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ep-scattering at HERA

Status: 1-July-2007
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Q?=-9%> photon virtuality
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2 kinematic regimes :

Q? = 06eV? : Photoproduction (yp)

Q? >16GeV? : DIS
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Bjorken scaling variable
y Inelasticity in proton rest frame
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) DESY-11-114

H1 and ZEUS o Data/Standard Model
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H. Pirumov DESY-11-114

New physics with scale A>>Q?

Search for General Compositeness
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-Compositeness

- Le pfoquar‘ks H1 Search for General Compositeness
-Extra dimension o v
-Quark radius LA | 87 8

RL | 38 : 48

RR | 39 4.4

w | 72 5.6

AA | 51 44

Limits on compositeness scale el s
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DESY-11-123 H. Pirumov, S. Antonelli ZEUS-prel-11-000
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Interaction of lepton flavour violating

leptoquarks: e
LQ

eq—->LQ-u(t)q q

Search for Third Generation Leptoquarks

ed—-LQ—>1q

H. Pirumov
DESY-11-044

Limit from Atlas

Search for Leptoquarks at HERA (410 pb")
" T " " " T " " y T '

= o~ E
- H1 ‘gf\"

N 2 . ooy TS TS
[ — 3 T-*‘_‘ ‘_"__m‘l-_"'“—_ : ey |
A\ .~ r—
Y AL ]
E &
"{! "/ +
S e‘q—-LQ-uq
5 ,/ 1 1
KR l' |
*
// -i=r= Vi (€°d) -
RS 3
F ~oeen VR ')
[ SR
ws -

B o

" ,
~ 2 gen. LQ —-viewra o

e R B |

200 400 600
M q [GeV]

Search for Leptoquarks at HERA (410 pb™)
" T " " " T " " " T "

S5

Mass limits (A=0.3) ranges up to
712 GeV (2" generation LQ)
479 GeV (3" generation LQ)

] H1 9‘3\° ------'-f-”-_'“:':n_—:-:-;":-:".-:-'.-%

e g T il

R -
- e‘f'o i pt F=0 ]

4,: ': N
Sy eiq~»LQ-1q,

,xff 4 ]
= ey -mm VE () =
F . ‘:««" . i :
5 == Vo (€'d)

o A

]
w
T

3 3r|d gen. LQ —-Vi€utry

oV _|

200 400 600
M q [GeV]

Karin Daum HERA Symposium July, 13th 2010

9



N

)

ZEUS

S. Antonelli DESY-11-114
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Standard
ep-scattering

Diffractive
ep-scattering

A surprise @ HERA start: e
~10% with no fwd-activity
= diffraction

-X1p p-momentum fraction carried
by the colourless exchange (IP)
-B IP-momentum fraction
carried by the struck quark

(Xp)

-t momentum transfer at the p P
profon vertex (t)
Techniques: leading proton or large rapidity gap
Contributions: protons protons + low mass A,N*
FPS
BV ROH 6411

ipmlnn u RT7 172 | W ()51,55,58 I?I 42 (30,34 38 F.! .|:|- )2 | {M—15 Larg“hpmi;;\\,.x

1 ] I | | | 'y | L t i | | Gap ‘p- i,
FNC
54 $3 §2 sl
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DGLAP pQCD Approach

[xw]\JIJ

P [f] Y [M,]

Collinear factorisation:
-Q? evolution a la DGLAP
-diffractive PDFs

Proton vertex factorisation:

B, Q? dependence decoupled from

xp, T dependence
Pomeron PDF ® Pomeron flux

Pomeron flux from Regge theory

Dipol Approach
" /\ [ " q: " 1 ,/\ " \A

\ll II II qu II II
| T, | Toq

+qqg dipol diagrams

v(z,r,Q?): yqq wave function
Too! qq9(qqg)-proton
elastic scattering amplitude
Ty, parameterized in the saturation model
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V. Sola Hlprelim-11-111, ZEUS-prel- _11-011
Combination includes The power of combination
all correlations g’: O H1FPSHERAIl @ HERA (prel.)

: : o 002 [ ZEUSLPS 0.09A1t1A0.55 GeV
profits from different = = — ‘ -
detectors (systematics) — °® ¢ o12f  Xp=0.016 $=0.018 (x 13
cross calibration reduces o0 ol 1
uncertainties significantly f |

0.02 [ |
0.08j s
0.02 S
0.06| 1o
0.02 | 1€
; % E p=0.056 (x 3) |
0.02 0.041 % % 13
Scaling violation ' 8 ¥ o
clearly visible 002 0.02] ¢ " h=0- ; §
| . |
Most precise data as roa | > v | :
test bench for theory ‘ 10 10

Q? (GeV?)
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E. Sauvan DESY-12-041
. . X,,=0.01
New. data se.rs. Comb|ned W'Th g N .IPH1 LRG(MY<1.SGeV) =— H1 2006 DPDF Fit B
previously published data & [ cmmswemsixiz (extrapol. i
35x more data @ medium QZ x& 10 ; § B=0.005 (I=11)
™ I » B=0.008 (I=10)
10° E e ¥ p=0.013(I=9)
LRG 5 '_/q...--ﬂ—— =0.02 (1=8
FPS =1.203+0.019+0.087 [ I
(exp) (norm) 102 . L LT
- s 3
C B =0.05 (1=6)
(agrees with previous meas.) ol v ;ﬂ--"ﬂ ot
- ,!_.-_:JL—-"Q/WQ'_;-_B =0.13 (I=4)
1 * B=0.2 (=3)
E W
F e B =0.32 (I=2)
L __afe—e—or—" T 4?[3 05 (=)
w'E NP - Ehi
LRG and FPS data agree well E ¥
C v _ . B = 0.8 (1=0)
NLO QCD (DPDF) does well C H1 | T
for Q2>10 GeV? 10 10 102
Q? [GeVY]
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E. Sauvan DESY-12-041
c X,»=0.01
Comparison fo recent ZEUS data s [ riow <om e ——,
(cor'r'ecfed to same Qz and My< 1.6 GCV) iy [ O ZEUSLRG(M, <16Gev) == (extrapol. fit)
S . o 10* é_ ----- Dipole Model (C. Marquet)
ZEUS data: ~10% higher X E §pe0005(-10)
shape agreement © . . e=0osio
10 1 Be0013(=9)
S
: §__ £=0.02(=8)
10° e B =0.03 (I=7)
- B =0.05 (1=6)
10 ° -85 B =0.08 (I=5)

NLO QCD + DPDF: :
-problems @ low Q? 1=
-good for Q?>10 GeV?

Dipol model with saturation: 10°
-good @ low Q2

B =0.13 (I=4)

B =02 (=3)

-too low at high Q% and B 107 L T
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D. Salek DESY-11-084
"Rosenbluth plot”
2 S oos, & “ancer Gomon | o ooy o oo
D gD D o S Toms T -G
o, cFy— ' 5 FL B B : :
1+(1-vy)

ol for same x,Q3
at different E; (s)

Direct measurement of

F,® and F.° (no assumptions)
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Clearly non-zero F,°
Predictions agree
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a $0.02- X;p = 0.003 Xip FD
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o 7 — — H12006 DPDF FitB
> olo.l_'h..-.,__~ X o ".
° |
-0.01—————

10!
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DESY-11-084

H1 Collaboration

—— H1 2006 DPDF Fit B

[ - extrapolated Fit B

+—Pp—+
CI 95% CL.
upper limit

D. Salek
F—Eo.os"—
D D yz D fIPIp004__
o ocFy— 5 FL ot
1+(1-vy) 0.02}-
o, for same x,Q? °
at different E; (s) 0.02f
-0.04F

H1 data
x,, = 0.0005, Q% = 4 GeV*
X, = 0.0005, Q% = 11.5 GeV*

o
o

[ m x,=0.003, Q°=4GeV?
[}
A

X, =0.003, Q%=11.5GeV’
X;p = 0.003, Q=44 GeV*

First measurement of F© " 5
D =D 20 H1 Collaboration

oo _ R NN

le) - Fff) 10' ___ RPFitB)

I R(H1 2009)

r ®

R0/R=2.8+1.1 T — %

Longitudinal photons more important S VO
in diffraction than in inclusive DIS M T T a0
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e(k) e'(k’)
Y(a)
—>
M,
Zp M,
Xip
p(P)
{ ) A\ P'(P)
\_/ /

2 topologies:
2 central jets

1 cen. +1 fwd. jets

Deviations from DGLAP ?

R. Polifka

two central jets

| 4 H1FPS Data H1
E = NLO Fit 2007 Jets
[ - NLO Fit 2006 B

2

do/dlog, (X, [pb]

b]
N
o
o

doldn, [p

150 7 “ NLO Fit 2006 B

DESY-11-166

one central + one forward jet

-+ H1FPS Data
| & NLO Fit 2007 Jets H1

107
§ e 1
m 8
DPDF + NLO QCD works well |
No sign for deviations from DGLAP | STy
J
t-slope consistent with inclusive diff. |
= Proton vertex factorisation holds 2 107 0
P
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Test of QCD dynamics @ low x:

*DGLAP: strong k; ordering

L. Goerlich DESY-11-183
_ 00large x forward jet small x
® [ ' H1data
3 80 - Energy scaleuncert. |  ____
8 B
s |
B 60
-g |

20<YA34
AXT =0.0024
L L ‘ L

A XTI =0.0012
! ! !

3.4<YA425
|

425 <Y AS.75
A xT =0.00048
L L ‘ L

*BFKL: weak k; ordering = more fwd jets
*CCFM: random in k= even more fwd jets

Expected de-correlation effects from O(a.")

Ad(rad)

eCross section described best by BFKL-type model (CDM)
eA¢ shape: initial differences washed out by parton showers

Karin Daum

DIS2012 Bonn March, 26™h 2012

21



E. Paul
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DESY-12-04

ZEUS

f

[ 142A W, A293GeV « ZEUS 300 pb™ |
[ Q*A1GeV?

L E% r176ev
| kyalgorithm

do/dn™* (pb)
L3 =)
2 g

N
s

NLO: proton/photon PDFs
—— ZEUS-S/GRV-HO

—— ZEUS-S/AFG04
—_— ‘US-S/C.{K

N 2
Gt

=4

ZEUS ZEUS
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£ [ o zEUS300pb” 18 [ MAW,ADIGY o ZEUS 300 pb™ |
g [ — NLO (ZEUS-S/GRV-HO) %, [ Q” ;\IGeVz
S 800 15 80| EY rucev
5] B [ kpalgorithm
-] ] r

600 — T 600 -
a0 4 400 /4
[ Y A Ey I'17Gev )/ — NLO (ZEUS-S/GRV-HO) \\\ i
e by Q*A1GeV? f L NLO ®NP:
200 - 142 A W,, A 293 GeV b 200 - T Pran=1GeV
L 1 L sec
Q2 L 4 k; algorithm — Pran=15GeV
[ | | | | | L N pT’r""'=2Gev
—— o0511‘1111‘1111‘HH‘HH‘HH‘HH;oosi;\uu\uuHH\HH\HH\HH
E E jet energy-scale uncertainty +§ = ]
0251 Wﬁ,ﬂ,}‘, 4% 025 ,ﬁ E
L a 2 o s | e 0 e E
P & b VR, g A I
g. ?-0.25 E [ theoretical uncertainty 3 -g'-0.25? jet energy-scale uncertainty
P Va E'o's; H\HH\HH\HH\HHMH;E'0'5:"@“‘]'70\@':‘“‘"\"@??"}"‘”‘“ L
.5

=l

jet energy-scale uncertainty

th

{ [0 theoretical uncertainty
Bl b b i

rel. diff. to NLO
s &
7 ]

Bt
-0.5 0 0.5 1 15 2
T_ljet

il
wn

05 0 o5 1 15 2

-0.5 0 0.5 1 15 2 2.5

NLO QCD underestimates data @ low p; and large n

Theory my be reconciled with data by
-adding multiple interactions or
-using a different photon PDF

Karin Daum DIS2012 Bonn March, 26™h 2012
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E. Paul DESY-12-045
ZEUS

@017 [+

o ZEUS 300 pb™

0.16 - COrr. exp. ]
N corr. exp.® th. 1

Analysis based on different i
jet algorithms: 0.15 -
kt, anti-kt, SIScone

Results are very consistent

0.14 -

0.13 -

012 b

Running of o clearly visible in a single experiment
as(MZ) = 0.1206 53323 (exp.) loooss (theo.)
As for many other processes at HERA theory uncertainties
are dominating due to missing NNLO calculations
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D. Britzger Hlprelim-12-031
t  Normalised Normalised Normalised H 1
10"} Inclusive Jet Dijet
F Preliminary
g NLO®c¢, 4
108 3 NLOJet++ and fastNLO
F o . . croa
. . — 6L ° ) o ° <Q?< oV?
Combined NLO fit to o : w o e mow
normalised inclusive ’ lee"' xo ] ’ O 200<Q*< 270 GoV?
.o . S 10tk (=8
and trijet cross sections 8 .  u 2<ai< 000r?
Y3 E o 9 oq (i=6)
- F o o
©  10%: a O 400<Q?< 700 GeV?
F 5 o i=4)
E A 700 < Q? < 5000 GeV?
1L x (i=2)
a 4 A 5000 < Q? < 15000 GeV?
3 2 b, (i=0)
102} % i i }
11 \‘ | 1 11 11 \‘ | 1 11 11 \‘ | 111
710 20 50 710 20 50 710 20 50
P P P [GeV]
+0.0044

a<(MZ)=0.1166+0.0011(exp)+0.0014(PDF)+0.0008(had)

-0.0035

(theo)
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HERAPDF 1.6

Combined PDF+ag fit to: c
-combined incl. HERA-I+II data <« f
-published DIS jet data

K. Nowak

=
HERAPDF 1.7
Combined PDF+ag fit to:
-combined incl. HERA-I+II data |
-published DIS jet data 5l
-combined F,¢ data
-low proton energy data

0

— same results = all processes
“see” the same PDFs

=

— =

Hlprelim-11-031, ZEUS-prel-11-001
H1 and ZEUS (prel.)

--- HERAPDF1.5f
— HERAPDF1.6

inclusive
+ jets

v
-
-
-----
--
--
-

e
Sea
-~ -
----------------

HERAPDF Structure Function Working Group March 2011

| ‘ | | | ‘ | | |
0.122 0.124 0.126
ag(M.)

\l\ | | I | I
0114 0.116 0.118 0.12

+0.0045

a5(MZ)=0.1202:0.0013(exp)+0.0007(model)+0.0012(had) 5" 503 (theo)

Karin Daum
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H1 jets Q*>150 (NLO)------ H—i ------
ag determinations at HERA with ZEUS jots 1p (NLO) I
sizable uncertainties - missing NNLO i
HERAPDF1.6 (NLO) SE L o A
| P
World average dominated by o ;
as from lattice calculations Qarkonia (Lattice) KL
(appropriate for perturbative calculations?)  pisk2n3Lo) ——
All extractions do have caveats o'ejets (NNLO) | ——e——
e.g. non-perturbative physics eleots ST fits (NSLO) )
higher order contributions... L A
0.11 0.12 0.13
aS
as from HERA with small experimental uncertainties
Precision spoiled due to lack of NNLO calculations
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Heavy flavour predominantly
via photon-gluon-fusion

L;_(’ Charm contribution to DIS at HERA
v e s up to ~30% (Beauty:1-2%)
AC
g Perturbative calculations are faced
p
> g X with a "battle of scales*)”

m.. Pr. QZ *) O.Behnke

Different approaches:
"massive” = charm produced perturbetively
"massless” (ZM-VFNS) = charm constituent of the proton
- both not valid in the full phase space
GM-VFNS combines both approaches
- but how to do the transition? Just make a choice!

Can charm data tell and thereby remove ambiguities?

We better understand charm to get reliable PDFs
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E. Hennekemper DESY-11-066
D* in DIS D* in DIS

T 20r H1 ® Hidata ] %' 10° ® Hidata
= C EZZZ3 ZM-VFNS (CTEQESM) | (9 EZZ23 ZM-VFNS (CTEQ6.6M)
> 45 == HVQDIS (CT1013) 1 3 — HVQDIS (CT10f3)
) .
g "massless” ] =
ko] 10 :_ = / _: "é

RN e 1 o

50 = 4 3
- 1 8

o . 1 1 1
E  3f “massive” 1 E
T 2 1 '
1 ® T
0 PR STY [NSN SR ST SR (NN SN SN SN S NN SR SANNT SRR S N SN S AT S (ST SN SR ST SR NN SN S S’ s s s s s s s M
0.1 0.2 0.3 0.4 0.5 0.6 0.7 1.25 2 3 4 5 10 20
y p(D*) [GeV]

-Massive NLO QCD describes data reasonably
-Massless (ZM-VFNS) fails
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o ZEUS
104 e ‘ ‘ T E

(pb/GeV)

AC ) ;

g | =
P 10 ? =
> X E op —»> o' D* X i ,,,,,,,,, ¥ ,,,,E

« ZEUS (prel.) 357 pb*
1 ==~ HvaDIS + RAPGAP bx1.52
F RAPGAP bx1.52

D

T
-
o

N

T

|

doldp

T 4 4 5 678w
pY" (GeV)
Charm tagging:
reconstruction of

D* mesons

-High precision data well described by
NLO QCD in the full analysis phase space

= provide precise input for F,°

——

ZEUS-prel-11-012

. ZEUS

&-10§Hu T

% Ee ep > o' D* X

o F | « ZEUS (prel.) 357 pb"!
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S L | I
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> 20000 - 4 ZEUS (prel.) 357 pb
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V. Libov

ZEUS

ZEUS-prel-12-002
ZEUS

EOOOO?I T ZEUS(preI)3|5£Il|I:Jb A % E‘---, ‘ . ZEUS(prEI)354pb o
ﬁ"" L HVQDIS+ZEUS-S @ hadr ® rad -| (§ F —— HVQDIS+ZEUS- S®hadr®rad
)\ c -—.-'6_8000; o ::;}g[;l:;ﬁiKM@ hadr @ rad 7— -‘é. 103§ o :Zgg[:psxﬁa‘;KM@hadr@md -
g g ep — e'ctX — e'jet X' ,i""_ F ep — e'ctX — e'jet X/
P} ﬁg X sooo: :E "’2? 3
Heavy flavour predominantly  «x o o
via photon-gluon-fusion o= = e faocacd
2000, 3 T 3
Char‘mtagging: :\....u | [ P \ L 10.1—\‘..J\HH|.JH|..H\‘...\M..
displaced tracks in je*s 15 0.5 0 0.5 1 15 2. 5 10 15 20 25 30 35
plus jet mass b EJ<" (GeV)
(7] 2j\ T 0 2:‘ T + r
Q st . 118 45, . ! 3
R STV S, TS URUUPIE S B .
s 055 . 18 o0st ‘ . . ‘ =
% -1.5 1 0.5 0 0.5 1 1.5 2 g 5 10 15 20 25 .30 35
e Ef (GeV)
Charmed jet production described by theory within uncertainties
Data more precise than NLO QCD predictions also for charm
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AC
g
p} g X
FSC = 5 4 ’92 e
2 red 1+(1 y)Q L

Charm tagging:
displaced tracks in jets
plus jet mass

N

£

=

ZEUS-prel-12-002

i

$$$ ;

|
f
Q*=120GeV®

-F,¢: good agreement
among measurements
-valuable input for PDFs

onme )

ZEUS vtx (prel.) 354 pb™

ZEUS D* (prel.) 357 pb™
ZEUS D" (prel.) 323 pb™
HERA (prel.)
HERAPDF 1.0

Karin Daum DIS2012 Bonn March, 26™h 2012

31



Z. Staykova DESY-11-248

% 30 T |Dta| T E 5 T T

= * Da [ —

¥ ZMC@NLO IH1 S 4 i H1
3 3

e

= =

do/dn [nb]

T T i s 2

-MC@NLO underestimates resolved contribution | ..f="
-non-D* jet has significant from gluons for n>0 T T otheriey
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_ LO MC models discussed:

Lepto (MEPS): matrix element with
parton showers

c
Y

r - Py
/< §< < CDM: color dipol model

% + Lund string model
Courtesy: AKKS hep-ph/0611029

NLO calculations discussed:
c(ep »> ehX) <« PDF ® ¢ ® FF
FF with contributions from quark, anti-quark and gluon (as PDFs)

AKK+CYCLOPS: parameterized from fits to e*e- data
DSS: parameterized by fitting to e*e-, pp and ep data

Understanding fragmentation as important as understanding PDFs
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) i ZEUS
I. Abt DESY-11-206 =
ZEUS
én' 00 <x,<04 01<x,<02 Steep rise with Q?
= 3 K? . 181 NLO: 1 at small x
&W I AKK+CYCLOPS .
T ,l © ZEus3opy’ ramanal 1l 1 bss 1 POPUIO"'IO" due to
Z e ) — gluon splitting
T ol . 1 05 o b |
o= . ) : ] 0 e )
04 & 0.2 <xp< 0.3 ] 02l 0.3 <xg < 0.4
’ — ’
Scaling vio.la.'rions - ...... = — e
clearly visible . S |
01 o I 1 oosf
0 t t 0 t t
0.08 - 0.4 <x,< 08 1 oot 08 <xp< 10 1 S'l'eep fall with Qz
o.osh_ | -‘——.— at s.mall Xp
e | oossl o — | Depletion due to
""" ‘ gluon radiation
0.02 - .
0
0 2 3 4 ‘ 2 ‘ 3 4
10 10 10 10 10 10
Q? (GeV?)

Monte Carlo models (CDM, MEPS) give a fair description
NLO QCD: AKK+CYCLOPS fails - DSS reasonable at larger x,
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zZ

EUS

[

o

I. Abt DESY-11-205 —
ZEUS
{1 A |
5 1 10 <Q?< 100 GeV?
310 e EEN AKRFCYCLOPS
B w? . f-——. _______ o=
07 e ZEUS 330 pb iT_
4 = e
10} — 1
1 1oo‘<Q’<‘4oooo c‘;ev2 | |
a ) _—‘_—l—
CDM, MEPS give a fair description - but 20% too high
NLO QCD: AKK+CYCLOPS much too steep in x,
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H. Zohrabyan DESY-11-093
Forward Photons Forward Photons
< H1 a H1
> o l=———= : : b 0-05F
3 0 . main source: 2 T ———t=—=
- I nO—yy _2o.04f
(1]
o ¢ 0.03 .
S0 F Y e e e
-8 ¢ H1Data 002} ® H1 Data
) — Lepto T ; correlated uncertainty
o L
b —=CDM 0.01f ——
= 10°- n>7.9 L ——— cOm n>7.9
L ‘ \ | 0 1 1 1 |
0 0.1 0.2 0.3 0.4 20 40 60 , 80 12°°
P!I?ad [GeV] Q° [GeV?]

At large n MCs much above data
= fragmentation to 7% in p-

remnant not well modeled in MCs

y-yield independent of Q?,x
= p-remnant does not “feel”
the hard interaction

FPS
n>7.9 00V 81V R0H

‘pmﬁn‘\
' | 1 ] e r——— - '
' FNC
-7 S6 S5 S4
106 m

6411
A6 {)51,55,54

S3 82 51
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e The Standard Model is healthy
- no sign for new physics at HERA

e HERA provides precision measurements
in many areas of QCD
- analyses are profiting from all the efforts
made to get the best data

e There is a grain of salt:
- almost everywhere large theory uncertainties
due to missing of NNLO QCD calculations

Still some way to go to finalise
the rich HERA physics programme
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