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The HERA ep collider (1992 - 2007)

* ep collider:

e e energy: 27.6 GeV

* penergy: 920 GeV

e Center of mass energy: 319 GeV

o 2 collider experiments: Hl and ZEUS
* Integrated luminosity: ~0.5 fb™ (per experiment)
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onc(z,Q7Yy) = e — = Fy(2,Q°%) — —Fp(z, Q%)
drd()? 2maY, Y,

In QPM: Fg(r, QQ) = Z egi a?(qz- + (Z) Total quark content
FL(I, QQ) = F5 — 2xF}, =0 Callan-Gross relation

In QCD: add particle to carry angular momentum, gluon is needed
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PrOton StrUCtu re + 21 HERA | data samples

J + 20 HERA Il data samples, including:

e

+ 8inclusive HERAIl E = 920 GeV
W d + 4FLdata E, = 920 GeV

u + 4 FLdata 1‘:_p =575 GeV
+ 4 FLdata E =460 GeV
S — P
P

« Bulk of HERA data: Ep=920 GeV (HER)
« Ep=460 GeV (LER) and Ep=575 (MER) data taken in 2007
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Straight line fit:
F, = Intercept
F, = Negative slope




HERAPDF 1.0, 1.5,

HERAPDF1.0

HERAPDF1.5

HERAPDF2.0 (prel.)

Hiprelim-14-041(2)
ZEUS-prel-14-005(7)

2.0

Data Sel x Gridl O [Gev= Grid IS et e Vi
from Ly from to ph! GieV

HERA T E, = BN GeV and £, = 920GeV data sets
HI svx-mb 9500 | 0.000005 D.02 0.2 12 2.1 e p 301, 319
H1 low (° 96-00 | 0.0002 0.1 12 150 | 22 atp | 300,319
HI KC 9d-97 | 0.0032 63 150 30000 | 356 etp am
HI1CC o497 | 0013 D40 300 15000 356 etp 301
Hl NC 9800 | 00032 .65 150 30000 16.4 & p 319
HI1 CC 9899 | 0013 0.4 300 15000 6.4 ep 319
H1 NC HY 9899 | 00013 0.01 100 B 16.4 e p 319
Hl NC Qo0 | 00013 0.65 100 30000 (5.2 etp 319
HI1 CC 9000 | 0013 0.4 300 15000 63,2 etp 319
ZEUS BFC 95 | 0000002 (L0000 011 (.63 1.63 ep HI
ZEUS BPT 97 | 00000006 D001 0045 0.65 1o etp 300
FEUS 5VX 95 | 0000012 IR (L6 17 02 etp Hi0
ZEUS NC 9697 | 000006 D.635 2.7 30000 30.0 etp 300
ZEUS CC 9497 | 0015 D42 280 17000 47.7 et p 300
ZEUS NC 9890 | 0.005 .65 200 30000 159 & p 1%
ZEUS CC 9899 | 0015 D42 20 30000 6.4 ep 318
ZEUS NC 9000 | 0.005 D.65 200 30000 63.2 et p 318
ZEUS OC Qo0 | 0.008 042 260 17000 [k etp 1%
HERA T E;, = 920 GeV data sets
HI NC 0307 | 00008 0.65 60 30000 182 e 3l
HI CC 03-07 | (008 0.40 A0 15000 182 ety 39
HI NC 03-07 | 00008 0,65 60 50000 [ 1517 | e p il
HI ¢ 03-07 | 0008 140 a0 30000 | 1517 | e p ilg
H1 NC med 7 0307 | 00000986 0.005 5.5 o) | 976 et p 319
HI1 NC low 0307 | 0000029 000032 25 12 5.9 et p il
ZELS NC 607 | .05 065 M 30000 | 1355 | e'p T
ZEUS OC 06-07 | 0.0078 0.42 280 30000 | 132 e p IS
ZEUS NC 05-06 | 0005 .63 20 30000 | 1608 | ep IS
ZEUS OC -0 | 0015 .63 280 30000 | 175 e p 318
ZEUS NC nominal 6-07 | 0000082 0008343 7 110 | 44.5 etp 1T
ZEUS NC satellite a-07 | 0000071 0005343 5 110 445 el 318
HERA Tl E, = 575 GeV duta sets
HI NC high 0 07 | 000065 065 5 B0 | 5.4 e p 352 |
HI NC low 7 07 | 00000ZTY 00148 1.5 o 59 et 252
ZEUS NC nominal 07 | 0000147 OU3349 7 g | 7.1 e p 251
ZEUS NC satellite 07 | 0000125 0013349 5 g | 7.1 e p 251
HERA I E;, = 460 GeV data sets
HI BC high §° (U R 065 33 21K 11.8 e 225
Hi NC low (¢ 07 | 0000348 00148 1.5 ) 12.2 et 225
ZEUS NC nominal 07 | 0000184 0,01 6636 T 110 13.9 et 225
ZEUS NC satellite 07 | 0000143 0,01 6636 5 110 13.9 etp 125

# All results are final and published!
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HERAPDF 2.0

H1 and ZEUS preliminary
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Multijet Production and a, extraction
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June 2014
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Multijet Production and a, extraction

DESY 14-089

H1 Collaboration June 2014

I L I B B B I I N T ARLE
o —H1 multijets at high Q> ]
Inclusivejet M H1 exp. uncertainty ]
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as = 0.1165 = 0.0008exp £+ 0.0038theo For Q2> 400 GeV? :
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=0.1165 (S}Exp (38 )pdf theo - 9



Prompt photons in photoproduction

direct resolved

direct,
fragmentation

resolved,
fragmentation

T

box diagram
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Extraction of Photon Signals
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Prompt photon Cross Sections
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fixed order calculations

e by M. Fontannaz, J.Ph. Guillet and G. Heinrich
Eur. Phys. J. C 21 (2001) 303,
Eur. Phys. J. C 34 (2004) 191 (FGH)

® components:

> direct direct, > direct fragmentation

> resolved direct, > resolved fragmentation
> box diagram (direct direct)

9 IR RRRRE N T T T T T E 5¢ o L i E
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E l' [ LMZ (k_fact.) 1 o 3 E
6F f— ERNC T —— b FGH (NLO) E
E FGH (NLO) E 3 E . E
¥ y + jet 1 W 255 $ E
4 — '__g_ 2 E
3 —_— 4 B i Bl
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1 e, e 0.5 = =
(1 T I ! levealovayls ! = 05 . T . L 3
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35 e 1 1 T T T 313:"' o H b RN
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20 Y +jet 1 8 10 i v+jet
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15 Bt e wems = B
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10 - : s 2 3
¥ ] =
55 E E
0 : || P 1 L | L | il |- L+ 4
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kr-factorisation approach

e calculated by A.V.Lipatov, M.A. Malyshev, N.P.Zotov, Phys. Rev. D 72 (2005) 054002,
Phys. Rev. D 81 (2010) 094027, Phys. Rev. D 88 (2013) 074001 (LMZ):

e investigation of the photoproduction of the isolated photon at HERA in the framework of
kt-factorisation QCD approach

e both direct and resolved processes are considered

e the box contribution was included

e fragmentation contribution is neglected
12



Direct/Resolved Contributions to y + jet

— 160 T T ' TTT T T T TT1 T TT T T T T TT T T T T TT
.g_ n | | | | 1 | 1 Direct LO process final state:
- 140 :— = ZEUS 374 pb —: o jet
§ 120 [ | LMZ (k_fact) - e photon
E*-. 100 E_ FGH (NLO) :_E e scattered electron (escape undetected)
e - = 1 e proton remnant (escape undetected)
© 80F == = gpmeas — | (LO direct)
bl N ] '
60 f_ v+ Jet _f Resolved LO process final state:
40 — - e all mentioned above
20 - 1 <+ resolved photon remnant
: o ... ] : — _PIH“ = l
0 éEEé ! Lo b v v v e b e g | . !
01 02 03 04 05 06 07 08 09 1
meas
X"
- e et . jet
,1,11193,5 _ E' _pzli_ EJ 11_ A
ey a -8
E* —py

very good description of the e by FGH
reasonable description by LMZ (typically theory within 1-2 sigma from data)

LMZ is somewhat too “direct”
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Heavy Quark Production and Masses

Allows resummation of terms

, proportional to log(Q*/m, ?)
Programs exist to calculate fully differential Expected to be valid at scales >>m
cross sections (HVQDIS, FMNR) b

Expected to be valid at scales ~m__

Employ both FFNS and ZM-VFENS

Interpolation is ambiguous — various approaches (RT, ACOT etc.) exist ”



Combinations per 0.45 MeV

6000

HQ signals a

nd Cross Sections i in DIS

O —— ‘ F
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— 10 . 1 S . , . - e
S UEL @3] 2 * S S 10 @3] 3 P )
@ L 1l = 20000 F 3 [ EIE 3 o : 3
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o - I > I ] Q 10 %L'w P ey ﬁﬁ&“—jﬁ'
s b ] T s g E g g == 1 % 1s00 =
o 10r e E = . ] a L s ] - Err E
— F 1 E b =] LE] B — 107 1 E -= E ]
o : - E 1000 i L 3 . : 3 S 1000F 3
o 1 I ] ] o . f . g ]
© i L 5000 | == T 10 | 3 500 | E
- [ et ——-1---d E =] £ E
-E 107 Eeat 1 E 1 I 1 L L L - % I . q £ | . | . | 1
10 10 10 0.1 0.2 0.3 0.4 0.5 0.6 0.7 1 0
, ; 2 3 4567 10 20 15 1 05 0 05 1 15
Q? (GeV?) y pY" (GeV) n?”
— A . . .
.g- ?:.T_'_—_L-T‘r (C:I E ep e ot X E- 12000 E T T T T T T T T [l‘_‘i E o x
= L. _= 2 10000 | el E e
E] g E +  ZEUS D® 363 pb” . 3 H_I H E X B
2 b 7 E g, 8000F ¥ o ‘ ] *  ZEUSD* 363 pb
s WE L E L2l HvaDIs + RAPGAP b 1.6 S sook E
: | ] B r I [---;---. 1 HVQDIS + RAPGAP bx 1.6
10 | o — — RAPGAPBGFex1.1+bx1.6 T 4000 — 3
: E = 3 — — RAPGAPBGFcx11+bx16
. . — RAPGAP b 1.6 2000 F L3
1“4 1|}-3 1u-.! 10-1 0 B 1 1 i L 1 1 Lot RAPGAP bx 1.6
X 0 02 04 06 0.8 1
ol

Good agreement with NLO FFNS

D" = E(D*)/E(y*)

in p rest frame
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Charm DIS Data Samples

Data set Tagging method ()* range N L

[GeV~] [pb~ ']
I HIVTX [14] Inclusive track lifetime 5 — 2000 | 29 245
2 HI1 D* HERA-I1[10] | D*t 2 - 100 | 17 47
3 HI D" HERA-II [18] | D*F H - 100 | 25 348
4 HI1 D* HERA-II [15] | D** 100 - 1000 | 6 351
5 ZEUS D" (96-97) [4] | D** I - 200 | 21 37
6 ZEUS D* (98-00) [6] | D** 15 - 1000 | 31 82
7 ZEUS D [12] pOwoD™ b — 1000 9 134
8§ ZEUS D' [12] Dt b — 1000 9 134
9 ZEUS p [13] Il 20 — 10000 | 8 126

+ two independent experiments

- a large variety of tagging techniques: inclusive methods using the large lifetime of
charmed hadrons, inclusive track lifetime, complete reconstruction of charmed
mesons, D**, charm semileptonic decay,

- a large number of measurements, 2 N=155 data points, in a common grid spanning

the x — Q2 plane (except for [14] where scaling factors, always smaller than 18 %, have been applied to
migrate the original measurements to the closest point of the common grid)
- developped a combination method taking into account properly correlated and

uncorrelated uncertainties (155 data points in 52 bins)

key observable: A2 _f.le

cc

Tred T 4edQ? 27a2(Q2) (1+ (1 — y)?) 16
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Combined Charm Reduced x-sections

B HIVIX ¥ H1D'HERA4

ZEUSD*98-00 © ZEUsD'

A H1D"HERA-I ZEUSc -+ puX A ZEUSD'9697 ¢ ZEUSD' H1 and ZEUS

—

oy
_LIJJJL_LLU.I.II.I_LLLUJ.I.‘__LLULL
Q*=12 GeV?

k lgi
[y,

_J.I.IULLLI.LIIIL.I_LI.LI.ILI._LL.LI.LL
Q%60 GeV?

- i
: £

Q*=2.5GeV? |

Q%=350 GeV? | _

‘_+ { : £r§

Ry P '

INRTTIT EEWRTTTT MRWTTTT MARATT NI llumxl_u.uud_x_l.un-
Q=18 GeV? | Q*=32 GeV?

:—ﬁi SR

gi, ] ; ﬁug

Q*=5Gev? | } Q%*=7 GeV?

_u.u.uLi_u.ou 1 llllII.J lllllu,_l.lJ..uJ llllul.l|_.l...l..Ll.IJuI_LL.LLu.
Q*=120 GeV? | Q?*=200 GeV?

_ 1

| —
[
b

10* 10° 107

»
Q%=650 GeV? | Q%=2000 GeV?
B A ® HERA
- i -
- ‘, - i
10* 10> 102 10* 10° 10?
X

H1 and ZEUS
- 0.6 — : e
e W HIVTX ¥ H1D*HERA- ZEUS D*ge-00 ) ZEUSD®
A HID'HERANI (O ZEUSc—pX A ZEUSD'96-97 b ZEUSD* |
® HERA
i example:
0.4 |- Q’=18 GeV® i

v" good consistency of data

among the several possible tests
y2/ndf=62/103

v good complementarity of data

v 10 % uncertainty on average,
6 % at small x and medium Q2
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Sensitivity to m_

H1 and ZEUS
Q’=2.5 GeV? G’=5 GeV? @’=7 GeV?
B | .
_t: N L
L
I | LLLILLE IJIII|I|
u Q°=12 GeV® | Q°=18 GeV* Q=32 GeV*
I N
_I_LLLI.IJ 1 III|I.IJ Illlll.lj | I III.IJ I BRI Illlll |
B Q°=120 GeV* | Q°=200 GeV*
| \ \\
_|_LLL|,|J IIII|,|J IIIII|,|J 1 III_I II|,|J 11y IIIII| 1 1811
L B Q°=650 GeV® | Q°=2000 GeV*
I I i * HERA
I I I = HERAPDF1.5
10* 10° 102 10* 10° 102  10* 10° 10?
X

well described using
HERAPDF1.5

(fitted from inclusive

DIS only)

strong charm mass

dependence
(blue band: 1.35->1.6 GeV)

Can be used to
constraint m_
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m_value and running

H1 and ZEUS
ot ' I
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Entries

Entries

Beauty S|gnals and x sectlons |n DIS

2<m, <6GeV,|S|=8

10°

10’;

10}

® ZEUS 354 pb™!
[ Monte Carla
—— LF

== Charmm

= = Beauty

0

151015202530354[!

EX' (GeV)

150 ]

100f :

50 .
05 1 15 2 25 3

|ﬂgm{Q2fGEV2)

:u.: o 2ZEUS354 pb
O 12 HVQDIS+ZEUS-S » C"* L
~ E by e HVQDIS+ABKM x C"™** 3
g_ B ---- Rapgap x 1.49 .
~ L -8, ! ! :
5. | - ep—e'bbX - ejetX
w
T
~ 10 =
b -
© - ksg= 3
1 E
I A — p S
1 N - | I — |. Ll 1 J - — | | — | Ll L
0590 15 20 25 30 35
EX' (GeV)
n S , , ;
(] 3
g 1.5 I -
P — - I. N PR
E 0.5 nnnnnnnnnnnn PR P . 1 i Pa—| i e _:
tﬂﬂ 5 10 15 20 25 30 35
EY' (GeV)

Reasonable description by HVQDIS NLO QCD
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Beauty Reduced x-sections and F,
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m, value and running

_ i ZEUS
N?e 600 | 1 | LI | LI I LILIN | I LN | | L I L | LB LI L | — 5 . . I I : I I | I . ; —

- Inclusive DIS + beauty QCD fit ? - ]

598 — (6] - :
u = as— PDG —

596 — 3 ~ (lattice ete.) ]
- > - . LEP -

- E - ZEUS =

594 — a N + ]
— N _ B PDG with evolved uncertainty _

590 — . 3 A ZEUS _
B ] - [ ] DELPHI 3-jets -

N -] I *x  DELPHI 4-jets NLO N

588 — T .sE A ALEPH D ]
- . L O OPAL K

586 [ 7 N O sLD N
o b b s b b s b b s by v bv v s baa 7] 2_ L I | | L L TR S R W ]

35 3.6 3.7 3.8 3.9 4 4.1 4.2 43 4.4 4.kt 10 107

m, (m ) (GeV) u [GeV]

my(m,) = 4.07 £0.147, 00 07 ag %000, %005 6V translate back to 2m,
PDG: 4.18 + 0.03 GeV (lattice QCD + time-like processes)

mass running consistent with QCD
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Summary & Prospects

No hew caita out a lot oF hew results

Proton Structure studied in almost full range of LHC sensitivity
HERAPDF 2.0 is available and widely used

Extensive results on jet production
Precise a, measurements

New precise measurements of prompt photon production
Verification of collinear and k, predictions

Charm and beauty contributions to proton structure
Extraction of m_and m, values

More final and combined H1+ZEUS results
HERA legacy forever
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Data Samples

-1 + - — -1 + - —
Data set Lph']|e" /e | | s[GeV] Data set LphY | e /e | s[GeV]
HERA | Ep = 820 GeV and Ep = 920 GeV data sets
H1 svx-mb 95-00 21 e*p 301, 319 FEUS BPC 95 1.65 e p 300
H1 low Q‘* 96-00 22 e*p 301,319 ZEUS BPT 97 39 e p 300
H1 NC 94-97 356 e*p 301 FEUS SWX 95 02 e p 300
H1 CC 94-97 356 e’ p 301 FEUS MNC 96-97 30.0 e’ p 300
H1 MNC 98-99 16.4 e p 319 FEUS CC 94-97 A7 7 e’ p 300
H1 CC 98-99 16.4 ep 319 FEUS NC 98-99 159 ep 318
H1 MC HY 98-99 16.4 ep 315 FEUS CC 98-99 16.4 ep 318
H1 MNC 99-00 65.2 e*p 319 FEUS MNC 99-00 63.2 e p 318
H1 CC 99-00 65.2 e’ p 319 FEUS CC 99-00 609 e’ p 318
HERA I Ep = 920 GeV data sets
H1 NC 03-07 1820 e*p 315 FEUS NC 06-07 1355 e p 318
H1 CC 03-07 1820 e’ p 319 FEUS CC 06-07 1320 e’ p 318
H1 MNC 03-07 1517 e p 319 FEUS MNC 05-06 1699 ep 318
H1 CC 03-07 1517 ep 319 FEUS CC 04-06 1750 ep 318
H1 MC med QZ 03-07 182.0 e*p 315 FEUS MC nominal 06-07 445 e p 318
H1 NC low Q° 03-07 1820 e'p 319 FEUS MC satellite 06-07 44 5 e p 318
HERA I Ep =575 GeV data sets
H1 NC high Q2 o7 17.2 e p 252 ZEUS MNC nominal o7 7.1 e p 251
H1 MC low Q2 o7 59 e*p 252 FEUS MC satellite o7 7.1 e p 251
HERA I Ep = 460 GeV data sets
H1 NC high Q¢ 07 17.2 e’ p 225 ZEUS MC nominal o7 139 e’ p 225
H1 MNC low Q2 o7 12.2 e*p 225 FEUS MNC satellite o7 139 e p 225
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The Longitudinal Structure Function FL(Qz)

Average FL measurement over X at each Q- to reduce statistical uncertainty

FL
04

0.2

H1 and ZEUS

@ H1
A ZEUS

————— __._‘...._ Uy Ky ety - AR
FAN

" HERAPDF1L.SNNLO [\ ABMI2 NNLO
1 B crioNNLO I NNPDF2.3NNLO
| MSTWO8 NNLO JR0O9 NNLO

10°
Q” [GeV]

10 102

Good agreement between the NNLO predictions and the measurement

Additional constraints to PDF's at low Q°
Agreement between H1 and ZEUS 1s within one sigma
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The Ratio R = G, G Extraction

For v*p R measures mteraction with longitudinally polarized virtual photon.
Relation between F and R: F| =F *R/(R+1).

H1 and ZEUS

- @ H1
0.5 A ZEUS

——————— HERAPDF].5 NNLO y =0.70fs = 225 GeV
- e e e HERAPDF1.5 NNLO y = 04035 = 225 GeV
e HERAPDFL.S NNLO y = 0.858fs = 252 GeV

1 10 107 10°
Q’ [GeV?]

R 1s approximately constant. Constant value fit grves
HI 0.23 +0.04

ZEUS  0.105+0.055-0.037
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The Gluon Density Extraction

HI1 Collaboration

o
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« Shaded area
prediction from the QCD fit

* Data and dashed line
extraction at order o_from the F_

measurement and prediction
3

zg(z, Q) ~ 2”—5(2

Fi(az, Q%)

A, M. Cooper-Sarkar er al., Z, Fhys, C 39 (1988)
E. B. Zijlawra and W, L. van Neerven, Mucl. Phy=. B 383 (196)

0. K. Boroun, B, Rezaei, Bur. Phys. 1. CT2 (20012) 2221
G. R. Boroun, B, Rezael, arXiv: 14017804,

Reasonable agreement between direct gluon density (approximate) extraction and indirect

measurement from scaling violation
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Heavy Quark Production

e(k’)

Y(q) /

ME

g€ p)

= 2 —
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Phase space of the measurement:

Tag: jet + secondary vertex 5 < %< 1000 GeV2
* Employs long lifetime of ground state 0'[_]2 <y<0s
hadrons containing charm or beauty E*>5(4.2) GeV
quarks |
16<n<22

* No specific decay mode requirement
— Iincrease in statistics

Jel axis

« Select tracks belonging to a jet
» p,(track)>500 MeV

« Fit a secondary vertex Secontiars

vertex
* Project decay length onto a jet axis I
onLo

« Calculate decay length significance jet axis

3D decay
length

Primary
vertex




Quark mass definitions

Pole quark mass
e Based on (unphysical) concept of quark being a free parton
@ Pole mass is ambiguous up to corrections of O(Agcp)
Running quark mass (MS)

@ MS (minimal substraction scheme) mass definition m(;:g) realizes
running mass (scale dependence)

@ renormalization group equation (mass anomalous dimenstion )
0

)
2
(#R% + B(as) 5&5) m(pr) = v(as)m(pR)
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Ratio of D** PhP x-sections at different Vs

ZEUS DESY 14 082
—
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L _ Tavwr 9 ;

o - 102 GeV | May 2014
W = _
'L <13.% GeV 152 Gev ]
0.8 ]
0.6 — -
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04 L = ZEUSep— D*X mP < 1.6 7
=L 1.9<pl<20Gev
- NLo acb 0167 <y <0.802
0.2 —
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Parameters for NLO QCD calculation:

Fixed-flavor-number scheme (FFNS):
Strong coupling constant : as(Mz) = 0.118,
mass of ¢ quarks: m =1.50 GeV
Fragmentation fraction f(c->D*)=0.237
PDFs : proton - ZEUS-5 FFINS
photon - GRV-G HO
Peterson fragmentation function: = 0.079

Scales were set to 11 = \}mi +p; 33



Charged Particle Spectra in DIS
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DJANGOH does best, RAPGAP is also satisfactory at low p, but not

at high p_.

CASCADE (based on CCFM) is the least successful model.

Eur. Phys. J C73 (2013) 2406
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