Jets, a. and QCD measurements at
HERA

Daniel Britzger
on behalf of the H1 and ZEUS Collaborations

QCD@LHC 2013 - DESY
September 3, 2013



HERA with the H1 and ZEUS detectors

HERA e*p collider L app DS YRR +

e Vs = 319 GeV
« E_=27.6 GeV
o Ep = 920 GeV

e Operational until 2007
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Two multi-purpose experiments: H1 and ZEUS
* Luminosity: ~ 0.5 fb! per experiment

* Excellent control over experimental uncertainties
e Overconstraint system in DIS
e Electron measurement: 0.5 — 1% scale uncertainty
» Jet energy scale: 1%
* Trigger and normalization uncertainties: 1-2 %
e Luminosity: 1.8 — 2.5%




Inclusive deep-inelastic ep scattering (DIS)

e+

ep scattering: e~p — e+ + X

« Center-of-mass energy 1
Vs =+/(k+p)?

* Virtuality of exchanged boson

2 2 I\ 2
Q°=—qg=—(k—Fk)
 Bjorken scaling variable plr)
QQ
2p - q
* |[nealsticity
y = P-q
p-k
Cross section calculation _=-ll
» Collinear factorization et— | =

e Hard scattering calculable in QCD (pQCD)
 Calculable up to NNLO for inclusive NC DIS

 PDFs have to be determined from experiment
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Jet production in photoproduction /e

Xy =1 > X
d q
g
() > X . > X
direct photoproduction resolved photoproduction

When Q2 — 0 GeV?: Two processes contribute
Direct photoproduction xYObS—>1: order of a. Partonic momentum fraction of the photon
Resolved photoproduction: x, %S < ~0.8 L Ete™ 4 pRen”
» Leading order of O(a.?) Ty T 2y L,

 Two hadrons are involved
-> sensitive to multi-parton interactions

Expect 2 2 jets In the final state

Analysis performed in laboratory rest frame



Inclusive jets In photoproduction: ep

Nucl. Phys. B 864 (2012) 1-37

Double-differential measurements in E
e Q%<1 GeV
e 142 < va < 293 GeV

» Cross sections include every jet
EJ®>17 GeV, -1 <ni,; < 2.5

* Energy scale: 1% -> 5-10 % uncertainty

Comparison to NLO predictions

The data are well described by NLO QCD

e Klasen et al.
e ZEUS-S/GRV-HO

.I'J'r:l'lf:ETjet

Disagreement at n;>2
from 17< E{®< 21 GeV
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Inclusive jets In photoproduction: ep —e +jet+ X

Nucl. Phys. B 864 (2012) 1-37
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Hadronization corrections are largest for SISCone S =
s :

Similar size for k; and anti-k- 0 *

anti-k+ (x 10)-
o

Ratios of cross sections with different jet algorit hm
 Partial cancelletion of uncertainties (e.g. en. scale)
» anti-k+ 6% smaller cross section than k+ 10°
e SIScone differs in shape
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Inclusive jets In photoproduction: ep

Nucl. Phys. B 864 (2012) 1-37

Photoproduction: two ‘hadrons’ for resolved
processes

Sensitivity to proton PDF

Sensitivity to photon PDF
-> Measurements have the potential to constrain
photon and proton PDFs

Sensitivity to multi parton interactions  (MPI)
 Use NLO ® NP
NP simulated using Pythia

* MPI increase the predictions at low E+ jet and
large ne

e Data description Is improved

* Best description of data for py ,,,°¢¢= 1.5 GeV

» Effect of MPI is reduced for E{®t > 21 GeV
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Inclusive jets In photoproduction: ep —e +jet+ X

Nucl. Phys. B 864 (2012) 1-37

Fit of NLO QCD to single differential cross

sections d o / dEJ® og(Mz)|r; =0.1206 t888§3 (exp.) t888;‘§ (th.)
et _ _ +0.0023 +0.0041
Use only 21 < Elft < 71 GeV s (Mz)|anti-kr = 0.1198 755055 (€xp.) Zy 5034 (th.)
ot (M7)|s1scone = 0.1196 710057 (exp.) T 004s (the)

a.(M,) dependence Is parameterized

ZEUS-S proton PDF at various values of a (M) 0017 ZEUS ———
O i 1
GRV-HO photon PDF : 'r/ ~ ®ZEUS300pbt
0.16 - . corr. exp. -
: ////] corr. exp.l] th.
Consistent results for all three jet algorithms 0.15" — Qb
1.8% Experimental :
3.3% Theory 014
0.13-
Data confirms running of a. over a wide range : f
0.12||
of E+ 30 40 50 60 70
: N et
Good agreement with two-loop QCD prediction E- (GeV)



Jet production In neutral current DIS

Jet measurements performed in ‘Breit frame’ Events show two-jet topology
Breit frame fullfils equation 2xg;p + k =0
. Jet
Apr SR \VAVAVAVAV WNANNN\ e_ =
~_ Born process Jet production Rl 77— |}
- - . Wi
et et

Jet production In leading-order pQCD

Inclusive jet
} _é L'/L Count every single jet with transverse
2 §§J momentum
Dijet and trijet observable

QCD compton QCD compton Boson — gluon fusion Boson — gluon fusion

Average of two/three leading jets

Jet production Is directly sensitive to . jet1 jet2

(pr)2 = (pp ~ +Dp7 7)/2



Multijet at high Q 2 — Incl. jet, Dijet, Trijet (H1)

Hlprelim-12-031

Simulataneous measurement of normalized  Multidimensional regularized unfolding

inclusive et , dijet and trijet cross sections » Four double-differential measurements are
 Normalization w.r.t. inclusive NC DIS unfolded simultaneously
» Cancellation of normalization uncertainties * NC DIS, inclusive jet, dijet and trijet
» Partly cancellation of other exp. * Using TUnfold
uncertainties  Statistical correlations considered
* Enlarged phase space
Neutral current phase space Jed p P |
150 < Q2 < 15000 GeV?2 e Up to 6 observables are considered for
0.2<y<0.7 migrations
Jet acceptance Thiet
-1.0<n,, <25 Firar
Inclusive Jet _ )
7 < pJet< 50 GeV s ey
Dijet and Trijet g
5 < pJet < 50 GeV o incl, Jet
® P2 y.
M,, > 16 GeV N
7 <<p> <50 GeV NEois | e, | o, | .,
Qey. | el | g | af ol oo

Detector level
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Multijet at high Q 2 — Incl. jet, Dijet, Trijet (H1)

Hlprelim-12-031

Jet energy scale 1%
-> 3 - 7% effect on cross sections

NLO predictions
nlojet++, fastNLO and QCDNUM
CT10, a.=0.118, u? = (Q%+p;2)/2
Trijet (NLO) is of leading order O(a.?)

Data well described by theory
PDF uncertainty ~ 1%

Correlations between observables are
known

-> Can be used together In fit

i
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Trijet H 1
Preliminary
NLO [ Ci g
° ° NLOJet++ and fastNLO
QCDNUM

// III|

. CT10,a, = 0.118

o ® 150<Q°< 200 GeV’

(i = 10)

O 200< Q%< 270 GeV?

(1=38)

o W 270<Q°< 400 GeV’

(1=6)

o O 400 <Q?< 700 GeV?

(i =4

A 700 < Q%< 5000 GeV?

(I1=2)

4 A 5000 < Q? < 15000 GeV?

T

(1=0)

710 20 50 ~ 710 20 50 ~ 710 20 50

I:)T,Jet

|:H)T %ijet

|:H)T Qrijet

|GeV]
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Multijet at high Q 2 — Incl. jet, Dijet, Trijet (H1)

Hlprelim-12-031

Correlation matrix
Statistical correlations available = ) :
All data points can be used together in a fit

Normalization uncertainties have been canceled out

Trijet Bin
RPN e
O © W N B, mphAuNOWO

o, (M) from inclusive jet:  0.1197 £ 0.0008(exp) + 0.0057 (tF
a (M) from dijet: 0.1142 + 0.0008(exp) = 0.0052 (tr
o (M) from trijet: 0.1185 £ 0.0018(exp) £ 0.0047 (tr

Dijet Bin

@ D @D
© O O
N N’ N’
Correlation

e

Hessian method for a_ determination
Constrain k-factor: require k < 1.3
Uncertainty :
. 141 5 9131721 1 5 9 131721 14 7101316
1% experimental NC gin nelusive Jet Dijet Bin Trijet Bin
3.6% theory and PDF

Inclusive Jet
Bin

R PR 01 © W N
"
u

NC Bin

Normalized Multijet (k < 1.3)
as (M) =0.1163 +£ 0.0011(exp) £ 0.0014 (PDF) + 0.0008 (had) = 0.0040 (theo)

w2/ ndf = 53.3/41 = 1.30
12



a.(M.) from inclusive DIS & inclusive jet In DIS

Hlprelim-11-034, ZEUS-prel-11-001

H1 and ZEUS (prel.)

Combined fit of PDF and  a4(M;) to 20

Inclusive DIS data and inclusive jet data 9 .-- HERAPDE1 5f
[ 15_

HERAPDF1.5f: incl. DIS only > — HERAPDF1.6

HERAPDF1.6: incl. DIS and jet data

Jet data Is capable of reducing
correlation between a and gluon

HERAPDF Structure Function Working Group March 2011

Scale uncertainty from variation of | | | | | |

renormalization and factorization scale 0.114 0.116 0.118 0.12 0.122 0.124 0.126
O(S(I\/IZ)

a.(M) from combined fit with PDFs from incl. DIS and je  t data in NLO

a. (M) =0.1202 £ 0.0019(exp/model/param/had.) + 99945, .. (scale)
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Inclusive jets In PDF fits

Hlprelim-11-034, ZEUS-prel-11-001

Double-differential inclusive jet data from H1 and ZEUS are added to the PDF fit
DIS jets have high sensitivity to gluon density thr ~ ough boson-gluon fusion: o ~ag xg

: H1l and ZEUS HERA I+1l PDF Fit : H1 and ZEUS HERA I+l PDF Fit with Jets

B | Q%= 10 Ge\? § i | 02 = 10 GeV? §
0.8_— — I;Irlzzgz\[ﬂ)l;l.Sf (prel.) g 0.8_— — I;IEI;QQSIZ\[A)IZ:)LG (prel.) g
B exp. uncert. - _ B exp. uncert. -
model uncert. XU, S model uncert. XU, S
06 parametrization uncert. (:DD 06 parametrization uncert. = (:DD
0.4 § 0.4 §
0.2 % 0.2 %
0 —p—— p BRI p g AN : ‘ N\ IZ_II:J 0 ’4 —— \"Tﬂ - L \ IZ-IIIJ

10 10 10 10 X 1 10 1

PDF fit of inclusive data (without jets) PDF fit of Inclsuive data and inclusive jet data
gluon uncertainty blows up at small x  Dramatically decreases the low-x gluon uncertainty
* Also and uncert. reduced
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Prompt photon plus jets In DIS: ep  — e+y+]+X

Phys Lett B 715 (2012) 88-97

Q0O ,\ ZEUS
e(l') &; —_——
v 8
"I(Ipl)ﬁs f.;lo-l | ¢ | _
v(p2) %’ S
f 2 . ZEUS 326 ppt St
o ) L 10* ENY GKS NLO £
Photon radiation unaffected by parton hadronization []BLZ ——
-> Direct probe of underlying partonic process - T
-> Allows to test QCD ‘matrix elements’ Q* (GeV?)
ZEUS

Phase space

—~ 4 R
DIS:  10<Q2<350 GeV2, E,>10 GeV, 8_>140° s | .+ ZEUS 326 pb'
photon: 4<E;¥<15 GeV, -0.7<n,<0.9, EY/E,¥i¢t>0.9 8 3 GKSNLO
jet: E J*>2.5 GeV, -1.5<n,<1.8 " oL
S 2 |
Theory _ _
» GKS: NLO (O(ada,)) with BFG parton-photon frag. functions f e k
* BLZ: k; factorization approach : by ;
Photon and jet E;: shape well described by GKS and BLZ 0P 12E¥ (va)

GKS: Low-x and low Q¢ unerestimated
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Prompt photons In  yp: ep — y+X (+]) [te] (ZEUS)

ZEUS-prel-13-001

ZEUS
—— ——tt —~ 12 T
g g {E/ %/ § oy s me——"—
e g — -
o W o :
S S R o o ™o : | BE= | retsve ©
Prompt photons in photoproduction Q <1 GeV? o T
Direct and resolved processes ‘e 7 8 9 10 1 12 1& (1(2‘6\55
Prompt radiation and fragmentation ZEUS
Measured with and without accompanying jet ~
o 100 = ZEUS (prel) 370 pb ™ 7z
Theory S eof [t |-
FGH: NLO with fragmentation functions (O(a3a.?)) % 60 |- o -
e Shape well descibed; tend to be lower RS S * -
BLZ: k. factorization with unintegrated parton densities 20 |- S -
* Most data well describea .
* problems at direct peak in y+jet (x,M¢% — 1) Xy
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Comparison of a.(M.) values

HERA jet cross sections

High experimental
sensitivity to a (M)

Complementary methods
and processes

Consistent results

Theory uncerainty from
missing higher order
dominate

NNLQO precision Is needed

H1 multijets at low Q ——
H_I. EPJE E?: -1 i:Eﬂ-l D:} -----------------------------

H1 norm. multijets at high Q° (unfold)
H1-prelim-12-031

ZEUS inclusive jets in v*p
ZEUS, Nucl. Phys. B 864, 1 (2012)

DO incl. jets, approx. NNLO o
Do, PRD 8O, 111107 (2000 =m===ses=ass
DO angular correlations, NLO .
DO, Phys. Lett. B718,56(2012 @~ ===csssssssscsss=sa:
ATLAS incl. jets, NLO |
B. Malaescuetal., EPJC 72,2041 (200120 = mEEERERERRERRERE=
CMS R3/2, NLO s
CMS QCD-11-003, arXiv:1304.7498 (2013 @ ===scscs=aas
EW Fit, Z decays, 4NLO using complete O(as®) cale. by |
Gfitter Group, EPJC 72, 2003 (2012) p Bajkov et al, PRL 108 222003 (2012)
World average -
J. Beringer et al. (PDG), PRD 86 010001 (2012)
0.11 0.12 0.13

og(M)
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Summary

Very active physics analyses at HERA ongoing

Experiments provide measurements with final precisi on
» Jet energy scale ~1%; final calibration of data!
e Highly ambitious analyses techniques (e.g. 6-dimensional reg. unfolding)

Rich variety of QCD physics with high precision
 Jets Iin DIS and photoproduction
e Studying hard QCD Iinteractions
e Sensitivity to multi parton interactions in yp

Including DIS jet data in PDF fits shows high sensit ivity to gluon density and  a (M,) In
PDF fits

a.(M,) values from jets at HERA reach experimental preci  sion of <1%
However: limited by theory with 3-4 % precision -> We need NNLO for jets (also in DIS)
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do/dn’® (pb)

rel. diff. to NLO

Inclusive jets In photoproduction: ep

Nucl. Phys. B 864 (2012) 1-37
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Jet production In ep scattering

Deep-inelastic ep scattering

Boson virtuality Q° = —¢° =
.. _b-q
Inelasticity Y=ok
Q2

Bjorken variable zg; =

Jet measurements performed in ‘Breit frame’

Breit frame 2xg;p + k£ = 0

> N
A pr SR \VAVAVAVAV

s Born process

L A\VAVAVAVAV

Jet production

Jet production In leading-order pQCD

QCD compton QCD compton

K

Jet production is directly sensitive to o,

Boson — gluon fusion Boson — gluon fusion
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0.20

0.15

0.10

Probe running of alpha s

a, from Jet Cross Sections in DIS

" H1datafor5< Q?< 100 GeV?
®* H1 datafor Q ?> 150 GeV?

5 Fit from Q > 150 GeV? [arXiv:0904.3870]
- o, = 0.1168+ 0.0007 (exp.) *9:9%46 (th.) + 0.0016 (PDF)

A === Central value and exp. unc.
B Theory LOPDF unc.

0.13 |

0.12 -
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0.16 |- {//))

0.14 |
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I JI (TR TR
e ZEUS 300 pb™
. COrr. exp.
corr. exp. 2 th.
— QCD

_3“.

* This measurement confirms the running of a_over a wide range of ET'Et
» The running is in good agreement with the two-loop QCD prediction
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Inclusive Jets In photoproduction: ep —e +jet+ X

Nucl. Phys. B 864 (2012) 1-37
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do, m.a'dn“ [ pb/GeV ?]
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Inclusive jet, Dijet and Trijet at low Q

Eur.Phys.J. C67 (2010) 1
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