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HERA with two general purpose detectors H1 and ZEUS
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Inelastic electron-proton scattering at HERA

Kinematics:

Centre-of. Q2 >1 GeV? deep inelastic scattering (DIS);
*Centre-of-mass energy 2 <1 GeV? quasi-real exchange photon ;
Js=1/(1+ p)® Q q ge p

*Momentum transfer
G g e At A i

*Bjorken x
x=(Q*2P-q

*Inelasticity

y=P-q/P-l

Any two of the variables (Q? x, y)
define kinematics.

HERA experiments ZEUS & H1 - one of the best QCD laboratories,
important for LHC and future QCD initiatives (e.g. eRICH or LHeC);
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New ZEUS preliminary result:

Trijet production in DIS

LEUS-prel-14-008
25" June 2014

» Selected events: with at least three jets passing kinematic cuts. Each event was
counted using the leading three jets of the event.

» Measured: bin-averaged differential trijet production cross sections as
function of various event- and trijet-kinematic observables;

» Other ZEUS dijet paper: in the same kinematic region, EPJ C 70 (2010) 965-982
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Cross section determination and theoretical calculations

Phase space:
125 < Q%2 < 20000 GeV?
0.2<y<0.6

jets with E; gt > 8 GeV,

'1 < T]labjet < 2-5
M;; > 20 GeV
Integrated luminosity 295 pb-!

Prediction: NLOJet++

« pPDF: HERAPDF1.5
. 2

. pnz =Q%+ (ETJEt)

. |.|F2 - 02

¢ is defined as wvp; - (1 +m?

JJJ/QQ)

NHAD
~ A i .
o (7 = A DET acceptance correction factor
;_BORN
» " =—55 QED correction factor (accounts for
(o

7

higher-order QED effects)

DATA
. cj;(’ = Nij x C'x C?" cross section value

i

* L-integrated luminosity
* k,—bin width

E B denotes the average transverse momentum of the three leading jets

Selected ~2200 events with at least three jets passing kinematic
cuts and invariant mass two leading jets M;; > 20 GeV
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NLO QCD calculations describe data well in shape and normalization.
Measured cross sections are sensitive to the nature of partons taking part in
hard interaction
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Trijet cross sections vs. log(§) and E /¢t
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NLO QCD calculations reasonably well describe measured cross sections.
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Precise measurements are sensitive to the dynamics of hard scattering and to
longitudinal momentum fraction taking part in the interaction
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Trijet cross sections as function of E;g/°t in regions of Q2

do/dEY, (pb/GeV)
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Measured cross sections probe the details of the strong interaction and
can be used for extraction of the value of the strong coupling.

V. Aushev, Hadronic final states at HERA



Trijet cross sections as function of log(&) in regions of Q2

do/dlog () (pb)

Double-differential cross sections are sensitive to the parton distribution
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in the proton and can be used to constrain PDFs
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H1 Collaboration

DESY-14-089

June 2014

submitted to Eur. Phys. J.

Paper is at arXiv:1406.4709 since a couple of weeks ago

New results:

Measurement of multijet production in ep-collisions at high
Q? and determination of the strong coupling «,

L4 V. Aushev, Hadronic final states at HERA 10



Jet production in neutral current deep-inelastic ep scattering at HERA:
important process to study the strong interaction -> allows for a direct
measurement of the strong coupling a..

Inclusive jet, dijet and ftrijet differential cross sections are
measured in neutral current deep-inelastic scattering for:

o integrated luminosity of 351 pb!
o exchanged boson virtuality 150 < Q2 < 15 000GeV?
0 45<E-P:<65GeV

Extended analysis phase space Measurement phase space
for jet cross sections
NC DIS phase space 100 < O < 40000 GeV? 150 < O® < 15000 GeV-
0.08 <y<0.7 02<y<0.7
Jet polar angular range ~1.5 & r;rI:L < 2,75 -1.0 < UEL & 25
Inclusive jets Pi]‘ft >3 6eV 7 < Pij'ft < 50 GeV
Dijets and trijets 3< Pi]ft < 50GeV 5< P%‘f‘ < 50GeV
M|3 > 16 GeV
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H1 Data NLO [0 ¢Md o ¢®
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Ratio to NLO
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Ratio of data to NLO:

(detailed comparison of the
predictions to the
measured cross sections)

- theory uncertainties from
scale variations dominate
over the sum of
experimental uncertainties
in most bins;

- NLO in good agreement

with data within
uncertainties;
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Also measured:

Double-differential normalized cross sections for jet production in
DIS as a function of Q% and Pr.

Measured ratio of NLO predictions with various PDF sets to
predictions using different PDF sets (CT10 PDF, MSTW2008 PDF,

ABM11 PDF, NNPDF2.3 and HERAPDF1.5) as a function of Q%and p,
->

Only small (~1-2%) differences are observed between
predictions for different choices of PDF sets.

Cross sections measured using the krcluster algorithm and
the anti—kr ->

No systematic differences are observed for the inclusive jet
and dijet cross sections.
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Extraction of as(Mz)

H1 Collaboration

[ ‘ | | | [ ‘ | | | [ ‘ | |
Inclusivejet  _ ———
Dijet T T
Trijet ——
Normalised inclusive jet ... e IR
Normalised dijet T e
Normalised trijet ...
Multjet e
Normalised multjiet - —-— .
World average i
PDG, Phys. Rev. D 86 (2012) 010001 (2014 update) ‘ ‘ | | | ‘ ‘ | | | ‘ ‘ | |

011 0115 0.12
o (M)

Method: fit NLO QCD
calculations with as(Mz) as free
parameter to absolute and
normalized inclusive, dijet and
trijet  cross  sections  (both
individually and simultaneously);

Results are consistent with the
world average;

Dijet results give smaller values,
but within experimental
uncertainties;

Results gain in precision when
using normalised multijet cross
sections

Need NNLO calculations to match
experimental precision (0.7%)

The smallest total uncertainty on the extracted

as(Mz) is found for Q*>400GeV

as(M Z)lkT = 0.1160 (11)exp (32)pdf,theo
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Running of as(u)

The simultaneous extraction of the strong coupling constant as(Mz) from the
normalized inclusive jet, the dijet and the trijet samples using the krjet algorithm

yields: GS(M Z)lkT = 0.1165 (8)exp (38)pdf,theo
T s o
;Z mH1 (renxupFUUGrtli:rtta;r?ty ] as(Mz)-values are found to be
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- ! DO R ] i
0150 ¢ : cmgﬂRg,z 1 Good agreement with H1 data at
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0.10 H 1 -
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__ 013 i 4 compatible within uncertainties with
i { the world average value of as(Mz) =
£ CREAS 1 0.1185 (6) and with as-values from
ompEn R ' .1 otherjetdata.
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ZEUS Collaboration, new results: 4 ZEUS

Studies of the photoproduction of isolated photons with a jet at HERA

DESY-14-086 May 2014
to be published in [HEP
Motivation:

U isolated or prompt photons emerge directly from the hard scattering process and
give a particular view of this;

O prompt photons allow tests of specific QCD models;
O important: as potential background to “new physics”, should be well understood;

v’ measured: photoproduction of isolated photons together with a jet for different
ranges of the fractional photon energy contributing to the photon-jet final state.

v' extend earlier ZEUS results: “Photoproduction of isolated photons, inclusively and
with ajet, at HERA”. Phys. Lett. B730 (2014) 293

v' photoproduction: exchanged virtual photon is quasi-real, with small virtuality, Q>.

v' phase space: photon transverse-energy and pseudorapidity ranges 6 < E; <15 GeV

and -0.7 <nY <0.9, and for jet transverse-energy and pseudorapidity ranges 4 <
E¢t. <35 GeV and -1.5 <nj*t< 1.8;

v' Challenge: separate photons from backgrounds from decays of neutral mesons.
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Theories:

1) Fontannaz, Guillet and Heinrich (FGH, EPHOX): NLO + box tens BV B —p) _pigt
diagram and a contribution from fragmentation. Ey = Eal — pal

2) Lipatov, Malyshev, Zotov (LMZ): kr-factorisation with
unintegrated parton distributions and initial-state parton cascade.
Upgraded for second ZEUS analysis.

B e o AR aans e - S y - jet et
S AT T 2% = (Elexpn’ + EX expn'®)/2F
8. m ZEUS 374 pb"' 3 P 7 €Xp7’ + L P p
a7 e B s e eemem———
— 3 - F W ar : E
= %2, [FIFGHINLO)  § = [ Wy (b) E
25— - = "gﬂ a B 7) i
g £ y//://é E < o 77 577
- Vs 3 s 1 —— S 3
NN 72 xmes <08 3 S - T -
13 7%, = - :
05 - = Yo xmeas<.8 =
0 Bursn - 7777 Fraction of proton
6 L i
T a oo €Nergy taken by the
S FT x* parton that interacts
o 4. = . !
o+ g w0 < with the photon;
e 4 r _ E ) ) ) ) )
2., LOUN 7 its distribution is
. 10° = = oge
s - © sensitive to the
—_— © — - i
S 10 = — proton’s partonic
2 E =
sk - structure.
i T xpee>0s
ok LA, LA LL LA L N 1
. :— FPFTTTTTFTITTFTFTTTFTTFTFTFFTTFTT . 1 0' E_ N L L L L 1 L E
0 Ervv 0 0.:]1 0.62 0.63 O.IIJ4 0.65 D.II)B 0.07
6 x;bs

o V. Aushev, Hadronic final states at HERA ®19



Inclusive isolated prompt photon cross section

ZEUS
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 both theories give a satistactory description;
 theory uncertainties are large than for measured data;
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- FGH: in quantitative agreement with the data;
- LMZ: also agrees well for the photon and E*; variables, but it is in
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do/dAg (pb/deg)

do/dAo (pb/deg)

AQ - absolute difference between the azimuths of the photon and the high-E; jeft;

sensitive to the presence of higher-order gluon radiation in the event, especially relative
to the outgoing quark, which can generate non-collinearity between the photon and the
leading jet.
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Conclusions

Exploiting the full HERA statistics, H1 and ZEUS continue fruitful
analyses of ep-physics to test QCD :

ZEUS jet measurement: differential trijet production cross have been
measured for jets with E;p% > 8 GeV and 125 < Q* < 20000 GeV?2. QCD
predictions at next-to-leading-order (NLO) reasonably well describe
measured cross sections;

H1 multijet measurement: data are in general well described by the
theoretical predictions and precision of the measurement is better than
that of NLO calculations. Most precise as(MZ) is extracted from fit to the
normalized multijet cross section, yielding: as(MZ)|,; = 0.1160 (11)exp
(32)pdf,theo

ZEUS prompt photon photoproduction: measured in many variables.
FGH predictions reproduce all the measured experimental distributions
well; LMZ describes most of the distributions well with the exceptions of
the jet pseudorapidity.
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