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JETS IN DIS AT HERA

ECOLE
POLYTECHNIQUE

> HERA i1s an electron (positron) — proton collider

> High P multi jet production sensitive to pQCD parameters: dg
but also to proton PDF
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JET CROSS SECTIONS
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ANALYSIS PHASE-SPACE \
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Event sample:
Q2
= High Q2: HERA I+II - 395.0 pb’! Js =319 GeV
= Low Q2: HERA1-43.5 pb! X Q* = xys
scattered
electron

Low Q? High Q°
5<Q2<100 GeV2 150 < Q?< 15000 GeV2
0.2<y<0.7 0.2<y<0.7
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JET RECONSTRUCTION
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Jets are reconstructed with longitudinally invariant kT algorithm with a P
recombination scheme (massless jets). It is collinear, infrared safe and factorisable.

- q -
JVW\QQ/L0,0, Q/2) \/W\/\/<
=

(0,0,0,-Q) T
(Q/2,0,0,-Q/2)

= On tree level : quark backscattered with no E;

" At O(&) : 2 hard QCD jet with significant E; well fé@m
separated from the proton remnant
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JET OBSERVABLES \

Inclusive jets: Individual jet counting for all events.
Hypothesis: Independent Individual parton emission.
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E.>5GeV E.>7GeV

L s : 2
owQ 1.0<n* <25 High Q 0.8<n" <2.0

Multi-jets: Event counting with more than n jets. Sensitive to a"!.

3-JETS

E.>5GeV
_08 < T_lLab < 20 ﬁ ﬁ
_— O 39—
M, >16GeV S S

Boson Gluon Fusion QCD Compton
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MEASUREMENT OF THE CROSS SECTIONS | l@

POLYTECHMIQUE

Low Q%2 0 i = (Qz, ETBreit) DATA CORRECTION

= Acceptance correction: <20 %

bin by bin acceptance with

High Q>  Jetmultiplicity | pxpoanniong.

Olnl jets £ (02 g - QED radiative correction: 5-10 %
B (Q T ) with HERACLES

One
.. = Z exchange: significant at High Q?
Multi-jet rates with LEPTO
0-2 jets _ .I: (QZ, ETBI’eit) 0-3—jet = f (Qz)
One O e
Normalized cross j}> * Normalization errors — cancel completely
sections at high Q° = Correlated errors — cancel partially
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NLO CALCULATIONS \

Ecg
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NLO CALCULATIONS

= NLOJET++: Integration of pQCD at NLO matrix element for jets
= DISENT: DIS NC cross section at NLO

= FastNLO: Interface for a fast PDF convolution and &g running

= Hadronisation Corrections: DJANGO and RAPGAP (JETSET — Lund String
fragmentation). Cross checked with HERWIG (Cluster model).

THEORETICAL UNCERTAINTIES:

= PDF parameterization : dependence estimated with CTEQ65M

= Scales (Mg and W) : estimated conventionally by variation by factors 0.5 and 2.

Observable Mg Mg PDF Og
Inclusive jets JO?4E2 /2
J Q T/ Q CTEQ65M | 0.118
2-, 3-jets Q
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JET MULTIPLICITIES® \

Normalised Inclusive Jet Cross Section
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H1 Preliminary
0.6— [ . . .
B > 7 GeV . = Statistics: 6 times more data
|08 <™ <2 , . .
2 e % % Dominant at High Q2 or E;
L 04— : .
G : o HERAIPLB 653 (2007) 134 " Hadronic energy scale:
;I—@.—I_eii {phase space corr'd) 2 — 1 5%
il_l e  HERA I+l preliminary _
02— [ NLO ® hadr 1-3% effect on cross sections
(14
Dla L | | | | | 1 1 | | | | j-I | |
10° 10*
Q?/ GeV?

= Accurate measurement (~3 %) well described by NLO QCD prediction

= Significant errors improvement in HERA I-1I analysis compared to HERA I published

* Normalized inclusive jet cross section with HERA II data preliminary for EPS 07 conference
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INCLUSIVE JET MULTIPLICITIES® \

Normalised Inclusive Jet Cross Section

POLYTECHNIQUE
1=H1 Preliminary a) 1= H1 b) 1= H1 c)
F 150GeVi< @%< 200GeV? E 200GeV23< Q%< 270GeV? E 270GeV2< Q%< 400GeV?
o 10-1 ?‘:B‘: '"Tl ;j‘:|=a= “]-I E
e f : : -
- - F Er——— -
G107 : 102 102E
E on E = E ,E_,!
10°F 10°F | 10°F |
14 ! ! T ! 14 ! _F._ ! 14
e S e S— . B e s e e B e
0B N .. . . LE]S e . . . LEIS o . + .
10 E, / GeV 10 E, / GeV 10 E, / GeV
1 H1 d) 1= H1 g) 1E H1 i
E 400GeVi< Q2< T00GeV2 E 700GeVZ< Q%< 5000GeV? F 5000GeVZ< Q2< 15000GeV?
9 107 = 1u"§— =
L) i i -
B2t 103k 102F © HERAIPLB 653 (2007) 134
=] E E E!:.tsrelt > 7 GeV E [phase space corr'd)
- F 08 < <3 - ® HERA I+l preliminary
10°E 1w oo 107 1 NLO® hadr
14F o 14 20— ' T
r 12f 4 12 l_’.; 15 jJ_
;i?ﬁ'"l""“"'"*""'_‘ T ¥
10 |:_r ! GaV 10 ET 1 GeV

= Accurate measurement (2-6 %) well descibed by NLO QCD prediction over the
overall available phase space.

* Experimental uncertainty smaller than the theoretical (5-10 %).

* HERA II normalized inclusive jets with HERA II data preliminary for EPS 07 conference
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MULTI-JET RATES \

Normalised 2-Jet Cross Section

Neormalised 3-Jet Cross Section

POLYTECHNIQUE

i H1 Preliminary — H1 Preliminary
| - 1 I
EL'rEhrn-H:"SI:\'-E""II
1u—1 — C— -1 L o
= s  HERA I+l preliminary 101 — | 08=m, <2 s  HERA I+ll preliminary
Q = 1 NLO @ hadr Q = [ M qs cev [ ] NLO @ hadr
L r =
8 [ 8 T
'::'W B Er st > 5 GEV " I~ i
B 08<n™ <2 © .
e s g Gev
2  pu
10__| 1 | I N N B | 1 1 | I N N I 1n-z_| 1 ' 1 1 TR N B B
1.2_— 1.2
14 1n_’ PR B - - € 1o = g $
0.8 L 1 1 111 ';]3 L L L L | 08 1 1 1 Lol 1 1 1 L |_|||
1 10* 10° 104
Q? 1 GeV? Q? 1 GeV?

= Accurate measurement well described by NLO QCD prediction.

= 3-jets rates dominated by statistical errors and model dependence, but still more
precise than NLO QCD prediction
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2-JET RATES \

Normalised 2-Jet Cross Section POLYTECHNIQUE
1= H1 Preliminary a) 1= H1 b) 1= H1 c)
E 150GeV?< Q%< 200GeV? E 200GeVi< Q%< 270GeV? E 270GeVZ< Q%< 400GeV?
o 107 = 107 = 107 3
€ | = [ B z =
b&u";e 107% E8 - 10" i
10°F 10°F | Le | 10°F |
14 141 I ! ! 1_4: ! I ! !
o 12 12 j‘: 12 a a
10-—-@-----B __ W Mf-gr-——--——-_____—&__ -._!.-.-.-
0 fF—— | | naf - |
10 <E_ > GeV 10 <E >/ GeV 10 <E_> [ GeV
1= H1 d) 1= H1 g) 1E H1 M
F 400GeV2< Q< 700GeV? FE 700GeV2< Q2< 5000GeV? F 5000GeVi< @2< 15000GeV2
g 10" E_ 107 E_ 10" E_
E E C C
& 107 5 1072E B > 5GeV 102 ’
© c F _ﬂ_lﬂ <1]JL“h <2 - E & HERA I+l preliminary
- - a -
¥ NLO & hadr
10°F 10°F M““I' 2 > 16 Gev 10°F - |
14 — 14 — ' ' ' 151 '
o 12F 12|
| |

10 <E >/ GeV 10 <E >/ GeV

= Similar behaviour and quality of description than for inclusive jets: this observables
are similar and correlated.

» Lower <E,> bin 1s strongly suppressed by M,, cut.
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LOW Q2 INCLUSIVE JET PRODUCTION-* \

. . d%a POLYTECHNIQUE
H1 Inclusive Jet Cross Sections —s-+——
dQ<*dEr
S o BT L
& 10¢ 5<Q%<7GeV: | & F 7<Q%<10GeV? | & F 10<Q%<15 GeV?
2 10k & F 2
8 | g i = g Inclusive Jet Cross Sections 2
u ' - uf a0
T ¢ z 3 i
£ 107F . = K . * K3 . * | < 100k § H1preiim. HERA-I
10 50 10 50 10 50 g Fx NLO ™ (1 + Bygg)
E, [GeV] E, [GeV] E, [GeV] 3 . (0.25 - 4.0)
£ E — E £ O [=3 . pd = [0+ Ex )4
> E > s =S - i . _a?
& Lok 15<Q?<20 GeV2 | § 10f 20<Q*<30 GeV? | § " 30<Q?<40 GeV? U =0
5 F 5 [ 5 [ 10°F -
E r . = C
s = & L T a
o ik o 15_ ™ E =
g * g F g =] r
5104;— gw’%— gm";‘ - H1 preliminary .
5 | . = |°=t?w2;_ . * | B102F . = | e ' E—
- EE—— EEE— e 10 10
10 50 10 50 10 50 . .
E, [GeV] E; [GeV] E; [GeV] Q% [GeV7]
10F
g 40<Q*<100 GeV?
5 1 ® H1 preliminary HERA-I
S 10 3
u NLO*(1 + 3, _,)
E10°F -
% . |
10 50 !_13 = (Q2+ E%)fﬁ]., “12 = Q2

E; [GeV]

Accurate measurement (5-10 %) well described by QCD NLO (theory calculated
with CTEQ6). Small predictive power of NLO calculations.

* Inclusive jet cross section preliminary for DIS 07 conference
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LOW Q2 INCLUSIVE JET PRODUCTION® \

= - - do
He 7 Inclusive Jet Cross Sections 307
o H1 prelim. HERA-| L 10° H1 prelim. HERA-|
2 10°E : NLO* (1 +5_) > - - : NLO * (1 +5,_.)
= hiad - hiad
© E . (0.25-4.0) 2, @ - : (0.25-4.0)u7,
3 - . M2 = (Q+ E2)/4 a | i W= Ej
t‘:l_l I . Mf:Qz NI_. H?—:Q
C 102k Q 10°F
LS = - S - x
o) B e -
S i S - .
- H1 preliminary ‘ ' H1 preliminary
10E 10
10 10? 10 10°
Q% [GeV?] Q*[GeV?]

JO+E

He=E;
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* Improved confidence in dgq extraction

= The choice of a g, combined from Q and E; (same that at high Q?) improves
the data description especially in the region where Q <<E.
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a, EXTRACTION

M. Gouzevitch (Ecole Polytechnique, France) Jets and aS in DIS. DIS2007, London, 09/04/2008 15



EXTRACTION PROCEDURE \ -
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Consistency check:

" X 1s adjusted to match the data point with NLO QCD prediction.

" (Xq at [y scale associated to each point 1s ran to a common scale M,

Combined fit:
= > fit of NLO QCD predictions to data with ay(M,) as free parameter.

= Hessian procedure which fit sources of correlated systematical errors such
as jet energy scale. Statistical correlations are taken in account.

= Theoretical prediction errors are taken in account by an offset method:
scales, hadronization corrections and PDF parameterizations are varied and
X(M,) refitted. Resulting variations are added in quadrature.
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a, FROM 2-JET RATES |

o, from Normalised 2-Jet Cross Section (HERA [+ll)

- H1 Preliminary 2 H1 b) [ H1 ¢)
2 ] 2 I 2
0.0l 150 < Q°< 200 GeV 030k 200 < Q< 270 GeV 0201 270 < QP< 400 GeV
0.15 0.15 - I 0.15
: |a51|_1=-=:ET:-] 3 e
P ——=og()= from Gﬂje{'l T J.
010 MNLO uncertainty 0.10 0.0
| ! L ! TR | L L L
10 <E> 1 GeV 10 <E;>[ GeV 10 <E> [ GeV
FH1 d) H1 e)| | H1 f)
2 2 2 2 I vl E:
o.z0l 400 = Q< 700 GeV 020k 700 < Q°< 5000 GeV 020l 5000 = Q< 15000 GeV

0.15

0.20

0.15

ECOLE

g from Normalised 2-Jet Cross Section (HERA 1+11)

| H1 Preliminary

o olp=0)

<ag(n)> fromo, o,

NLO uncertainty

I 0.101 |
I 10 10°
0.10 I].1!]-— l Q 'f Gev
0 <E>1GeV 0 <E>1GeV 0 <E>1GeV
Inside each Q2 bin the running of ay(E,) 1s verified /
— Combined fit inside each Q2 bin of ay(M,); Test of X(Q) running
— Combined fit of aq(M,) from all 24 points
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aS FROM HIGH Q2 JET RATES \

1 - Individual extraction from each jet observable

oy from Normalised 2-Jet Cross Section (HERA I+11)

[HA1 Preliminary
I -
0.20- ol B )
B <cty(1)> from {TZJ“."
bw L NLO uncertainty

0.15

i, from Normalised 3-Jet Cross Section (HERA 1+11)

0.20

Tne r

0.15

| H1 Preliminary

a(n=0)

3jat Tne

NLO uncertainty

<atg{u}> froma

0.20—

0.15

0.10- :

ECOLE
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oy from Normalised Inclusive Jet Cross Section (HERA I+11)

| H1 Preliminary

o (=0}

<oty (1)> from {T]et."{TNC

NLO uncertainty

Q/ GeV

3 - Combined
extraction with 54
experimental points

0.10- { . T
L | 1 |
10 102
Q/GeV 10 l a/cev ¥
| H1 Preliminary
0 20__ a(p=0)
L Combined <a, (> (incl., 2-, 3-jet)
by, i NLO uncertainty
2 - 05(Q?) running 015
verified for each -
observable i
0.10- |
10 102

Q/ GeV
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a; FROM LOW Q? INCLUSIVE JETS \

0.25
bbﬁ 0.20
0.15

0.10

0.25
DP 0.20
0.15

0.10

0.25
bP 0.20
015

0.10

ECOLE

= Experimental errors dominated by theoretical

o from Inclusive Jet Cross Section (HERA 1) POLYTECHNIQUE
- H1 Preliminary 0.25F H1 0.25F H1
n 5<Q< 7 GeV? C 7 < (?< 10 GeW? 10 < Q%< 15 GeV?
L$ 0.20F 0.20ks
\ 0150 ol 0.15C : I
C - 010F - 010 -
10 E,/GeV 10 E, | GeV 10 E, | GeV
- H1 0.25F H1 0.25- H1
c 15 < Q%< 20 GeV? r 20 < %< 30 GeV? r 30 < Q%< 40 Gel?
. 0.20k5 0.205;
F 5 s 5 &3
:_\“\R&\ 0.15'_ T 0.15'_ -
F . 0.10F , 0.10E .
10 E,/GeV 10 E, / GeV 10 E,/ GeV
F H1 o from Inclusive Jet Cross Section (HERA-I)
n 40 < Q%< 100 GeV? - H1 Preliminary
C s of{u=E) L
e s T | co(p=Q)
- T : — <og(u)> from Gjet i L <o (u)> from o
L Jet
- . NLO UnCEﬂalnty 0'3 NLO uncertainty
10 E, /GeV O?’ i
- Fo . . . 2 0.2_
it procedure 1dentical to high Q :
= Running of g with Q? and E is verified I
0-1_ 1 1 1 1 1 1 1 I
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SYNOPSIS OF a, EXTRACTIONS | E
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Observable a Exp. Theory err. X2/NDF
> CITor Scales PDF
Tar _ £(Q? 0.0014 00056 0.0009 4.53/5
o (Q*) 0.1179 | o. 00034 | |

e _(Q2(E)) | 01171 | 00010 | OV g0018 | 28123

Oy - 0.0036
o 5 +0.0049

—EL - f(Q*E . 0.0010 0.0019 26.8/23
o (Q%&) | 01196 - 0.0036
+0.0041

O \3eT & O, 5T & O35eT 0.1182 0.0008 0.0018 54.8/53
Obpis Obpis Opis - 0.0031
_ 2 +0.0132

oer =(Q7Er) 0.1186 | 0.0014 0.0021 | 20.527
Low Q2 -0.0101
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a, RUNNING OVER Q2 RANGE

0.1

o, from Jet Cross Sections

H1 Preliminary
* o (un=Q)forQ*<100 GeV? (HERA I)
¢ o un=Q)for Q*> 150 GeV? (HERA I+lI)
—— Combined <o (u)> (incl., 2-, 3-jet)

Eﬂ

from Q? > 150 GeV?
NLO uncertainty

Running verified over
all two orders of
magnitude in Q

¢

2
10 Q/ GeV 10
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SUMMARY OF aS EXTRACTIONS \
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—eXxp. uncert.
i ; e - ---th. uncert.
H1 high Q2 jet multiplicities o
Hiprelim-08-031~ R
H1 low Q2 incl. jets
H1prelim-08-032 e -
H1 norm. incl. jets | B
Phys Lett B €53 (2007)13¢ ol
ZEUS incl. jets
——

Phys Lett B 649 (200712 7T
HERA comb. 2007 incl. jets | .
H1prelim-07-032/ZEUS-prel-07-025 N

52 B
Bethke @
Prog.Part.Nucl.Phys.58:351-386,2007. | | |

0.11 0.12 0.13

= New measurements from low and high Q2 jets data compatible with the world average

= High experimental precision
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D CONCLUSIONS

o, from high Q2: 0.1182 +0.0008(exp.)" oo (th.) £0.0018(pdf)

o, from low Q2: 0.1186+0.0014(exp.) ) oo: (th.) £0.0021(pdf)

» Very precise dg determination

» Small experimental errors (high Q2: 0.7% , low Q% 1.2%)

> Theoretical errors dominates (high Q2: 3.5%, low Q% 12%) mainly due to
the Yg.

» Og running verified over two orders of magnitude in Q. A striking agreement
between low Q? and high Q2.

» NNLO calculations are necessary to exploit the full potential of those data.
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BACKUP
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EXTRACTION FROM INCLUSIVE JET CROSS

SECTION

o from Normalised Inclusive Jet Cross Section (HERA [+ll)

0.20-

0.15
ro® oo (p= ET]-

- H1 Preliminary @
150 < Q%< 200 GeV?

r — <o (u)> from ':Tjetmﬂc

0.10  NLO uncertainty

0.15

0.10

- H1
0201

200 < Q< 270 GeV?

b)

 H1
0.201-

0.15

0.10

270 < Q%< 400 GeV?

c)

10

E,/GeV

10

E,/GeV

- H1

0.20-

0.10

d)

400 < Q%< 700 GeV?

0.20

0.10

- H1

700 < Q%< 5000 GeV?

0.20

0.10

E,/ GeV
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LOW Q2 INCLUSIVE JET PRODUCTION® \

BAnrTECHNIQUE
do Q

Inclusive Jet Cross Sections 407

Ea 3 rprem HeRad) B ] Lripmm At | S sl 3 1 proim HeRad
F X . hag! = . E hag
O . . (0.25-4.0)02 Qo S PDF CTEQG o — a1,[M_}=0.116-0.120
a [ . weeed |/ [ — e oy a2 | — W2 = (@ E2ya
t:l_' - |.l:‘ =0 ‘_:I_. e l-l? - OZ ™ l.':l_. e—— |-|-$ =0
o] C _8 C =] C
- r L = L
- H1 preliminary * - H1 preliminary * - H1 preliminary *
10E e 10& e 10E e
10 10° 10 102 10 102
Q? [GeV?] Q? [GeV?] Q? [GeV?]
r 4 £03
= = < 0.2
= = = 0.1
0
0.1
0.2
10 s , 10 10 , , 10 10 , , 107
Q[ GeV"] Q[ GeV"] Q7 [ GeV”]
Wy, Wwp dependance PDF param. sensitivity o sensitivity

- Scale dependence 1s the most important source of theoretical uncertainty at low Q2

- The sensitivity to the PDF and to ag parameterizations are comparable
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JET FIDUCIAL CUTS \
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F{ Ge¥) {DCLL)
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