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Outline

 Discussion of the HERA collider and detectors
e Measurements of inclusive DIS
A few other selected HERA measurements

(Attempts are made to connect with JLEIC on some slides)
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The HERA collider

« So far the only ep collider, Two collider experiments:
operated 1992-2007 H1 and ZEUS

« 920 x 27.5 GeV (Vs=318 GeV)

 Two collider experiments, H1 i
and ZEUS

e |ntegrated Luminosity:
~2x0.5 fb™

« e'pandepdata

Angular coverage with EM+had
calorimeters to [n_ |k4

Tracking in the central region [n_ [k2
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HERA compared to other machines

* At construction time: a machine at the
energy frontier (Ep~Tevatron, E~"

LEP)

« Detectors designed for discoveries
(e.g. leptoquarks or excited e), less so
for low P_physics

e Luminosity 1.5x10%cm™s™ (Upgrade in Kz é
2001-2002: factor 5 improvement) f

* Lepton beam polarisation by Sokolov-

Ternov effect
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The HERA detectors H1 and ZEUS ‘

Liquid Argon calorimeter
o, =0.51E, o_ =0.11/VE, -1.5<n<3.4

Lead+fiber in backward (electron) direction
paCal] o =0.07/VE, -4<n<1.4

Muon chambers

Drift-chambers as
main tracking
devices + silicon
vertex detectors

SpacCal

Software :SDRC-IDEAS level VLD
ZEUS (HERA) Py Casn ot

backward
silicon
tracker

Uranium-scintillator calorimeter
o =0.35/\E, o_ =0.18/\E, -3.5<n<4

Central
tracker
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HERA inclusive measurements

« Select events with electron (neutral ~ Neutral Current (NC)  Charged Current (CC)
current) or with missing transverse ¢ ¢ e —
momentum (charged current) 71y W

* Kinematic variables Q? and x-Bjorken ; - @/\\

X X
* Double-differential measurement of ™~ o~
the reduced cross section O, Neutral current reduced cross section:
2 =+
« Corrected for QED radiative effects d 0ch Q4"2Y =0 chﬁzlixﬁ3—y_2F~L
dxdQ” 2o, ’ Y, Y,

» Reduced cross sections: related to

: Charged Current reduced cross section:
structure functions

d’occ 2mx [MiVJ“Qz]z:oi =Y W, FY_xW5—y'W;
» Case of lepton polarisation — not dxdQ® G: ' M} e
discussed in this talk helicity factors: Yizli(l—y)2
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HERA and Proton PDFs

5. 4 Original plot taken from PhD thesis J.Kretzschmar |
* Inclusive cross sections probe proton parton :310 3 M A6 TV
density functions (PDFs) f(x,u=Q) 107
.
« HERA: 0.05<Q?<10° GeV? and 10°<x<0.6 RS
105,

 Inclusive cross sections from HERA are the 5
backbone of all modern PDF determinations,  10*
using DGLAP for NLO or NNLO QCD fits 108,

— large impact on LHC physics 102

)
Y=
,
,

M = 10 GeV

 JLEIC: overlap with HERA, expect substantial 10 i
improvements at high x :

— inclusive measurements are an important ;- STt range
part of the JLEIC physics program e

10 10 10 10 10 10 10-1 X1
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HERA kinematics for neutral current

Kinematic variables: Q?, x, y, Q?>=sxy

Determined using scattered electron
and hadronic final state

electron (e ’P) (Xp)
et y.=1- V=
N ==I (ep) " (ep)
j;' _J//%H . pr O
it Q_]—y’x_sy

“Electron” method: Y=y, and P.=P;

Allow y, use y=y_(sigma method)

Other methods: double-angle, etc
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Statistically
2~ 1 limited at
€ high Q2

proton direction,
Electron method

>
D, ~8
610 TR 7y
5 HERA phase-space limitations ™
107 i
106 . . <1 TeV
: Limited by, centre- -
107 of-mass energy -~ .
104 and electron /
energy threshold ~~ _° p
1 O 3 I, I(,/ II/' II/,
)
2 ; ;
10 M = 10 GeV
10
1 f7_ Hadrons lost in
A JLLI
10 estin

07 Aql(gulaq@e eg)tancgoim
electron direction
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Charged current kinematics

<\|> FT T
« CC kinematics is reconstructed from hadrons &10°
alone: moderate resolution B,7
108
105
104
¥ 103 , |
. . . . 2 /1/ ,/, ',-’ / " ! “ () ’ /’/
« HERA CC analysis is limited to large /“’MW
2 2 [ | 7 \;\‘.,.,.,o,,,q‘.g&./
P, ...215 GeV, or Q22200 GeV o | SC
« Data-driven analysis of systematic effects: "
use neutral current events and remove the 1°_1L ‘ " Sstimated range
electron (at H1 called “pseudo-CC events”) 07 10° 107 10t 10 10? w0"

JPOS17, September 2017 S.Schmitt, HERA proton structure 9




Reminder: the HERA discovery

. _ H1 and ZEUS
« Discovery in the early HERA data: structure ¢ oot | @eareet | @masce | gimasee
function F, rises strongly at low x N b, b, L
* Atthetime: a surprise = N Ot T s o T S
- 5 Ce | - 4( 7-)‘ GeV ‘ )
e Impressive T ¥ : .
improvement in R ; e [ omen | Gomewt [ glomoat
precision — it took % S 1
>20 years to S P S R | |
. . 0t 107% 1072 107 0= 107 1072 107" o | vod vod vl el o vod ol ol bl cod ol ol ol b cowd ol ol 1
achieve this o 1993 e
< I I ' ' 1
Shown here: F, (1993), I B B e eprv 2 e Spvoorr 3 B T T TR T
reduced cross section (2015), h: Mi | 1 i S o HERANCe'poSH” P
as a function of x, in bins of Q? Tes "‘*4\\ Vs = 318 GeV
Yo 0 102 Ho- foi 10 10 1077 0 Lol v e T M == HERAPDF2.0HiQ2 NLO
Nucl. Phys 'B407 (1993) 515 - oo * %, EPJCT75(2015) 12, 85
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HERA data analysed over two

decades

 Measurements of inclusive NC and CC
processes are published in a total of 41
H1 and ZEUS papers

 Data are combined to a uniform HERA
dataset: EPJ C75 (2015) 12, 85

» Seven combined datasets:

- Measurements of NC and CC for both
e'p and ep scattering at Vs=318 GeV

- Measurements of NC e"p scattering
at reduced Vs={225,252,300} GeV

JPOS17, September 2017

Data Set xgj Grid 0%[GeV?] Grid L et /e Vs xgj,0? from | Ref.
from to from to | pb! GeV equations

HERAIE, = 820GeV and E), = 920GeV data sets
HI svx-mb [2] 95-00 | 0.000005  0.02 0.2 2] 21 e'p [ 301,319 13,17,18 31
Hl low Q?[2] 96-00 | 0.0002 0.1 12 150 | 22 ep | 301,319 13,17,18 [4]
H1 NC 94-97 | 0.0032 0.65 150 30000 | 356 | e*p 301 19 [51
H1 CC 94-97 | 0.013 0.40 300 15000 | 356 | e*p 301 14 [51
H1NC 98-99 | 0.0032 0.65 150 30000 | 164 | e p 319 19 [6]
H1 CC 98-99 | 0.013 0.40 300 15000 | 164 | ep 319 14 [6]
H1 NCHY 98-99 | 0.0013 0.01 100 800 | 164 | ep 319 13 [71
H1 NC 99-00 | 0.0013 0.65 100 30000 | 652 | e*p 319 19 [71
H1 CC 99-00 | 0.013 0.40 300 15000 | 652 | e*p 319 14 [7]
ZEUS BPC 95 | 0.000002  0.00006 0.11 0.65 | 1.65 ep 300 13 (1]
ZEUS BPT 97 | 0.0000006 0.001 0.045 0.65 | 39 etp 300 13,19 [12]
ZEUS SVX 95 | 0.000012  0.0019 0.6 17 | 02 e'p 300 13 [13]
ZEUS NC [2]high/low Q>  96-97 | 0.00006 0.65 27 30000 | 300 | e*p 300 21 [14]
ZEUS CC 94-97 | 0.015 0.42 280 17000 | 47.7 | e*p 300 14 [15]
ZEUS NC 98-99 | 0.005 0.65 200 30000 | 159 | ep 318 20 [16]
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 | 60.9 | e*p 318 14 [19]
HERA I E) = 920 GeV data sets
HINC 157 03-07 | 0.0008 0.65 60 30000 | 182 e'p 319 13,19 8]
H1 CC 1% 03-07 | 0.008 0.40 300 15000 | 182 etp 319 14 [8]"
H1NC !5p 03-07 | 0.0008 0.65 60 50000 | 1517 | e p 319 13,19 81!
H1CC 7 03-07 | 0.008 0.40 300 30000 | 1517 | e p 319 14 81!
H1 NC med Q* *¥3 03-07 | 0.0000986  0.005 8.5 9 | 976 | ep 319 13 [10]
H1 NC low Q* "3 03-07 | 0.000029  0.00032 2.5 12| 59 e'p 319 13 [10]
ZEUS NC 06-07 | 0.005 0.65 200 30000 | 1355 | e'p 318 13,14,20 [22]
ZEUS CC 57 06-07 | 0.0078 0.42 280 30000 | 132 e'p 318 14 [23]
ZEUS NC 15 05-06 | 0.005 0.65 200 30000 | 169.9 | e p 318 20 [20]
ZEUS CC 3 04-06 | 0.015 0.65 280 30000 | 175 ep 318 14 [21]
ZEUS NC nominal */ 06-07 | 0.000092  0.008343 7 110 | 445 etp 318 13 [24]
ZEUS NC satellite */ 06-07 | 0.000071  0.008343 5 110 | 445 e'p 318 13 [24]
HERA I E) = 575GeV data sets
HI1 NC high 0? 07 | 0.00065 0.65 35 800 | 54 e'p 252 13,19 91
H1 NC low Q? 07 | 0.0000279 0.0148 1.5 90 | 59 e'p 252 13 [10]
ZEUS NC nominal 07 | 0.000147  0.013349 7 110 | 7.1 e p 251 13 [24]
ZEUS NC satellite 07 | 0000125  0.013349 5 110 | 7.1 etp 251 13 [24]
HERA L E, = 460 GeV data sets
HI1 NC high 0% 07 [ 0.00081 0.65 35 800 | 11.8 ep 225 13,19 91
H1 NC low Q? 07 | 0.0000348 0.0148 1.5 9 | 122 | e'p 225 13 [10]
ZEUS NC nominal 07 | 0.000184  0.016686 7 110 | 139 | ¢p 225 13 [24]
ZEUS NC satellite 07 | 0.000143  0.016686 5 110 | 139 | e'p 225 13 [24]
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The power of combining data

kst

s H1 and ZEUS

A total of 2927 H1 and ZEUS zZ e HERANCe'p 0.5 fb™
measurements are averaged to about © s} Vs = 318 GeV
1307 combined reduced cross sections | | . ?’2 A

* Up to six measurements contribute toa | %* N
single point | A M?

« Systematic uncertainties and their i ﬁ ﬂ L. #
cross-correlations are handled 081 .E’ o* »
consistentl * —

« Better than 1.5% precision is reached ul i mmg%ﬂ. h =08
over a wide kinematic range ’”’“M*’f h ;

« Excellent data consistency: eﬂg data, \/s 320 GeV i‘ F om0
X/Np =1687/1620 at selected valuesof x ' 0 0’

JPOS17, September 2017

Q%/GeV?

EPJ C75 (2015) 12, 85
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The HERA combined NC data

« Shown here: reduced cross section at Vs=318
GeV for e*p and e p as a function of Q2.
Dominating contribution is from structure
function F,

e Scaling violations of are clearly visible: cross
section rises with Q% at low-x but drops with
Q? at high-x

* Gaps between fixed-target data and HERA
measurements — JLEIC

* High Q? data precision is statistically limited

« Difference between e*p and e™p at high Q=
extract xF,

H1 and ZEUS

him nss i

| ® HERANCep 0.4 b
OoOwW-X B HERA NCe'p 0.5 b~
i X = 0_000003657)281. » \/‘S =318 GeV
Xp; = 0. , i=: .
i “%Bj = 0.00013,i=19 O Fixed Target
- *oi = Z?)Ogégé;:}fu === HERAPDF2.0 € p NNLO
: ﬂ':‘" "y =0.0005,i=16 == HERAPDF2.0 ¢'p NNLO
- Xy = 0.0008, 1=15
. e X5, = 0.0013, =14
. .“_____.....--""" Xy = 0.0020,i=13
B} _'_____....a-"""""' gy = 00032, =12
.- .%ﬂﬂ %g; = 0.005, i<11
. W Xy = 0.008, i=10
- W Xy = 0.013,i=9
- wabfe Xy = 0.02,i=3
. g -
-Buon

—ot oo

r=d  x,=0.032i=7
—et=  x,=0.05,i=6
Y Xy = 0.08, i=5
sealin ——:—5’; Xy = 0.13,i=4
. == . xp; = 0.18,i=3
Xy = 0.25,i=2

—
-}

Xy = 040, i=1

1

JPOS17, September 2017 S.Schmitt, HERA proton structure

10 10° 10’ 10* 10°
EPJ C75 (2015) 12, 85 Q7 GeV
13




Measurement of xF ¥

H1 and ZEUS

1 Q%= 1200 GeV? Q= 1500 GeV> Q2= 2000 GeV? ]

« Measurement of xF, at high Q> 3.

e Structure function is nonzero

due to the y/Z interference

« Data are extracted point-by-
point by subtracting e*p from
e p cross sections

» Extrapolate to Q*=1000 GeV?
and average for each x

* Integrate over x: expect 5/3
from naive quark counting

0725 xFY% - : 5 I ; ]
[fo;zxz_(x)dx] =1.314+0.057(stat)+0.057 (syst) //}/‘/‘/«\
' X data I 1
1 xFY(x) ¥ ]

. t 4 f in t
1 Q*=5000 GeV? Q% =8000 GeV? Q% =12000 GeV*

t

1
10! 1

Xg;
H1 an(i ZEUS

Q> =1000 GeV* e HERA1fb"

S {ERAPDF2ONLO |

[, =———ax] =1.790+0.078 stat) +0.078 (syst) T
X data+extrapol X
JPOS17, September 2017 S.Schmitt, HERA proton structure EPJC75(2015) 12, 85 14



HERA measurements at high x

» Detector limitations: events at high x are
difficult to reconstruct

* High x can be measured only at high Q* —
statistically limited

 HA1: largest x=0.65 is measured only for
Q221500 GeV? (x=0.4 for Q®>=650 GeV?)

« ZEUS: dedicated analysis to measure high x
up to x=1 (bin-integrated cross section is
quoted for last bin)

« Possibility to use these data in future PDF fits

JPOS17, September 2017

o~ S .
> \ Q=725 1 \.' Q%875 ] \ Q2=1025
2
= - & F
= A
& na Q*=1200 I Q%1400 1 Q? 1650 E
NO 10'F \‘ + \ \“ 1

. P
10? k3 e | 3]
e

E 10° + E
=
S~
O Q’=1950 Q%=2250 1 Q?=2600 j
«
= 10 \. ¥ \' H \.’N ]

10°F k3] k3 1
U
10°F * x + —
——— s
E Q%=3000 I Q%3500 f Q%4150
10'F \\. +
ol 3 Voo, ~""-\.
-3
10
104 I' h 3
w
107F x T 4
102F 225250 3 27000 I Q%9500 ]
10°F + E
10°F _ i ¥ 1
-5
10
104: + T
10‘2 0 0.2 0.4 0.6 DB/ 10 02 0.4 0.6 0.8 ‘ 1
5 Q*=15500 ]
10°F Q?in GeV2, | 68% CI X
"
it ! e  ZEUSe'p, 142 pb!
10°F 1 ) P!
10°F 1 A ZEUS e*p, 142 pb™ (Integrated)
1

0 02 04 06 08

HERAPDF 1.5

Phys.Rev. D89 (2014) no.7, 072007
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High-y: Measurement of F

Structure function F, can be measured by combining gmsi
e

datasets taken at different \'s (Rosenbluth)

2 F
O, ne=F,— y FL,y—Q— F,~xg(x) [gluon density] 10°.

Y. SX

Use HERA runs with reduced proton beam energy 10°
E =460 or 575 GeV, \s=225 or 252 GeV 04

F_is extracted from high y data: only a small area of 1035

the kinematic plane is accessible 102,
Using HERA+JLEIC data, F  could be turned intoa ™
truly double-differential measurement covering a T

much wider x-range — gluon at high x& high Q2 /101

JPOS17, September 2017 S.Schmitt, HERA proton structure

M=1TeV [/
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A
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Measurement of F, at HERA

« Most precise HERA F data: H1

« Main ingredients: backward silicon
tracker and dedicated trigger for
low-energy electrons

 Double-differential extraction of F|

* Average over the [small] accessible x-range in each
Q? bin — one-dimensional projection with Q% and x

varying simultaneously

X

« H1 and ZEUS data are consistent within 2 sigma
(errors are dominated by normalisation uncertainties)

JPOS17, September 2017
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@ H1

A ZEUS

H1 Collaboration 2 Q2
i Q*=2.0GeV Q*=2.5GeV’ Q*=35GeV? Q?=5.0GeV? ~ . y _
1N . - — O, ne=1' Y Fpy= o
A . P [ +
L @=6sGe @=85GeV’ | QP=12GeV? @=15GeV?
S RS R H1: Eur.Phys.J.C 74 (2014) 2814
. i ﬁ“ﬁ* 3*”\ }{Aﬁ ZEUS: Phys.Rev. D89 (2014), 072007
1 Q*=20 GeV? Qz=2SG_ZV2 1 ulr u‘)‘ ul» 1(‘)
N s, ] . H1 and ZEUS
U R

L HERAPDF 1.5 NNLO ABMI12 NNLO
- 1 I crionnio [ NNPDF23 NNLO
I~ MSTW08 NNLO JRO9 NNLO
1 10 10? 10°
Q*[GeV’]
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Gluon density from F %

« Gluon density determined from H1 F_ H1 Collaboration
measurement

3
2a5(Q?)

 Consistent with determination from
scaling violations (HERAPDF fit)

* Available data at high x is limited — R } ......................
could be changed by JLEIC [+HERA] I e g imE, KIRAPDFLSNLO

1 1 Lol 1 ool L L T T N I |
1 10 100 1000

rg(r, Q) ~ 1.77 Fr(az,Q?)

Eur.Phys.J.C 74 (2014) 2814
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The combined Charged Current data

H1 and ZEUS
Q F
* As compared to NC: reduced number of s s Gev [ERATDI20NNLO
points and limited to high Q*2300 GeV? vl . ceebbib DD
» Cross section for e*p is lower than e™p Wi e = 0208 (<1500
E =.="—Q‘ xBj:(l.()l3 (x3000)
- u-valence quark available for e"p and B == e ST R
d-valence for e*p [~factor 1/2] W S =008 (a1
- Helicity factor: extra suppression of g —!—-—-—m\ =
valence quark in e*p [at low y] e P .
« Although statistically limited, the CC data v ‘H\N‘\\
are essential in the HERAPDF fit to -
separate u-type and d-type quarks and to 0l \—‘ﬁ_\\ =040 G0
constrain the valence quarks at high x | | |
10 : e . - : e

10
EPJ C75(2015) 12,85 Q7 GeV*
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Single differential high Q? cross sections %

H1 and ZEUS
. . . R (\/].\ I I rrri I I I 1 UL | 1 I I I
« Single-differential cross sections >
do/dQ2 3 10k | O HERA NC ép 0.4 fb*
= - Oye~— O HERANC¢pOSh
& Q4 HERAPDF2.0 NC e
* Neutral Current (NC) and Charged S 3 m— ONCep
Current (CC) measurements, each for g 10k e HERAPDEZONG e
e'pandep S 8-
1

 Atlow Q%<3000 GeV?2 NC is much Oe™

larger than CC [photon compared to W (Q°+M3y)" y<os

= Ns =318 GeV
propagator] L
» At high Q? all cross sections are s[® HERACCepO4M?
imil “slect K ification” 10 E  ®m HERA CCep0.5fh?
similar, “electroweak unification - HERAPDE20 CC €
* A text-book plot from HERA E HERA‘I’DFZ-" CCep |
10-7 1 | L 1 1 11 1 1 | 11 1 11
10° 10°*

2 2
/ GeV
JPOS17, September 2017 S.Schmitt, HERA proton structure EPJ C75 (2015) 12, 85 Q 20




QCD fit of HERA data @

 PDFs traditionally are extracted from Parametrisation at the starting scale:
simultaneous fits of many datasets glion xg(x) = AxPo(1 - x)Cs — A/ng’g(l ~ 0%,
e The HERAPDF is extracted from Xuy(x) = Ay xP(1 — x)Cu (1 +E, xz),
HERA data alone: proton PDFs are valence 5 c
determined at NLO and NNLO xdy(x) = Agx" (1 —x)",

xU(x) = AgxPr(1-x)° (1 + Dgx),
xD(x) = Apx®r(1 — x)°D.

_ . Strange quark is described by a fraction f_
« Evolve PDFs to higher scales and fit xD=(1-f)xd+f x5 . is not constrained

cross section predictions to DIS data by HERA data]

- Fitansatz: at a low scale p, <m_ sea
parameterize the (u,d,s,g) PDFs

« Charm and beauty is created above thresholds in the PDF evolution (Variable
Flavor-Number Scheme, VFNS) or is present only in the hard matrix elements
(Fixed Flavor Number Scheme, FFNS)
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The HERAPDF2.0 QCD fit

kst

xf

* Proton PDFs at a scale y>=10 GeV?,
determined in an NNLO QCD fit of HERA data

* The experimental uncertainties are small

* Forlow x<10-, model and parameterisation
uncertainties are dominant

 The high-x region is not measured well but is
constrained mainly by the choice of
parameterisation

« With additional data (JLEIC), the assumptions
on the parameterisation at high x possibly
could be relaxed

JPOS17, September 2017 S.Schmitt, HERA proton structure

H1 and ZEUS

0.6 |,

0.4

0.2 -

10+

u? =10 GeV>

—— HERAPDF2.0 NNLO
uncertainties:

B experimental

[ ] model xu

[ parameterisation v

.......... HERAPDF2.0AG NNLO

xg (X 0.05)

103 102 10"

EPJ C75 (2015) 12, 85




Comparisons of data and QCD fit

— Hland ZEUS — * The consistency between data and QCD fit is
;I 3 v RTOPTLO ] investigated by excluding data below a certain Q?
SO A RTOPTNLO ] from the fit and looking at x*/N_

o RTOPT NNLO A/

« Data at lowest Q? are least compatible with the QCD
fit, the x*/N_. curve flattens out for Q*210 GeV?

- 1 H1 and ZEUS
L1 1 ¢ Atlow Q?%low-x there ;[ @ [ oo dosl]
; ] are discrepancies in  , T s
L i the turn-over region, ——
— A RTOPT NLO HERA I ] Where the I:L 0E
0.9 | ; contribution is
! | relevant , N

5 10 15 20 25 Or,NC_F2_Y_FL ;
EPJ C75 (2015) 12,85 Qlu/GeV’ ¥

® HERANCe'p 0.5
s = 318 GeV
== HERAPDF2.0 NNLO
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Examples of other HERA measurements

 Charm and beauty production and determination of the
respective quark masses

- Jet production and the determination of a,

JPOS17, September 2017 S.Schmitt, HERA proton structure 24




Charm and beauty production at HERA %

e — "

/ Measured quantity: reduced cross section o, with
Z ,Y re

¢b charm or beauty in final state as a function of Q? and x

Heavy flavour
production at
HERA in leading
order

NLO calculations: fixed-flavour number scheme

¢,b (FFNS) where PDF only contains light flavours u,d,s
and the gluon. Massive heavy quarks are in the matrix
elements

Experimental methods:
High pt lepton
Reconstructed D,D* mesons
Impact parameter, secondary vertex
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HERA charm and beauty data

red

0.31

0.2
0.1

0.4
0.2

0.6

0.4
0.2

0.6

0.4}
0.2}

e HERA (prel.)

— NLO HERAPDF2.0 FF3A

H1 and ZEUS

- NLO ABM11  -:--:- appr. NNLO ABMP16
----- NLOfit DIS + ¢ + b prellmlnary
I Q? = 2.5 GeV? E 02 5GeV? 02 7Gev? 1
S 1 \ I K;
| @2 =12 GeV? 1 @2 =18 GeV? Q%= 32 GeV? )
L %, ] \ ¢ |
I “‘\\\ _ \ |
|-Q? = 60 GeV? Ja2=120 Gev2 Loz=200Gev2 ' i
FQ? = 3;0 GeV? l +Q%= sslo GeV? ' I +aQ%= 2(;00 GeVzl I g
10* 10° 10? 10* 10° 10? 10* 10° 10?2

Charm data :

New combined data
(preliminary 2017)

Rise to low x: typical %%}
for sea and gluon

Cross section

evolves with Q3

NLO predictions

describe data

reasonably well
Rather limited data

at high x

0.01|

0.04

0.02

0.04

0.04f
0.02f

e HERA (prel.)

—— NLO HERAPDF2.0 FF3A

0.02

H1prelim-17-071, ZEUS-prel-17-01
https://www.desy.de/h1zeus/combined_results/index.php?do=heavy_flavours
JPOS17, September 2017
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- NLO ABMA1 ~ =--:- appr. NNLO ABMP16 H1 and ZEUS
----- NLOfit DIS + ¢ + b prellmlnary
Q% = 2.5 GeV? Q*=5 éevz ' Q?=7 GeV2 '

'-..‘1
Q% = 12 GeV? | @*=18GeV* | @%=32GeVv?
| @2 = 60 GeV? Q%= 12:0 GeV? : " Q2= 200 Gev2
Q%= 3;0 GeV? . . Q%= 55;0 GeV? ' I Q2= 2ooo (;ev2
10* 10 10?2 10 10° 10?2 10* 10° 10?2
B|
Beauty data
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Charm and beauty: ratio to NLO QCD ‘

o HERA (prel.)

s NLO ABMAA -

— NLO HERAPDF2.0 FF3A

appr. NNLO ABMP16

H1 and ZEUS
preliminary

8
[e) L Q2 = 2.5 GeV?

________

-02=12c.=fvz
L)

1.2_-

o
(=]
ML

L Q% = 60 GeV?
1.2

1_
0.8_—

Q? = 350 GeV?

: -
1 Q% = 650 GeV?

- : . '
Q? = 2000 GeV? 1

10* 10° 1072

10* 10° 1072

10* 10° 10%

Charm data
https://www.desy.de/h1zeus/combined_results/index.php?do=heavy_flavours
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Overall satisfactory
description of the
HERA c and b data
by NLO QCD, not
much dependent on
PDF choice

Slope difference
data/theory as a
function of x is
visible for charm
data at Q*~12 GeV?

Data at higher x will
be very interesting
to test theories

red nom

.o
o

bb
Gred lo
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e HERA (prel.)

—— NLO HERAPDF2.0 FF3A

H1 and ZEUS

H1prelim-17-071, ZEUS-prel-17-01

o NLO ABMAT  =o-e- appr. NNLO ABMP16
----- NLO fitDIS +c + b preliminary
_". T 4 ‘ T T T '.'.,
15F 7§ ] # :
1| sesaaadnid | cncccaniidd ;'I:'it:?: ......
0.5 | 0% -25Gev? 1 e2=scev 1 o2=7cev2 -
Q2=12GeV? Q2 =18 GeV? ! 0?=32 Gev? T
1.5 B fed e
1k oo mannndi N ey -,;%t-t.- et
e e =
0.5 $ + )} 1
Q% = 60 GeV? Q? =120 GeV? =200GeV? '
1.5 r B
1+ uktm
0.5F i
15 Q? 3éo GeVzl l 02=55;()GeV2' 02=2¢;oo GeV"’I
1k -'-‘-_ __i__izl‘_ T
05} 1 1 ]
10* 10° 10?2 10* 10° 10? 10* 10° 10?2 «
Bj
Beauty data
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Charm and beauty quark masses

cT
I Gred nom

cCT
red

G

e HERA (prel.) £ NLO HERAPDF2.0 FF3A
s NLO ABMAT = oeee appr. NNLO ABMP16

H1 and ZEUS
preliminary ©

o -
W a N
1
1—
+oH
\
I
ot
i
L
5

-
- N

o
=]

B
t t t i [ ]
2 = 2000 GeV? 1

10* 10° 1072 10* 10° 1072

Charm data

H1prelim-17-071, ZEUS-prel-17-01
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10* 10° 10%
Bj

Charm and beauty data together with HERA
inclusive DIS data are taken as input to a NLO

% e=a QCD fit (dashed line)

Simultaneously extract PDFs and c,b masses

m_(m_)=1209"2° (fit) "> (model) *7, (param) MeV
m,(m,)=4049" 15 (fit) "3 (model) ';, (param) MeV

Compatible with previous HERA analyses and

withworld data  ppG. ) (4 )=1270+30 MeV
and m,(m,)=4180+30 MeV

https://www.desy.de/h1zeus/combined_results/index.php?do=heavy_flavours
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Jet production in the Breit frame

 New data on jet production in the Breit frame

published recently by H1

16 <Q’<22GeV?

5.5<Q?<8GeV?

5 7 10 20 30 5 7 10 20 30 5 7 10 20 30 5 7 10 20 30

’ NNLO theory CaICUIatlon became avallable J 149 22<02<30f;\[f?eV] - 30<02<42::\fev} B 42<02<60f;\[/?eV] °F 60<02<50f;\5few
recently < . : b
— unique change to improve both on the ]
experimental and the theoretical precision e
H1 Inclusive jets :
€ \./ ¢ § H1HERAI
Diagram for jet Zly jet Data _at h|g£1 Jetp, t A e
prOdUCtion at Ieading and- hl-gh Q -ar-e §8y81ematicuncenain1y 6 1‘0 20 3040- 6 1‘0 20 3040_ 6 1‘0 20 3040
order in the Breit-frame statistically limited P (Gev) Plieon P 16ev)
i NLO ® hadr. corr. i ¥ 700<CP<5000GeV* { 2
(boson-gluon fusion) o but theoretically B e
most precise ZZNNLO @ hadr. corr.
— JLEIC — aNNLO ® hadr. corr.
6 0 OP::‘%[;G:V] 6 0 ZOP;[[) (::V] 6 10 ZOP_TS[[) (;:w
JPOS17, September 2017 S.Schmitt, HERA proton structure Eur.Phys.J.C77 (2017) 4,215 29




a_determination at NNLO from jet data

T TT T T[T IR [T ITTToTT
H1 et al. (preliminary)

H1 inclusive jets [al NNLO]

300 GeV high-Q? e

HERA-I low-Q? ot

HERA-I high-Q? ———t—

HERA-Il low-Q? —re—

HERA-II high-Q? —+——

H1 dijets [al NNLO]

300 GeV high-Q? —————

HERA-I low-Q? ———t—

HERA-Il low-Q? ——

HERA-II high-Q? +o—+

H1 inclusive jets [NNLOJ —to—

H1 dijets [NNLO) —t+—
e

H1 jets [NNLO)

World average [2016]

0.11 0.115 0.12 0.125
o (M)

JPOS17, September 2017

First determination
of a_from jets in

DIS at NNLO
accuracy

O (”R)

Close cooperation
with theorists

0.12

DIS jets can
compete with LEP
results

0Cs (mz)

Paper in editorial
process

H1prelim-17-031, close to publication
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0.22
0.20
0.18
0.16
0.14

0.10
0.13

0.12
0.11
0.10

H1 (Iet al. (preliminary) {

T T T T
B World average 2016
® H1 jets [NnLO]

* JADE 3-jet rate [NNLO+NLLA+K]
¢ ALEPH y_ (pissertori, etal) INNLO] ]
L] OF’AL_y23 INNLO] ]
+ CMS tt INNLOY
GFitter EW fit (NLoj

/

|||—|I|I|III|III|III|III|III|

|

R

7

10

20 30 100 200
1, 1GeV]
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HERA analysis and data preservation %

« HERA data are preserved at DESY DPHEP storage system at DESY

and MPI Munich A twefiold system
« The HERA collaborations are still Archive: on tape Online: on disk

-Handmade tar files
-2 copies on different -Set of data for

Han direct
« A chance for JLEIC students or post- e e Ee e

docs to do analysis on real data Toa S - || archive content

« Both H1 and ZEUS welcome new
members

active in producing papers

* No financial commitment involved on request (data and MC)

Contact M.Wing or S.Schmitt to join ZEUS or H1 byadminonly  analysis on DESY
m.wing@ucl.ac.uk , Stefan.Schmitt@desy.de batch farm

JPOS17, September 2017 S.Schmitt, HERA proton structure 31
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Summary

 World's only ep collider HERA was operated 1992-2007
* Hera kinematic domain: low-x [awaiting high-x from JLEIC]

* Results shown in this talk: inclusive cross sections and PDFs,
charm and beauty production, jets and a_

* Another big area of analyses at HERA: diffractive and exclusive
processes (not shown in this talk — backup)

 HERA collaborations are still doing analysis, data is preserved
for long-term usage

— join us now to analyze HERA data in view of JLEIC

JPOS17, September 2017 S.Schmitt, HERA proton structure 32
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Diffraction at HERA

rapiditygap e

p’ | systemY
My<1.6 GeV

1%

Hard diffraction: DPDF

Soft diffraction: IP trajectory, ...

JPOS17, September 2017

Proton taggers

- no proton
dissociation

- Direct reconstruction
of system Y

- Low acceptance
and/or low statistics

Large rapidity gap event
selection
- Include dissociation

- Poor reconstruction
of system Y

- High statistics

S.Schmitt, HERA proton structure

Forward Proton
Neutron Dissociation
Calorimeter Taggers
Z(m) l l
220 106 80 61 24-28
Very Forward Forward
Proton Proton
Spectrometer Soectrometer
jet
empty s
forward !
ﬂ:! I]]\]]fﬂ] — %ctron
fetectors Y
jet
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Inclusive diffraction F_°°

=~ X,,=0.0003
g f tmmetsen o —wmenrne |
« Select events with large rapidity M- |
gap method — momentum — T g, s I
. b E H1LRG (Mv </1.6 GeV) — H1 2006 DPDF Fit B
transfer t at proton vertex is not I | orgnbilsen i |
measured ><._ 1( Qb" 4-_ O H1 LRG19;7(MV<1.6GeV) ===== (extrapol. fit)
™ el
. . >< : @ $=0.005(=11)
* Measure diffractive cross }ystemx © F o ok
i 107 - 0013 (1=9
section o™ (Q*B,xy) , T A
- B ho &m 3, ] =0.02 (=8
 Extract diffractive PDFs epdivese MR L
D 2 Wﬁ:e.os(l:s)

1 10 [« Brttag

, L 2 B =0.08 (1=5)

p’ | systemY 3 . %_M
My<1.6 GeV p o hA Mﬁ =0.13 (I=4)
T

o Status: full (H1) dataset p
analyzed, but no recent DPDF b 1 : obra
fit (shown H12006 DPDF Fit-B Q1 P eT T L
uses only part of the data) 1 A g (-

107 e e

e B T e L]
o [ Lol L Lol 1 L1
10 10 107

Q’ [GeV’]
JPOS17, September 2017 S.Schmitt, HERA proton structure Eur.Phys.J. C72 (2012) 2074 35



Measurement of F °

. . S H1 extrapolated Fit B / <
* Rosenbluth separation in Soo | e /| oo 0y P
diffraction: measure £ ] JoE b L e
longitudinal structure function PRI T o WSOPORELA
— s =0.0005
« HERA measurements are N I .
statistically limited and do not 20 a0t 50 y oo M
reach to the regions where the 005 b oo D eos
H H (\g. - extrapolated Fit B / g ’ L / . %\ ' U-
model predictions are % oo o || Z ol S,/ Sool o9
divergent of each other = 1 [ +9“°—‘x Zoogt \
. cl:l.; | o|§=11.5c;ev2i, ?.l.; 0_02-_ QF - 44 GeV?
» Interesting for JLEIC or < ooz . 4| ood }
JLEIC+HERA? oot~
0 L -0.01 1 -0.01 . L
10 10" 1 10" 1 10" 2x10"
B B

Eur. Phys. J. C (2011) 71:1836
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Forward proton data

« Forward proton was detected at
HERA using “Roman pot”
detectors

e Measurement of F2'(O*B,x,.t)

. H1: FPS (HERA-I), FPS and
VFPS (HERA-II)

. ZEUS: LPS (HERA-I)

 Data of ZEUS LPS and H1 FPS
are combined in a limited t-range

« H1 VFPS data not yet published,
preliminary F,”* measurement

JPOS17, September 2017

D(3)

(s

XpO

® HERA
H1 and ZEUS 0.09<[t}<0.55 GeV>
=0.0018 | p=0.0056 } p=0.018 | p=0.056 | p=0.18 | p=0.56
00251 oeoe T 1 T T Taseo!
0 —— } t }
0.0025
0.025} e
0 —— . 18
0.0085 - '
0.025} .
8 Je*®  feee®®  feeeece oo, [
0.016 e iy
0.025F . H1 PRELIMINARY HILRGPreIimim:yy 2006 DPDF Fit (extrapol.)
.® . ° o S BT T T e B0.170]  f=0270) Mmﬁmﬂn
0 —— } t t } t - PR Lo
0.025 . W=
o02s] 1 1 . Hilprelim 10-014 3 . o |t o [
*® °® y
: i . . E S P T 1 T e i P il Emrmd 0O
0.035 s x| 5| oo oo =X x| 2 oms] = |
0.025 3 Q orf o oot ot T | gt | coamentie | pavte | == —adey
=]
0 : ! : it : X s vV o | et | | geerv | | eeeve |--—oas
0.05 W e
0.025 F + . =4 .! ood L o™ _Bp-P‘ e | ppame | __esee|--—tay
° * s®® %g=0.022}
. R I ey
0 . ' ; ' ' : ' oufy —I"-" 28 | | | e | et opmd | esest| -ty
0.075 { ou 50002 5=0.006] [=0018 =0.056] =0.178] 0562
0.025f, o oot 1 .53 o | i e o)
ee 0.0q] Xp=0.050 N
0—+—+ e P e Tl DU
0.09 I T
0.025 1 st 1 & b L 2 B i il P
) ] . 10 | | 10 . 10 10 10 10 100 '"a‘[eevﬁ ¢

10 10° 10 10 10 10° 10 10°

Eur.Phys.J.C72 (2012) 2175
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Exclusive measurements

 Many measurements were performed
with HERA-I data but not yet with
HERA-II data

« Typical measurements: diffractive
vector meson production p,,J/y,y',Y
and DVCS

« HERA-II data sample is interesting
because of large available luminosity
and dedicated (track) triggers for low-
multiplicity states — but not all
channels have been analyzed yet

JPOS17, September 2017

oy p = J/y p) [nb]

10°

10?

10

Example: J/y
photoproduction: 83
citations in only 4 years

H1 J/y — p*u” photoproduction

400 i‘ { Hidata

[ Vs=225GeV

300

[ — Fit (signal +bkg)

Events / (0.02 GeV)

200 F

Elastic J/y photoproduction 7 . ‘ L

F ®H1dataHE "
[ EHidatalLE 29 3 4 5
FoAHI@OOS) g aae
2 :FitHE, LE Hi(OOS) T m,, [GeV]
- @ Zeus(2002) } -
E401, E516
- % LHCb(2013) M
E r(o’
i l.tll'l:
L -,:i:flx 1|
F i
| | 1 |
10 10° 10°
va [GeV]
Eur.Phys.J.C73 (2013) 2466
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