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Kinematics at HERA

Kinematic Quantities:

* Center of mass Energy: s=(P+k)

* Photon virtuality: Q°’=—¢’=(k—k )’

.. P
* Inelasticity: yZP—Z

* Bjorken Variable: x=

Q 2
2Pq

Kinematic Regimes:

. Q%O GeV?’ - Photoproduction (PHP)

* 0°>1GelV’ : Deep inelastic scattering (DIS)
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Jet Production at HERA

QCD factorisation:

o, <f, ® 0 (1+05, )

* f ,;, : parton distribution functions
(PDFs) for proton (and photon)

Jet Production in DIS

* 0 :hard scattering matrix element

e O nad - hadronisation correction

Measurement of jet production at HERA
provides powerful tool for:

> Constraints on PDFs
> Testing ground of perturbative QCD

> Precision measurement of running

Jet Production in PHP

strong coupling constant

Jet

jet

jet

— Boson-gluon fusion QCD Compton
(BGF)

__ Direct process (BGF) Resolved process
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Inclusive Jet Cross Sections
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> Cross sections well described by NLO predictions
> Measurements provide direct sensitivity to o

> Very precise data — stringent test of (p)QCD from Q2 ~ 0 — 20000 GeV?
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— jet

do/dE

rel. diff. to NLO

Dijets in Photoproduction
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> Good description of data by NLO QCD in the whole measured range
> Sensitivity to photon (high n/¢) PDFs
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Multijets at low Q?

=44 pbl HI: Eur Phys J. C67 (2010) 1

* Multijet cross sections as a function of Q? and p/®* |5 < Q2 < 100 GeV2,0.2<y < 0.7

Inclusive Jet, 2-Jet and 3-Jet Cross Sections ptjet > 5 GGV, _1 < nlab < 25
%ﬁ 103.—' * Hldala E I « H1data
incl. = . HHO® hiadt 2 ol . HLO @ hadr o from Jet Cross Sections
jet i%ﬁ “'zi' . @ %i 10f ) (b) % al * Hidata
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_gx - H1 * l .gI " H1 . ol
10 Q*[GeV®] 10 P rIGev] 0 I . . . . |
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E 105— b NLO& hadr g 10[— - * NLO & hadr u'r [GeV]
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g C) 5 ® S
&0 3 5 . . .. ..
§ [Hl |8 LHT ' inclusive, dijet and trijet measurements
10 2 ) 10° 10 I 50 .
aleev Pr1Gev] > Data much more precise than theory

> Good description of data by NLO predictions
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Multijets at high Q2

Normalised Inclusive Jet Cross Section
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=395 pblHI: Eur Phys J. C65 (2010) 363

* Cross sections normalised to DIS cross section

Normalised 2-Jet Cross Section

150 < Q%< 15000 GeV?,0.2<y<0.7
p/t>7(5) GeV, -0.8 < ny,, <2
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> Good description of data by NLO predictions

Normalised Jet Cross Sections

X [ H1

Combined H1 data (incl., 2-, 3-jet)

B

Theory uncertainty

10
b, [GeV]

> Simultanous fit of all norm. jet
Cross sections

> Smaller theoretical uncertainties
due to higher scale
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Running &, from H1 and ZEUS

H1: Eur Phys J. C67 (2010) 1
H1: Eur Phys J. C65 (2010) 363

o, from Jet Cross Sections in DIS

| T T T T l T T T T

H1 data for 5 < Q% < 100 GeV?
H1 data for Q? > 150 GeV?

Fit from Q? > 150 GeV? [arXiv:0904.3870]
o, =0.1168 + 0.0007 (exp.) 2% (th.) + 0.0016 (PDF)

E== Central value and exp. unc.
Theory®PDF unc.

10

102

u,=V(Q*+ P})I2 [GeV]
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0.12 |
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T e e A RS e U o e o O
ZEUS (prel.) — QCD -
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COTT. uncert. th. uncert.
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jet
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> Very good agreement of extraction of as( ur) at low and high Q?

> Running of o tested over wide range of scale
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(M) from H1 and ZEUS

th. uncert.

ol Normalised jet cross sections at high Q°
I H1 (Eur Phys J C65 (2010) 363)
exp. uncert.
koA Multi-jet cross sections at low Q

H1 (Eur Phys J C67 (2010) 1)
* Results of &« ,(M,) from recent HI and

—— Inclusive-jet cross sections inyp
ZEUS measurements compared to the ZEUS-prel-10-003

WOﬂd average —e—i Inclusive-jet cross sections in NC DIS

ZEUS-prel-10-002

—e—i HERA combined 2007

> Results of O(S(MZ) measurements (H1prelim-07-132/ZEUS-prel-07-025)

A HERA average 2004

consistent with each otherandthe @ ...
(C. Glasman, hep-ex/0506035)

world average
] World average 2009

(S. Bethke, Eur Phys J C64 (2009) 689)

01 012 014
(M)
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Production of Heavy Quarks

ex (k) et (k)

* Predominantly via boson gluon

fusion D
» . ~—p), ¢ —m >
* Additional scale given by mass v e
X >
* High contribution to inclusive N b,c
cross section »(P) g(zg)
2
920 GeV
QCD factorisation:
A D*
o, o I ® o ® D (z)

parton density function parton scattering cross  fragmentation function
(non-perturbative) section (perturbative) (non-perturbative)
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. - M s
Methods for Heavy Flavour Tagging 4%
- ——
Meson 1dentification: S, ook N(D")= 7206+ 168 -
% 3500:_ Decay-length significance 5|.> 4_5 rlel
* Full reconstruction from decay ¢ P+ y Jet
2 -~
tracks: <
o
£
D+/-_>K-/+7T+/-Tr+/- S H
Lifeti oot ZEUS D (prel.) 323 pb™' E 4\~
1fetime tag: L Previsese : AN
g 500; Gaussian + background _g B E p .
. 17 175 18 185 18 185 2 205 21 / A
Reconstruct secondary vertex M(Kxm) (GeV) 5
(with jet) Yy e ZEUS ;
. . g F o+ ZEUS(prel) 128 pb’ 2<m,, <7.5 Ge\l; B- '
* Project decay length on jet Eqgtl [ pmanmen 1 & :
axis =RRL A | E I
o ; PYTHIA (b) B \
* Use decay length S 1ot 2
significance: S=d/&d ER 3 b T
O ST i . Y et
— 1k - 7))
e i 2
* Impact parameter significance g, N

of tracks 20 10 0 10 20
S=d/éd
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Beauty in PHP using Secondary Vertex

=128 pb! Q2 <1 GeV? 0.2 <y <0.8| ZEUS-Prel-09-005

jet
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__-g'__. N PYTHIAx 112 . = .
-E : ........... : _E-_E i 7
i T o = e [ I — ]
o B —— NLO QGD ® had | s300~ @ 1 = - —
-DE 10; - g ________ ‘f + :
s — z T e
LB — ) 200 =
E i e ® ZEUS (prel) 128 pb™
3 - |
T DAt . 100-— - PYTHIA X112 |
-1 = — : ........... ]
10 = ] - T ~— NLO QCD @ had
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> Cross sections in P/ and N In good agreement with LO MC (Pythia) and

NLO QCD calculation (FMNR)
> Theoretical uncertainties larger than experimental ones
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Beauty Jets in DIS

=189 pb! 2> 6Gev?,0.07 <y <0.6| Hl: DESY-10-083
* Use sensitivity to lifetime Eje > 6 GeV, -1 <n, < 1.5

jet

* Compare data with NLO calculation
HVQDIS

_H1 Beauty Jet Cross section H1 Beauty Jet Cross section

—
T
|

— 250
%I L ® H1 Data ] r i ® Hi Data i
o _“f““ NYNLOud)/ (@%+pZem?y2 . = I SYNLO | (@%p2+m?)2 |
'g_ 101 \EEEEEE!EEEEEE‘ T NLO u=\ Q*+4m? B 3, 200 “NLO |.L=\'c’;(3.‘12+£lm2 B
= 10; MSTWO8BFF3 .g I MSTWOSFF3 i
B E S 1 [ |
- ] s 0 ]
© : I i
B ¥ i - N s
- 100 | .

- 50§¥N

1 05 0 05 1 _1_.5
EF' [GeV] e
> NLO QCD calculation describes data well for both scales

|'l'-:?I
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Beauty 1n DIS using Secondary Vertex

=354 pb1 |5<Q2<1000GeV?,0.02 <y <0.7| ZEUS-prel-10-004
EJet >35GeV, -1.6< Mier < 2.2
- < M g W i ™3
* Compare datawith LO 3 © « ZEUS (prel) 354 pb” ] a2 e ZEUS (prel.) 354 pb"
O 1L HVQDIS ® hadr ® rad_ X HVQDIS ® hadr ® rad |
MC RAPGAP and NLO s e -- Rapgap x 1.6 T g -- Rapgap x 1.6
. = [ ]..a.. ep—ebbX - efetX’ E2 % - epoe’bbX - efetX’
calculation HVQDIS g mz__l— _f_‘% - | S
"‘b'- & “i“f 10° i
- | i el
i3 .. E
- 10 - E
107 — =
_____ E 108 E
1r * ] T i ______
22 Ll L N | Ll L
> Reasonable agreement 10 10 10’ 10¢ 10° 102 10"
. Q* (G X
with NLO QCD (except . (Ge¥) .
w EI ) F ]
2 S rst i : I8 sp % ]
low Q4 and low x) g rt i o, 3 i | g s ! i, :
T 1 * e B = T
= 05F . T .3 = o5k . 3
3 10 10 10° 8 10" 10° 102 10"
Q? (GeV?) X
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Beauty Structure Function F,b

F,b> at HERA

* One way to summarize beauty measurements = gz
o W s ZEUS (prel) vix 354 ph'1 i
Definiti f F,bb: Py =uuuu13 =7 ZEUS(prel)e363 pb”
e Deminition of F,"": 2\ 0200[-* i pre) e 363 ph” -
Contribution of A ZEUS 1 114 pb .
bb | 0 ZEUSpsvix 126 pb”
F,°° neglected ! 0178 -u o M1 vie 1
d> o’ 2"0‘2 b 5 M/ [ ZEUSS+HVQDIS]
s=——|(1+(1— J/)) (x 0%)-y , 0 )} 0.150 — GJROBNLO -
i O X=0.0003 =3 ABKM NNLO -
0.125 MSTW08 NLO 1
' MSTWos NNLOT
— CTEQ6.6 NLO -

0.100

* Estimation from measured double differential cross
sections 0.075

* Measurements consistent with each other and with oc.0s0

x=0.002 i=3 M
x=0.005 i=2 M

I_||||r1[1r|||||1r'|r1|||||r1[1r|||||1r'|r1||||

NLO QCD predictions :
0.025 —x=0.013 i=1 -
* Gain in precision with HERAII - data 0,000 | X0.032i=0 =TT Y
) W T BT B

10 1U2 1U3
of (GeVH)
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Charm (D¥) 1n DIS

=323 pbl |Q2>6GeV?,0.07<y<0.6 ZEUS-prel-10-005
1.5 < p(D%) < 15 GeV, In(D*)I< 1.6

* Reconstruction: D* — K'mr*mr* using lifetime information (secondary vertex)

ZEUS ZEUS
b.l‘—h 1 E T T 17T T I T T T TT | T T T I IE ; [ I T T T | T T T | T T T | T T T | T T T | T T T | T |
? . i G P . ZEUS D* (prel.) 323 pb~'
G [ ] o B (prel.) 323 pb™ |
:E ol “ | g - ZEUS D* 1336 pb™
o - —‘_.. ] —~ 10 g ——— HVQDIS =
Q - . ] N ' -
© - T - -
ke, .
B 2| A _ o - ) .
T 3 |
_ : T )
[ — .
|
103 = [l -
E ZEUS D* (prel.) 323 pb™ - - .
+  ZEUSD'1336 pb . i 0A |
107 = '
g HVQDIS 13 . §
i I 1 11 | 1 | 1 1 11 | 1 1 | L1 1 I_ 10—2 I | | | | 1 | | | | | 1 | 1 1 1 | 1 1 1 | | | | | |
10 102 103 2 4 6 8 10 12 14
+
Q? (GeV?) p.(D") (GeV)

> NLO calculation HVQDIS describes data well
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D* Meson Cross Sections (do/dQ?)

Phys.Lett.B649 (2007) 111

Hlprelim-08-072 ZEUS-prel-06-021
HI: Phys. Lett. B686 (2010) 91 Phys.Rev.D69 (2004) 012004
Q i o 107 T
> i H"l ®  Hidata >
) 103 3 A Hidata(prel) 2 1p 0
% M L HVQDIS {pr.nHSTzaoo,FFanloj £ JLI_L*’
2 10% ¢ l_m--ﬂ;-- ?% 1 JTH
o : - 3 .
5 el 10
g 10 E —r &
© i 10
'a ——
1 —— - ® ZEUS (prel) 162 pb”
- O ZEUSBPC (prel.) 95-00
10" _ IOOSDi)YIiOl?S . O ZEUS 98-00
p?(D*)>1.5 GeV — osE anis
10 10 102 103 1" 1 10 10° 10°
o (GeV*
Q? [GeV?] oer)

> Good description of data by NLO calculation (HVQDIS) over four
orders of magnitude in Q?
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6

D* Meson Cross Sections

/=347 pbl |5<Q<100GeV2,0.02 <y <0.7| HIPrelim-10-172
pt(D*) >1.25GeV, In(D"I< 1.8
s . —e— H1 data (prel ) O . —e— H1 data (prel )
o 10 g H1 Preliminary chn%?s ?E;EHSTEDMFFSMO) c 3 [~ H1 Preliminary HVQ%?S EP'.THSTEUUﬂrFFSnIo)
C e —rmmimn HVQDIS (CTEQSE3) o~ i —mm—— HVQDIS (CTEQSF3)
£ 1 = +
g - — e K
A 'E 2 FM%?%’A@%}//[@/
SwE s [k 25 AL 55,77
= : L8
Stk § 2
o - i
8 10 F - i . .
E Theoty scaled by o2, /o= o E
gm 15 y //% %t 1.2
27 %777, 1
] a7
0.8f -
2 3 4 5678910 -1 0 1
p_(D%) [GeV] n(D*)
> NLO calculations describe measured cross sections reasonably well
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Charm Jet Cross Sections DIS

* Flavour separation: combine secondary Q2> 6GeV?,0.07 <y <0.6| Hl: DESY-10-083
<15 | =189 pbl

vertex and impact parameter information Ei>6GeV, -1 <n

jet

* Compare data with NLO calculation

HVQDIS _

. H1 Charm Jet Cross section 3500 H1 Charm Jet Cross section
%I 10 ;gw * H1 Data 3 E E « H1 Data E
o - ¥ NLO u%/_(02+p$+m=)f2 ~ 3000F Y NLO pa (@+p2+m?)2
- ! ~ NLO 2\ Q%+4m? | .'i: [ ~— NLO p2\ Q%4m? ]
“._. 102k S - MSTWOSFF3 o 2500:— MSTWOSFF3 ]
2 - . © _ ]
w ] - 2000 ~
ke, 1 N + ]
= : 1 1500 § W -
T 10- E B N\
- . 1000;%*&*\@\?@' ¢
- SHERNRE
»mmmmm*mm;m\:& 500 ]
1:_| 11 | I | | | | | L1 11 | L1101 | I | |_: G: 1110 | IS T - | L 111 | L1 1 1 | IS I :

10 15 20 25 30 35 -1 0.5 0 05 1 15

. jet

EF' [GeV] M

> NLO QCD calculation provides reasonable description of data
> Slight sensitivity to scale (large n)
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' CC b > . EUS
H1-ZEUS F,¢ combination
- =
H1 and ZEUS
| & . 0.5 =]
o - Q=2 GeV® | Q%4 GeV? Q’=6.5 GeV? | S
B B o~
- i g
0.25 n — - +4 | g
. . :* b oo - ¥ g ? i | o
* Comblned F2CC Compared to Slngle _I Illlzlll!gl | IIIIII| Ll IIIIII| | _I IIIIII| Ll IIIIII| L IIIIII| L1l _I IIIIII| Ll IIIIII| TI 1 IIIIII| L1l
05 Q’=12 GeV® | Q%=20 GeV® | 1@%=35 GeV? §'
measurements from H1 and ZEUS ol i f £
- M M E
. . : $t ' : ! L -** 5_?
® FOr Comblnatlon take Correlated 0 1 IIIIII| Ll IIIIII| Ll IIIIII| L1l L Ll IIIIII| L IIIIII| LA ad L Ll IIIIII| Ll IIIIII| L1l §
2 2 2
. L. . 05 L Q’=60 GeV® | Q%=120 GeV® | Q’=200 GeV? a
systernatlc uncertainties into account i I I l | u';-“
: ] M E
ol S R
b PreCiSiOn 5 -_— 10% for 6.5 < Q2 < 60 GeV2 0 LI | IIIIIII| | IIIIIII| Ly Ui | IIIIIII| | IIIIIII| I’I IIIIIII| | IIIIIII| | IIIIIII| L1l %
05 Q%400 GeV? | Q%=1000 GeV? ® HERA (prdl)
) A HiD* HERA N (prel)
N i ¢ HiD'HERAI
i Lol % HIVTXHERA Il (prel)
i LT H1 VTX HERA |
- AW L] B ZEUS muons
0 IIIIIII| 1 IIIIIII| 1 IIIIIII| Igll IIIIIII| | IIIIIII| | IIIIIII| L1l A ZEUS D+
10°10°%10?% 10%10° 107 v zEus00
O ZEUS D* 99-00
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|

HI-ZEUS F,°¢ combination

02

NNLO calculations

H1 and ZEUS
i Q’=2Gev? | Q’=4Gev? |
% IIIIIII| L1l LLLiu 1 IIIIIII| 1 IIIIIII| L1l IIIILL|J 1 IIIIIII| 1 IIIIIII| L1l
L Q%=12GeV? |_ Q%=20GeV? |_
IIIIIII| \ L1l IIIIIII| l IIIIIII| l IIIIIII| L1l IIIIL|.|J l IIIIIII| l IIIIIII|
L . Q°=80GeV* | Q@°=120GeV?|_ Q°=200 GeV?
LU l IIIIIII| l IIIIIII| .--- LU l IIIIIII| l IIIIIII| I. 11 IIIIL|.|J l IIIIIII| l IIIIIII| I-.II
L Q2-400GeV2| Q’=1000GeVv?| ® HERA (prel.)
— MSTWDS NNLO
N R MSTWO08 NLO
L CTEQ 6.6
L —— GJROD8
—— ABKM BMSN

107 1072 1072

-4 -3 -2
10 10 10 X

ABKM FFNS NLO
ABKM FFNS NNLO

» Combined F,* compared to NLO and

October 2009

HERA Heavy Flavour Working Group

1Q

0.2

» Combined F,* compared to
HERAPDF 1.0

H1 and ZEUS
L Q’=2Gev? | Q’=4Gev? |
| B
%\ | . ¥ i

IIIIIII| l IIIIIII| 1 IIIIIII| L1l IIIIIII| l IIIIIII| l IIIIIII| L1l IIIILL|J l IIIIIII| l IIIIIII| L1l
L Q%= 12GeV? |_ Q2=20GeV? |_ Q2= 35GeV?
| \\ \ :

IIIIIII| l IIIIIII| l IIIIIII| L1l IIIIIII| l IIIIIII| l IIIIIII| L1l IIIILL|J l IIIIIII| l IIIIIII| L1l
L Q2=60GeV? | Q%=120GeV?|_ Q2=200 GeV?
I § 3
_IIIIIII l IIIIIII| l IIIIIII| Lt L l IIIIIII| l IIIIIII| l II_IIIILL|J l IIIIIII| l IIIIIII| [N
L Q%=400GeV?|_ Q%=1000 GeV? 10'4 10‘3 10-2){
I ® HERA (prel.)

- E= HERAPDF1.0
_IIIIIII| IIIIIIII| IIIIIIII| L1l IIIIIII| IIIIIIII| IIIIIIII| III|
4 3 -2 4 3 -2
10 10 10 10 10 10 X

> Precision in data good enough to discriminate between different theory predictions
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Summary

* Jet physics at HERA provides precision measurements to understand QCD

* Precise and consistent extraction of strong coupling constant and its running over
wide range of scale in one experiment

* Measured charm and beauty cross sections in general in good agreement with
NLO QCD

« Different beauty measurements provide consistent results of F,
e Predictions from NLO QCD describe measured F,b

« Combining H1 and ZEUS F, measurements provide a precision of 5 — 10 % on

a wide kinematic range
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