, acceptance,
particle identification, forward detectors, ...
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The HERA publication harvest

Status: Feb 2020

Top-ten cited (excluding detector papers)

JHEP 1001 (2010) 109 H1+ZEUS 1000+ Data combination, PDF
Eur.Phys.J. C21 (2001) 33 H1 700+ Low-x, PDF, alpha_s

Nucl.Phys. B470 (1996) 3  H1 500+ Low-x, PDF
Eur.Phys.J. C21 (2001) 443 ZEUS 500+ Low-x, PDF
Phys.Lett. B315 (1993) 481 ZEUS 500+ Observation of diffraction

1 I Nucl.Phys. B407 (1993) 515 H1 400+ Rise of F2 at low-x
ZEUS 250 pUbllcatlonS Eur.Phys.J. C75(2015) 580 H1+ZEUS 400+ Data combination, Low-x, PDF
Phys.Lett. B316 (1993) 412 ZEUS 400+ Rise of F2 at low-x
. . . Z.Phys. C76 (1997) 613 H1 400+ Difffractive PDF
 Both collaborations are still active Z.Phys.C74 (1997)207  ZEUS 400+ High Q2DIS

and open for new members 500+ citations: proton at low-x and PDFs

250+ citations: total cross-section, diffractive PDF,
diffractive vector mesons, pentaquark

200+ citations: charm, jets, DVCS

HERA data are used mainly to study:
PDFs and perturbative QCD, low-x and diffraction,
transition from soft to hard QCD
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« Data are available for analysis at
DESY, including computing
infrastructure (batch system)
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The HERA detectors H1 and ZEUS

Liquid Argon calorimeter
Muon chambers o =0.5/NE, o_ =0.111E, -1.5<n<3.4

ead+fiber in backward (electron) direction
[SpaCal] o_ =0.07/\E, -4<n<1.4

( 1") tail catcher / muon chambers
o @ N _.___’__..
- [

solenoid |

41T em+had.
calorimeters

Drift-chambers

as main tracking
devices + silicon
vertex detectors

l='_i‘::guid argon calorimeter SpacCal

| L il _ electron beam il E proton beam
ZEUS (HERA) @) e BEE W——_"‘"& :Iéll
e

Urani intillat lorimet Asymmetric detectors
ranium-scintillator calorimeter Centre-of-mass system is

Ghad=0-35/\/E’ GEM=0-18/\/E’ -3.5<n<4  poosted to proton-direction
E,=27.6 GeV, E =920 GeV

e

Silicon
detectors

Central
tracker
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HERA boost visualized

HELMHOLTZ

“typical” DIS event in H1 detector

E_=27.6 GeV E =920 GeV

b f—

Laboratory system

CFNS workshop, May 2020

Proton beam limitg§bé<—
acceptance in g
target region

E,=160 GeV E =160 GeV
> =

ep center-of-mass system

S.Schmitt, HERA introduction

E_=54000 GeV
—— ’
Proton rest-frame
c.f. fixed-target

experiment




Processes studied at the HERA collider

HELMHOLTZ

e Neutral Current DIS (Deep Inelastic Scattering)

- electron in main detector

CFNS workshop, May 2020

Scattered
electron

Hadrons collimated
inajet Side view Transverse view

Large electron scattering angle (rare event)

Small electron scattering angle (frequent event)

Hadrons are spread all over

-:::-!-. I.— d
Electron beam = == =17 ] Proton beam
y »‘— o
Scattered
electron
S.Schmitt, HERA introductic.. 8
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Processes studied at the HERA collider

Scattered W

electron

. [r—————————————

- See next talk — ; % ((a))

E. Gallo | =>
* Charged current DIS
Hadrons coIIimated/’_,
- neutrino with high transverse e 4 Side view Transverse view
momentum (escapes detection) Neutral current (NC) event

’ Charged current (CC) event | hajance in transverse

plane — neutrino
7
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Processes studied at the HERA collider

 Neutral Current DIS

- electron in main detector R
e Charged current DIS R clostron i
detector
- neutrino with high transverse
momentum (escapes detection) Neutral current (NC) event
* Photoproduction Photoproduction (most frequent type of event)
- Electron scattered at very low

angle (not detected or scattered

into dedicated low-angle tagger) Electron beam Scattered

= electron is
not detected

CFNS workshop, May 2020 S.Schmitt, HERA introduction 10
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Photoproduction and DIS

 Main kinematic variable: negative

four-momentum squared Q2= —(e-e')? N e |
« Q? provides a natural hard scale for | e S@\ Seattored
perturbative calculations B electron n
» Deep-inelastic scattering (DIS): Q2>>O
- Perturbative QCD applicable Neutral current (NC) event

Photoproduction (most frequent type of event)
« Photoproduction: Q°~0
- Perturbative QCD works only if
there is another hard scale (jet, Electron beam
heavy quark, etc)

Scattered
= electron is
not detected

CFNS workshop, May 2020 S.Schmitt, HERA introduction 11
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Neutral current DIS kinematics at HERA

s>
8108 Atlas and CMS o
° i i i - 2 2: T Atlas a . .
Kinematic variables: Q?, x, y, Q?=sxy e ** = Kinematic plane Q2 vs x:
« Determine from 4-vectors of beam particles e, p, = wemo { Where does HERA measure?
scattered electron €' and hadronic final state X 10° .F WZ1Tev 7
' myvestcmm (e'p)  _(Xp) 105 & me
pe0:001 11— ) 1— ( ) y V= ( ) BCDMS
Ll_f"\*\; . ep ep 104 E665
EaRT "% 2 b
Typical low@?, . . electron sz Pr = 0 03
low-x event 4 1—y ’ %
« “Electron” method: y=y_and p_=p__ 10°

 Atlowy, the electron method is limited by energy 10
resolution, initial and final state radiation

— use y=y, (sigma method)

1

10
» Other methods also in use: double-angle, etc :

CFNS workshop, May 2020 S.Schmitt, HERA introduction 12
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Neutral current DIS kinematics at HERA .

7 Limited

statistics

=
) 8 Atlas and CMS
@10
. . . H . 2 2— ~ 2 . .
Kinematic variables: Q?, x, y, Q?=sxy Sl ' Kinematic plane Q2 vs x:
« Determine from 4-vectors of beam particles e, p, < why is there this funny
scattered electron e' and hadronic final state X 10° : shape?
@=B0iEe VAIRNES (e’ p) (Xp) 105 & me “LHC~
0:001 1 ———— y.=1-= (ep) Y= (ep) A g ;
— =710 | Iz ) P 19 :iz Limited by centre- ‘
Typical low Q2, ': —electron 0= Pr = 0 103 of-mass energy
low-x event i 1— y ’ sy : J_ﬁ.' —
- “Electron” method: y=y_and p_=p__ 0FE . ot
- Atlowy, use y=y_(sigma method) — hadrons 10 )
contributing to y, have to be within detector 1 / I|_‘|aSjro.n acceptance
] i i |r_n|tat.|on in proton
acceptance — low y / high x is not accessible e direction, electron
HERA is “low-x" because of acceptance 7 6 5 i | energy resolution &
10 10 10 | radiation

limitations in the forward (proton) direction
CFNS workshop, May 2020 S.Schmitt, HERA introduction

Angular acceptance in

electron direction

method is limited by

HERA = low-x

13
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Radiative effects

Kinematics of radiative photons
DIS, Q%1 GeV?, E(y)>100 MeV

 Radiation from electron line

- Initial state (ISR) ~— —
10* effectively reduces ;_
beam energy

2’ - Final state (FSR) a0

reduces measured ®/\_/

electron momentum — use calorimeter

10 - QED Compton E\l/es

corresponds to very low
1 “true” Q? at proton vertex é

e

azimuth wrt scattered electro

04—05—066 07 08 09 1
angle angle wrt beam [rad]

CFNS workshop, May 2020 S.Schmitt, HERA introduction 14




Radiative effects: HERA methods

HELMHOLTZ & msorceruncen

Kinematics of radiative photons
DIS, Q%1 GeV?, E(y)>100 MeV

FSR, QED Compton

:104 Radiation has two effects

J10° reconstruction is distorted

azimuth wrt scattered electro

. 04—05—066 07 08 09 1
angle angle wrt beam [rad]

CFNS workshop, May 2020 S.Schmitt, HERA introduction

Radiation from electron line has three poles: ISR,

- For a given event, the kinematic

— apply cuts, use “robust” kinematic
| R's reconstruction (Sigma method or similar)

- For a given class of events, the predicted
10 cross section changes wrt. the Born level

— radiative corrections, ratio of prediction
1 with and without radiation, model-dependent

15
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HERA physics topics

. ¢ \._’/e’
Electron | / Hard orobes: 71—
inclusive \ JetS heavy ‘
- Color-neutral probe, fhu.].o‘m: /\ flavour, photons / jetch
quasi-real photons | reactions |
Proton structure I
Proton \ e ~ HERA y \
- Source of quarks and - \ data Searches &
electroweak

gluons ~ softQcD

| particle production,

e e’ \ | | —
\ recmre_xclu_swe states, / pm<
\:qi)n d |ﬁ:ract|0n o qLI

® ®
CFNS workshop, May 2020 S.Schmitt, HERA introduction
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HERA physics topics

j et 3Gy b

Electron | | Hard probes:
Z1y o Jets, heavy
inclusive flavour, photonS jet,c,b

hadronic
final state =~ —

- Color-neutral probe,

source of virtual or Inclusive ~
quasi-real photons reactions
Proton structure | e
Proton and PDF HERA / \
data Searches &

- Source of quarks and
electroweak

4 \ -~ | See talk by

gluons
¢ | particle production, | - )
x?gf’_x Requiresa ' E. G.a.IJO —
%g | dedicated TN S
® » | long talk... . .
17
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Inclusive cross sections, PDFs

H1+ZEUS Data combination
Inclusive cross sections, PDF fit
Longitudinal structure function

CFNS workshop, May 2020 S.Schmitt, HERA introduction 18
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Deep-inelastic scattering at HERA

H1 and ZEUS
Measure Cross section as a function of Q2 — T —— T —Tg
> - :
High Q2 ~ 10* GeV? probes smallest distances S 10559 Neutral C‘j"e”t O HERANCcp04fb'
L = = ""ﬂ\mf 1/0 O HERANC ¢p05fh! 3
Combination of H1 and ZEUS data (41 datasets) = s By s HERAPDF2ONC €p 2
. ! - mesm HERAPDF2.0NC ¢'p 7
Neutral Current (NC): 2 10 1§C'harged Cur:ﬁt\s\%ﬂ% 2
- photon, Z-boson exchange b e, 8 ]
. . E 2 a2 2 TR O/ 5
- Cross section shape similar to 1/Q* ! F (0" +M;) '\%‘x“ ._ -
0= y<09 I\_‘K_ -
Charged Current (CC): - Ns =318 GeV LN QO\ -
N
E \\ E
- W-boson exchange M, =80.4 GeV | \ u
- Cross section shape ~1/(Q*+M,,?)? = W HERACCCpOSH \X O\ 3
[ e HERAPDF20 CCep \T \df_;
H|gh Q2 rare events ? mess HERAPDF2.0 CC ¢'p "‘\'l‘_;;-‘\:_\ \:\‘KE'
- Talk by E. Gallo 10-7 Lol 1 Lol L \
10° 0t ,
EPJ C75 (2015) 85 Q*/ GeV?

CFNS workshop, May 2020 S.Schmitt, HERA introduction 19
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Proton structure measurement at HERA .

H1 and ZEUS
«  Momentum transfer Q2 =
‘: . ® HERANC ep 0.4 b~
. . 10" : ~etp 0. ~1
« Second variable: Bjorken-x = e e 'SJLZE?ZL" i
: . o mﬁé s x“,.; 2 0:00013, 1219 O Fixed Target
* Cross sections depend on Q% and Bjorken-x P riireess M=0W@0 e HERAPDF2.0 €'p NNLO
Each 105[- "J..r"_':"'_,.., "xpy = 0.0005,i=16  mmmmm HERAPDF2.0 ¢*p NNLO
e 2 N B o casst b e
€ \./ Q2:_<e_e I)Z and x:Qi |S. ora 10 f :l.'____..--""-"'" m::f’:;{::lu
2p (e_e r) dlﬂ:erent X F rf.% Xy = 0.008, i=11
Zly . 103 s —emmrs Xgy = 0,008, 1=10
e : beam electron 4-momentum E o e meesseeeeern 300,120
X p : beam proton 4-momentum il GiapimdombnsnnneReTT e, __1_"‘”1:‘2';":;15
[ : e ' : scattered electron 4-momentum Fixed- f;:"__—r\-_ ——t=  x, = 0.05,i6
P} T e g gl = 0.08,i=5
PDF f(x,Q3 | target data | 10 3 \:::—‘ il \\\ T SR —_-—:-‘-_E-}’Jr ;= 013, i=4
_ . (L e TR T
 Interpretation in the quark-parton model: x is the T L
momentum fraction of the struck quark ol §
« Scaling violations: for fixed x, the cross section does sl 4 stk
change with Q? ] P P Y OV R SYOOY R
1 10 10 10 10 ll}2 5
EPJ C75 (2015) 85 Q7 Gev

CFNS workshop, May 2020 S.Schmitt, HERA introduction 20
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Structure functions and parton densities

CFNS workshop, May 2020

Cross section differential in Q? x is related to -
structure functions ”‘g e
TN o 1
d O 4 + ~ Y ~ c"’/ 2 ~
ne 0O JEY:G;NC:F21__XF3‘;—)}_FL ) 10°
dx dQ 27[(1+ ' Y+ \Y+ /
- 104
inelasticity y= 0"/ (sx) 2 Suppressed by y? 1
helicity factors: Y, =1+(1—y)
102
Structure functions are related to quark and -
gluon count in the proton 1

]32~Z xq +xg) valence plus sea quarks —» dominant
Q

Ot
F,~xg gluons

~

x Fy~

Z (xqg—xg) valence quarks — contributes

talk by E. Gallo

H1 and ZEUS

10

W Xy = 0.008, i=11
-
= 0.008,i=10

Xgy = 0.013,i=9

only at high Q2 *

@ HERANCep 0.4
®H HERA NCe'

Vs =318 GeV
O Fixed Target

0.00005, =21
Xy = 0.00008, i=20
X Jl_nmmls i=19

s Xy = 0.00020, i=18
= 0.00032, i=17

."r.-r-"'
-"::’::.c.ﬂc""' Xgy = 0.0005, i=16
X, = D.D008, i=15

" Xy =

[ Tl

=== HERAPDF2.0 € p NNLO
=== HERAPDF2.0 ¢'p NNLO

p 0.5 b~

- "".__..-r“" ]
; .:—._._..-0"""_-‘ %y = 0.0013, i=14
: 'W o=

0.0020, i=13

Xy = 0.0032, =12

_-‘W Xp;=
,—-M

Difference between
e'‘pandep
scattering: xF,
Visible only at high
Q2, because

~,) m,=91.2 GeV
1 Talk by E. Gallo

EPJ C75 (2015) 85

S.Schmitt, HERA introduction

xgy = 0.40, i=1

Xgy = 0.65,i=0

Q% GeV?

21




DGLAP and PDF fit: from HERA to LHC

HELMHOLTZ &&Hamseoroerunaen

QCD fit: extract PDF (i.e. quark and gluon 308 Atas and cus
densities) from structure functions oy Atlas and CMS repidity plateau
: Dokshitzer, Gribow . : e
Based on DGLAP equations Lipatow, Altarelli. Parisi Ams - Skt e s
Given the PDF as a function of x at one scale CI_? : zxUs
H 10 | NMC
M., DGLAP predicts the PDF at another scale y, 5 I
. . . D 404 E665
Factorisation: PDFs are universal: ep, pp, ... T - ‘
3 d 1”’ /
o,,=PDF(u , x)®| M [ +higher twist 2 ey
o ,,=PDF(u,x,)®PDF(u, x,)®| M| + higher twist 10 B g0l
) ] Q? large enough, DGLAP works : :
Measure at HERA — predict LHC cross section s = S
L _ Q? too low, DGLAP not applicable |
Within HERA: measurements at different p?=Q? i |
are fitted to the same PDF using DGLAP 10 |
W0 et e b m i 1

Variable x ———»
CFNS workshop, May 2020 S.Schmitt, HERA introduction 22
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ER

HERA and EIC kinematic reach

CFNS workshop, May 2020

L
HERA kinematic reach 2y S D AR 5 G
_ For |OW Q2<1 OO GGVZ %107 D0 Central+Fwd. Jets
- ~1 CDF/D0 Central Jets
low-x: 3x10°<x<3x%x107 L b
. . [ 5 . ]
- High-x is probed only for or high Q2 K ke
(but is statistically limited) 104 z66s
Nevertheless, HERA data is the 103 J
y =~ =6
fundament of all modern PDF 102
determinations il

The EIC is going to improve

substantially the precision at high x

Q? large enough, DGLAP works

Q? too low, DGLAP not applicable

-1
10

T 107 10>

S.Schmitt, HERA introduction

10 10 10 10

EIC

estimated range

= TR ] =
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HERAPDF NNLO QCD fit

; _ BlandZEUS
 Proton PDFs at a scale =10 GeV?, from NNLO % 12210 GeV?
QCD fit of HERA data (14 parameter fit)
: - 0.8 f i y
 The experimental uncertainties are small : m—-cperimental ]
| [1 mode| xu
[ parameterisation v
. 3 izati
At low x<10~, model and parametrization 98 el TRt ne j
uncertainties dominate
=, Gluon
« The high-x region is not measured well, only scaled 1/20
constrained by sum-rules and choice of igd R R, ]
parametrization Sea quarks .
: . scaled 1/20
— EIC data are needed to improve on this Valence
quarks
LT

]

1
EPJ C75 (2015) 85 X
CFNS workshop, May 2020 S.Schmitt, HERA introduction 24
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Data at low-x and DGLAP fit

« Zoom in at low-x, low Q2 \ H1 and ZEUS
52: Q'=2GeV? Q' =27 GeV* Q' =35 GeV*
» Theoretically and '
i i Q2 changes
experimentally challenging ot ol
: bpanels. | |
« Experiment: low-y — low Foragven | |
electron energy, background panel, the x- o |
dependence | |
« Theory: higher orders, Is shown gl
resummation, ... 2
H1 and ZEUS . Turn-over of o,
Gusf s SER - £ . : : ; : is not well
N T g'ttq“.a““; "Feinew | o@ament | w w o w uwi described by
] meo?glggiae:]tas  F i FEEte e " NNLO QCD fit
_ i ST et C C s =318 GeV —» structure
:_ 0 ACOTNLO,F, Oic) g _ |Ower Qz are L e Lo i . == HERAPDF2.0 NNLO :
b oA FONI,[,BNLO..F,%;){Q,‘} A RTOPTNLO,F, 0(c2) ] included : M v waj IunCtlon Fl_?
1.05 [ © FF3BNLO,F, O(c) © FF3ANLO,F, O(c}) ]
g : EPJ C75(2015) 12,85 O, y«=F,—~F,
! 5 10 15 20 25 Y+

CFNS workshop, May 2020 Quin/GeV’ S.Schmitt, HERA introduction 25




Measurement of F,

HELMHOLTZ & srorserincs

H1 and ZEUS

F.
04—

DGLAP fit probes gluon by scaling violations
F_probes the gluon more directly

0.2

2
~ Y
O, ne= =1

v y=0"/(sx)

HERAPDF 1.5 NNLO

@ HI
A ZEUS

| ABMI2 NNLO

H1/ZEUS compatible at
1-20

HERA measurements of
F : large range in Q2 but
Q?/x is fixed.

+ Bl crionnio B ~nEDF23 NNLO
F,~o, xg(x) direct probe of gluon density or L Mo Mg EPJC 74 (2014) 2814
o I 10 10? @ |GeV;]Oj PRD 90 (2014) 072002
Reasonable agreement of F_and predictions 104 i
% M =400 Gev .~
e , /
HERA: small energy range Vs=225-320 GeV,  10°

so only limited range of F _is accessible

HERA+EIC: possible measurement of F_

over a much large range — powerful test
of QCD

CFNS workshop, May 2020 S.Schmitt, HERA introduction

estimated range |
L]

10 1
X
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Hard probes: heavy flavour

H1+ZEUS charm and beauty data combination
Charm and beauty masses

CFNS workshop, May 2020 S.Schmitt, HERA introduction 27
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Heavy flavor and jet production

« Charm and beauty quarks or extra
partons are emitted in higher order
QCD processes

Example
contribution to
charm and beauty

« Sensitive to fundamental QCD production

parameters: couplings and quark
masses

 Measurement presented here
et Example
contribution to jet
production

- Charm and beauty structure
functions

CFNS workshop, May 2020 S.Schmitt, HERA introduction 28
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Charm and beauty data combination

« Combination of 13 datasets on charm
and beauty in DIS from H1 and ZEUS

» Experimental methods

- Fully reconstructed D or D* decays

- High P_ leptons from heavy flavor
decays

- Secondary decay vertices
« Accuracy of the combined data:

~5-9% for charm, ~15-25% for beauty

CFNS workshop, May 2020

-g“ﬂ - HiData ZEUS
o — TotalMC 1 Lo aamaa neananon R R e
& f_ ot ] 3 D*5K
E 5000 2ZEUS D 363
i ‘Wrang-sign combinatians
10‘- =3 : 4000 Signal region
i s -~ Background it (correct-sig)
'E 3000 ———— Background il (wrong-sign)
1w S S 000 [
: 1000 |- - 3 N(D*)=12893+ 185 =
. Sec.vertex . D7 mass peak
T B 145 150 155 / 160 165

S.Schmitt, HERA introductioB

S =) -
SV distance signif;?am
® HERA B H1VTX

i
MKz -M{K=) (MeV)
A H1 D* HERA-II
© ZEUS p2005 O ZEUS D 98-00 A ZEUS D* 96-97

+11 more
HERA (H1
or ZEUS)
analyses

»

& ZEUS D’ * ZEUSD'HERAUl + ZEUS VTX H1 and ZEUS
'Sg T L T T LI B S I | |
" Q? = 32 GeV?

i Example:

T charm data
combination
at Q2=32

{ GeV?

EPJC 78 (2018) 473
T

i 29
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Structure functions with charm, beauty

0.2
0.1

0.4}
0.2

0.6

0.4l
02f

0.6

0.4}
0.2+

o3l

Heavy quarks are produced mainly "= i v ook R i
. . Ziy e NLO ABKMOS9 wooen NLO ABMP16
N bOSOh-gluon fusion = appr. NNLO ABMP16 H1 and ZEUS
5 e i ) R % ; =
Theory is challenging: multiple hard =g 1?} ......... S S
H - |31§ : -.-,..-. 1o 'i......t; .................
scales, massive particles, etc ; = bosf —_—Q,:-;J-(;;v,? e
® HERA B nLO HERAPDF2.0 FF3A ; ) =12 GaV? Q= . i %
::::‘:n:h:?:iwms wens NLO ABMP16 H1 and ZEUS Shape in Xis E ;‘:-
L R T L _ not described - R i . 0
g T i | Q?is changi erfectly. I, SEICIEi FEERLAE
““‘l-..._. T “""»..,H T \\ (blet:/?/ece:ngmg (p:OUId bye = 60 GeV? .;_02=120L‘ie\12 .'_-_02=2ouaev2 “_:
| o2 =12 Gev -:-0=|85e “o = 32 GeV ] Subpanels related to _.-:‘.,*’"_ I-_,-’_._ - sl
B ' Sjgganel difficulties in = = :

I-0® = 60 Gev? 0 = 120 GeV* + Q% = 200 GeV® < g n - 350 GaV? . 2_ BEne

1 1 | showns the x | describing i ra : ; "
_ 1 t ™ dependence | inclusive DIS o g
Pelere e PO T B Yo M data (see _ phgrm Ratio to 'Ithor:y il

_ arm d"ta j previous slides) [1o* 107 107 0% 107 107 100 100 107

L RT- BT Eamrearreare EPJC 78 (2018) 473
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Structure functions with charm, beauty @

A s LOWERMPOROFRA M1 and ZEUS
» Probability to produce heavy quark o i Hia
depends on its mass
0.005 - +
~—F_ ‘\%\\H :
0_04_o’=12mv’ __u’;?éaev’_' i __Q’=£Ge\l‘!ﬂ -

— can extract quark masses m_and
m,_ from HERA data alone:

0.02 - M =+ \\- + {\‘i“ J

Q* = 60 GeV* @ = 120 GeV® @ = 200 GeV*
ERA —— NLO HERAPDF2.0 FF3A 0.04 [ ]
. +0.077 s HEand ZEUS. ) I 1 .
mc (mc> - 1 .290_0053 '%3 aa:_q’.zsaev’ _:_o‘-saev’ __o’,me\r’ 1 i o :{‘E“ o ";\j\“ - :d 3\
+0.138 fom I ™ ] . {Beautydata
— 0.4 Ba 4 * 1 .
m,(m,)=4.04975 s B W R \
s TREERT 1 T : 10 10° 102 104 10° 10° 0% 10° 10° .
: . 0.2F + : - e Bl
Paril::Iz:féaogrSOépv 0,5-0“;6::-:‘.‘..\“\‘ .‘.o’=|zo:\..o’=mmvﬁ 4 EPJC 78 (2018) 473
m_ =1.20%0. e sl \ 1 \t\\ ]
m, =4.18+0.03 GeV 0.2f I 1 ]
° e R e v \:\t Data are statistically limited —
= ICharm data looking forward to have
02} N - 5 precision data from EIC.
10¢ 10° 107 10° 10° 10° 10° 10° 10° Xg
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Summary

« HERA: operated 1993-2007, still with active analyses

* New members are welcome in H1 or ZEUS, to contribute some of the
studies we missed in the past

« Kinematic reconstruction: forward (proton) acceptance and photon radiation
from electron line together limit the accessible range in (Q?,x)

— improvement at EIC expected from 3% lower centre-of-mass energy (at
same Q? access ~10x higher x) and from better detector acceptance

« Some highlights from HERA combined data: inclusive cross sections, PDF
fits, charm and beauty production in DIS

CFNS workshop, May 2020 S.Schmitt, HERA introduction 32
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Backup slides
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Accelerators for particle physics at DESY .

« DESY was founded in 1959

« (German national laboratory for particle physics, accelerators, synchrotron sources

* Accelerators for particle physics

- DESY 1964-1978 [6 GeV]

Since 1978: used as pre-accelerator only

- DORIS 1974-1992 [e*e” Vs=12 GeV] §

1992-2012: used as synchrotron source : iierchce- B

- PETRA 1978-1986 [e'e” Vs=45 GeV] [t ZEItmuup e = =

1990-2007: pre-accelerator, since 2009 synchrotron source

- HERA 1992-2007 [e*p Vs=320 GeV] &
« DESY accelerators in 2020

— photon science

2 ~5 miles to
=== city center

CFNS workshop, May 2020 S.Schmitt, HERA introduction 34
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The Sigma method

» Kinematic reconstruction using four- * Electron method: 2E,—E, (1—cos®,)
vectors (neglecting p and e masses): Ye= 2E,
:1_(Q’P> y :(Xp) Q’=2E,E_ (1+cos0,)
‘ (ep) " (ep)
, p? 0’ - ISR effectively changes beam energy E
Q= -y — very poor reconstruction of low y
* HERA frame: electron beam along -z . Sigma method: estimate effective E
axis = ratios of fl-vec?tor prpducts from data and get y from hadrons
result in expressions involving (E-p,)
_ Take Q? from
For electron: (E-p ) =E_(1-cos 6 ) 2=(E=p.)+(E=p.)y electron method
(E-p.), (eZ) or use X also in
Low Q* (E-p,), is close to 2E, RS S the Q* calculation

CFNS workshop, May 2020 S.Schmitt, HERA introduction 35
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The HERA “discovery”: rise of F, at low x

H1 and ZEUS

 Discovery in the early HERA data: structure S [ @eze | @G | @easee | @isscey
function F, rises strongly at low x o1 b o O

At the time: a surprise L A e A e T

@ = 8.5 Gel® Q@ = 15 GeV® § i, '
& 1 T T o 4 T 1 1 ) * . i '!.

* Impressive wse 1| 1 et v -
improvement in Sl SR Lo tsee T ot | omeet | glomeer
precision — it took ) IR s ’\_\ N . |
>20 years to o= PO R Sl - S 2015: 1. 3% uncertainty -
achieve this fo=7 10~ fo=7 i YL Qo3scev | Q=456 | Q=606 | QP=70GeV:

! ;]993 25% UnClﬁrIalnty a1 }Xy\ \
af I _ | : /0/_ I’=. " ;I-" I_-I. Ziz 20 Gev? 0 10 “ ”m'-‘l | II:J" I
N, ] 5! l 1 ;L ® HERANCe'pO5Sf!
R W ] ik T Vs = 318 GeV
g S R R SR == HERAPDF2.0HiQ2 NLO
?0-*' :o:--'f :(;-2 10-1 ?U"‘ 10-3 .'(}-2 101
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Towards the best precision: data combination

Data Set xpj Grid F[GeVT) Grid L [efe | +F g Q7 from | Ref.
BRI et ol fom e e | from o | pb! | | Gev equations
HERA 1 E, = 820GeV and E, = 920 GeV data sets

" N HI svx-mb[2] 95-00 0.000005 0.02 0.2 12 2.1 e‘p 301,319 13,17,18 [3]
° M t f I p H1 low 02 [2] 96.00 | 0.0002 0.l 12 150 22 | ep |301,319 | 131708 | [4)
easurements Of INnClusive processes H1NC 94.97 | 0.0032 0.65 150 30000 | 356 | e'p 301 19 5]
. . H1 CC 94.97 | 0.013 0.40 300 15000 | 356 | e*p 301 14 5]
have been pUb“Shed N a total Of H1 NC 98.99 | 0.0032 0.65 150 30000 | 164 | ep 319 19 61
H1 CC 98.99 | 0.013 0.40 300 15000 | 164 | ep 319 14 6]
H1 NC HY 98.99 | 0.0013 0.01 100 80| 164 | ep 319 13 7
HI1 NC 9900 0.0013 0.65 100 30000 65.2 e'p 319 19 71
41 H1 and ZEUS papers i cc oo | o5 0w | 0 tw | e | ep | o | i | D
ZEUS BPC 95 0.000002 000006 0.11 0.65 1.65 e'p 300 13 [11]
. . ZEUS BPT 97 0.0000006  0.001 0.045 0.65 39 e'p 300 13,19 [12]
ZEUS SVX 95 | 0000012 00019 0.6 17| 02 | & 300 13 [13]
« Data have been combined to a uniform L e e e L
ZEUS CC 94-97 | 0.015 0.42 280 17000 | 477 | e'p 300 14 [15]
H ERA dataset EPJ C75 (201 5) 1 2 85 ZEUS NC 98.99 | 0.005 0.65 200 30000 | 159 | ep 318 20 [16]
. y ZEUS CC 98.99 | 0.015 0.42 280 30000 | 164 | ep 318 14 (17
ZEUS NC 99.00 | 0.005 0.65 200 30000 | 632 | e*p 318 20 (18]
ZEUS CC 99.00 | 0.008 0.42 280 17000 | 609 | e'p 318 14 [19]

- Measurements of NC and CC for both [z =swevaie
HINC 15 03-07 | 0.0008 0.65 60 30000 | 182 | e'p 319 3,19 | &
+ - . — H1CC 15 03-07 | 0.008 0.40 300 15000 | 182 | e*p 319 14 )!
e p and e p Scatte rlng at '\/8—31 8 GeV HINC 15 0307 | 0.0008 0.65 60 50000 | 1517 | ep 319 13,19 8!
HI CC 19 0307 | 0.008 0.40 300 30000 | 1517 | ep 319 14 181!
H1 NC med Q% % 03-07 | 0.0000986  0.005 8.5 %0 | 976 | ep 319 13 [10]
+ . HI NC low 0* ** 0307 | 0000029  0.00032 25 12| 59 etp 319 13 [10]
- Measurements of NC e"p scattering ZES NG P R L T AR R
ZEUS CC 1% 06-07 | 0.0078 0.42 280 30000 | 132 | e*p 318 14 23]
at \/S= 225 252 300 31 8 Gev ZEUS NC '# 05-06 | 0.005 0.65 200 30000 | 1699 | ep 318 20 [20]
y y y ZEUS CC 1S 04-06 | 0.015 0.65 280 30000 | 175 | ep 318 14 21]
ZEUS NC nominal * 0607 | 0.000092  0.008343 7 110 | 45 | e 318 13 [24]
L. o/ ZEUS NC satellite *¥ 06-07 | 0.000071  0.008343 5 110 | 45 | ep | 318 13 [24]

HERA IL E, = 575GeV data sets
* Precision better than 1.5% is reached for L2z %W
HI NC low Q}' 07 0.0000279 0.0148 1.5 90 59 e'p 252 13 [10]
Iarge pa r'tS Of the data ZEUS NC nominal 07 | 0000147 0.013349 7 10 | 7.1 | «p | 251 3 241
ZEUS NC satellite 07 | 0000125  0.013349 3 g0 7i | e 251 13 [24]

HERA I E, = 460 GeV data sets
HI NC high 07 07 | 000081 0.65 35 80| 118 | ep 225 13,19 @l
H1 NC low Q2 07 | 00000348 0.0148 1.5 o0 | 122 | e*p 225 13 [10]
ZEUS NC nominal 07 0.000184 0.016686 T 110 13.9 e'p 225 13 [24]
ZEUS NC satellite 07 | 0000143  0.016686 s 10| 139 | & 225 13 [24]
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The power of combining

: H1 and ZEUS
 Atotal of 2927 H1 and ZEUS g e HERANC ¢'p 0.5
measurements are averaged to about © 16} Vs =318 GeV
1307 combined reduced cross sections e e
1.4 ¢ ZEUS HERAI
* Up to six measurements contribute toa s
single point :
1 xp; = 0.008
« Systematic uncertainties and their
cross-correlations are handled 08 [ i
consistentl éév il
y 06 e %w?"img‘ %%g; Xpy = 0.
o Better th%n 1k'5% precision is reached ol Tl Rl erblibeMRRE N L L oo
ver a wi iInematic ran
over a wide kinematic range L m&%“?“o
» Excellent data consistency: Shown here: e*p data, PF oo
@IN, .=1687/1620 Vs=320 GeV at S R St R
o selected values of x Q¥GeV?

EPJ C75 (2015) 12, 85
CFNS workshop, May 2020 S.Schmitt, HERA introduction 38
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Transition to photoproduction

At HERA, both deep-inelastic
scattering (Q#>0) and photoproduction
(Q%=0) can be measured

Can map the transition region, where
Q2 is very small

challenge for perturbative calculations

Perturbative QCD
High Q%»1 GeV? High energy W»Q

Q2 evolution: DGLAP W-dependence:
equations Regge trajectories

Regge theory

W= (q+ p)2 =Q2 (l/x— 1 ) photon-proton energy

CFNS workshop, May 2020

+

Gr. NC

0.4

H1 and ZEUS

EPJ C75 (2015) 12, 85

L Q*=015GeV? | Q¥=02GeV? [ Q*=025GeV? | [
F
Sony I !.l!
- s BT i - wi o i
- QY=0.35 GeV?
“IIIIII‘ IIIIJ IIIIII| IIIIIIJ IIII:J .II IIJ .IIIII‘ 11 IIJ IIIIJ IIiIIJ .IIIIII‘ 111 J [NTT1T AT J (1T | .I'IIIJ III-J IiIIIIJ IIIIIJ IIIIIJ
Q=04 GeV? Q*=05GeV> [ Q*=0.65GeV’ [ Q’=0.85GeV’
B l EEie s,
t i
b . h . [ - .5 = ! 1 | |
! L | L
IIIIII IIII‘ IlJIIIl IIIIIIJ IlJI'J _II IIJ =IIIII‘ Ll I]J IIIIJ II'IIJ _IJIIII‘ L1l J Luum 11 J Luus _I'IIIJ III=J IlJIII‘ IIIIlJ IIJII‘
- 0% 10® 105 107
Q' =126GeV? | QP=15GeV? Xg;
#, f- =
LT 'g‘ e HERA NC¢'p
' * Vs=318GeV
b | HERA data at lowest Q? can
s 10? w1t not be included in PDF fit
X,,.
Bj

S.Schmitt, HERA introduction
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Fit of photoproduction and HERA DIS data .

HELMHOLTZ ¢

CFNS workshop, May 2020

%(a)

Tensor-pomeron model
(Ewerz, Maniatis,
Nachtmann) ann.phys 342 (2014) 31

plp,A)

Coherent description of
photoproduction and low-x
DIS data

Fit three trajectories and Q? dependencies

DIS cross section:
forward virtual
Compton scattering
amplitude

B e . +0.0088
W= where €,=0.0485_, 000

Reggeon

Hard Pomeron ~w*“ where €,=0.3008" v

Soft pomeron ~w?*“ where €,=0.0935" 0es

Compatible with canonical DL intercept a,=1+¢=1.0808
Good fit quality: x*/N,_=587.9 / 536 (probability 6%)

2
1la) 5 08

04F

0.2

0.8fF
061
041
0.2f

0.8f

0.6
0.4

0.2f

Q%=0.15 GeV® [ Q°=0.2GeV® | Q°=0.25GeV® [ Q°=0.35 GeV’
Subset of
WWW,/—L HERA
Q? GeV? F QP GeV? F Q° G- = E R GeV? DIS data
=0.4 GeV =0.5 GeV =0.65 GeV' =0.85 GeV
- - it = atlow Q?
e et wrt. W
1.2 Gov 100 200 00 200 00 200
W [GeV]
‘/V'J/l——'{\ HERA DIS (5=318 GeY 5'1 - T
T B .,f:;;;,mna '_'9_2507 [ Tensor pomeron fit o, i
O eEr o3 | B Reggeon exchange contribution
700 200 200F « FNAL tagged photon beam n
W [GeV] = Astroparticle data A;
PRD 100 (2019) 114007 |5 Stus
HERA photoproduction  1go- 5

data: W~200 GeV

EIC data can bridge the
gap to fixed target in

photoproduction

S.Schmitt, HERA introduction
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Tensor pomeron fit at larger Q?

HELMHOLTZ & Rsroerunan

& |Q=15GeV? [ Q%=2GeV? Q°=2.7 GeV® | Q°=3.5 GeV*®
- HERA data at Vs=318 GeV, Q221.5 GeV? 1 e ”/ﬂﬁ//ﬁﬁr
* Described well by the Tensor pomeron fit el ot el i iel Bonin itk
|5l Q’=45GeV* | Q=65 Gev"/_  Q°=8.5 Gevz/  Q*=10 Ge\F/
« Soft pomeron contribution is significant even /ﬁ/m/—’*«:«/—\
at Q=10 GeV? i | S g —
2 QP=12GeV? [ QP=15GeV? [Q’=18GeV’ |[QP=22 GeV®
1.5¢ .-/"./.f 2 ,.»/// 1 / /
. . . . 1 i :
« Could be an indication of sizable non- a/ﬂ\/ﬂk/mw
. . . —TP | e | ——————y —
perturbative contrl_butlons to the DIS data P LT T T T
relevant for PDF fits 15-/*//
b _
(e.g. HERAPDF fit includes data at Q%=3.5 GeV?) s
2f P70 GeVZ _ F Q=90 GeVZ | 100 200 400 100 200 300
15} ™ 5l ; e
' =i PRD 100
0s} :vﬂm“’:n}w, (2019) 114007
CFNS workshop, May 2020 S.Schmitt, HERA introduction a ol ok [Gﬁ 41
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Jet production in the Breit frame

Scattered

« Hadrons are emitted in jets electron

* Interpretation: a parton is scattered off zrmnts_:_,;i; UD% H
the proton and fragments Rt

* Breit-frame: Lorentz-transformation to
have proton remnant and current-jet E;ﬁ:::tz el
well separated J

Side view Transverse view

« Measure the emission of further jets
which have P_>0 wrt expected current scattered

electron
jet direction

Laboratory frame

scattered
electron

current proton

€ proton

proton electron

proton
remnant remnant

jet
electron

Breit-Frame e

jet

CFNS workshop, May 2020 S.Schmitt, HERA introduction 42




Jet cross section measurements

HELMHOLTZ & msorceruncen

]
ala,,

« Jet production measured as a function of
Q? and the jet transverse momentum P .

11=QP< 16 GaV* 7 3‘-: 16 < Q%< 22 GeV*

’g;g 55c0 RO ’g:g= Bis P 1108 L 11coic Boev ’{}{,: 16 0Fs 220V 5 7 10 20 30 5 7 10 20 30 5 7 10 20 30 5 7 10 20 30
i £ ""—|_|_I_‘- X 7 P [Gev] P [Gev) P [GeV) P [Gev)
= 1) = 1] 1) - 1] .
s, ) £ ¥ et 218 2ccmcev § F1%F  socoicszcev | F 1 s2<cicsocev 1 218 e0<aisocev
B B S ° 1.8 4% 15 ° 14 15 18

Zi0 S0 S04 S 15 e o

i3 o A Example 4 ° e 1. 14k

T e m T e mm ; ) -3 1288

B M * graph for jet
; production

¥ r \ 2 .3 R k . . .3 :
-':g: n:E ': n:a 5 7 10 20 30 5710 20 30 L 1] 20 30
i i -‘_ i P [GeV] Py [Gev] P [GeV]
5 7 10 ?D‘Z.%ﬂ 5 7 10 m-sn 5 7 10 21!"-*\)1/'/’ 0 m‘sn ~— A . 9 1 N \,(? 9 1 - o 9 1 8 m =
P If‘-ﬂ‘l}_"r L3 K‘»‘\ﬂrw T [0e! o P [GeV] x H1 |I"IC|USIV9 ]EIS & 150 < Q"< 200 Ge & 1- 200 <CF< 270 GeV 1 -6 270<Cr =400 GeV
H1 Inclusive iETS 5 10 1500200V S oip 0T 2Te J F pf 20000 il = e
‘é IP’ 3 16} li ﬁ F - 1.
= = =4 $ H1HERAI 1.

Eur, Phys. J. C75 (2015} 65

*HthHJ\.]I = 1 //‘$ = 1l
--n'on-' -“13‘_ -";-1'3‘.‘-—“"1.. .
e “}ﬁh—lﬁ—" i Qincreases || Accuracy: 1-2% | | pyena

EPJC 76 (2016) 1

ystamalle uncenainty :g.'.ﬁ - — b R 6 10 9 \
sgs, gt s between plus 2.5% \ systemat uncerainy

© EPJC 75 (2014) 65 #%

woorman, 5 mraemaer |5 e imen | § tfaesnn{  SUDfiQUres aati '
B 2T St It 9 normalisation R

£ £ 10| eV]
25 NNLO @ hadr. cor. 5 m'_ Erm_‘. z m_'. aoa = =
;me 46 g:g--;< g P - . . A & B 400<Q*<700GeV? ig 18 700< Q?<5000GeV* i¢ 1-BF 5000 < 0%« 15000GeV?
. cor. ;EE %Eﬁh‘_‘—l—l— %EE"""-—LH_ ACh|e.V?d with -NLO®hadr cor. c 11 L : e :_“?
e @3 e 0 o Ve 10 o Sophlstlcated ==+ NNLO & hadr. corr. 1. 1 1.2
o e o folding technique o =
. un — aNNLO @ hadr. corr. 2 i b
Each subfigures shows the P_dependence y o4
Ratio to NLO®

0 20 3040 10 20 3040

Steeply falling cross section — look at ratio to theory NNLO also Shdn | it huch batter to data ooV
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Measurement of a

- Fundamental parameter in QCD: coupling a_

« Coupling is running with the scale p?>=Q?+P_?
c.________._‘-___..--“'

* Probe this
running in a
single experiment

« Extract the
coupling at the
conventional
scale y=m,

CFNS workshop, May 2020

0.15

0.10

D3

N

£ o012

g 0.11
0.10

LR LR | d " LIRS SR L |
B World average [ppG1s]
e H1 jets (nnLoy)
o H1 jets [NNLO] (icam,) )
*» JADE 3-jet rate [NNLO+NLLA+K]
+ ALEPH Y, (Dissertori, et al) [NNLO)
= OPAL y,, NnLO)
GFitter EW fit (vLoj o
+ CMS inclusive jets 8TeV nLO]

H1ana NNLOJET

_::::]I —t—t—t— }I;: — + 5

£ luﬁu R G

i 4 T{-JTTTTTE

6 10 30 100 300 1000
ug [GeV]

S.Schmitt, HERA introduction

as determinations in NNLO H1ana NNLOJET
ABM ——
ABMP —e—i
BBG ———
HERAPDF2.0Jets (o) : —
JR : ® -
NNPDF | ——i
MMHT —e—i
Pre-average DIS pocis) ————
H1PDF2017 —e—+
Hidets @>2m,) +—o—+
H1Jdets (> 28Gev) = &
H1dets @>42Gev) | o
World average [poa1e T
L 1 1 | | 1 1 1 | | I 1 1 | 1 1 ]
0.11 0.115 0.12
EPJC 77 (2017) 791 ‘ﬁmz)
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