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Outline:

o Jet production at HERA
> Extraction of strong coupling constant

* Heavy quark production at HERA
> Test of perturbative QCD



The HERA ep collider (1992 - 2007)

e ¢p collider:
e ¢ energy: 27.6 GeV
e penergy: 920 GeV

* Center of mass energy: 319 GeV
o 2 collider experiments: H1 and ZEUS

e Integrated luminosity: ~0.5 fb™' (per experiment)
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© Motivation: QCD inep collisions

 QCD: Typical Feynman diagram for gluon-

- . 1 y induced jet or heavy quark production:
- Laqep = i (17" Dy)ij — mdi) ¥j — 76 Ga ,

— Beautiful theory, determined by heavy quark masses and
strong coupling constant a_.

e Hard scales for perturbative QCD:
. m 2, p 2, Q2 ~ A 2
b’ BT QCD

> Jet and heavy flavor cross sections in
power series of @ . g - T

do= o7 (u) 26, (5, 1) © Ao, (X s 1) @ ...

p X

e Jet and heavy quark measurements are gluon-

induced processes:
— Test universality and energy behavior of o .

Parton density do__ pQCD
function (discussed matrix element
— Take the gluon density from somewhere and test the  in next talk)

consistency of the pQCD calculation. a=dq,q, g
— Use the pQCD calculations and constrain the gluon

density of the proton. (See talk of Vladyslav Libov)
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Jet Measurements and the strong coupling constant o

e Lab frame: DIS, 1 jet 2 jets 3 jets

o q
&P ?
() > X
 Breit Frame: 1o jets incl. Jets, dijet trijet

D % IPT

* Boost to Breit Frame, study multi-jet final states as functions of

standard DIS kinematics and variables such as:
— Transverse jet momenta: p_w.r.t photon direction.

» Direct sensitivity to alpha s and gluon density
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Multi-jets in DIS at low Q°
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* Double differential inclusive jet, dijet and trijet
measurements.

« Data well described by NLO prediction with
pe =1/(Q* + P2)/2 .

« Simultaneous fit to 62 data points to extract
strong coupling constant a (Z).

o, from Inclusive Jet Cross Sections o, from 2-Jet Cross Sections o, from 3-Jet Cross Sections
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Multi-jets in DIS at high Q°

* Inclusive jet, dijet and trijet cross
sections for 150 < Q* < 15000 GeV*

e Reduced scale dependance 1
compared to low Q° measurement. s

Trijet Bin
[y
sl Dwm

M
-

e Unfolding of multi-jet cross
sections:

» All correlations of observables
incorporated.

~ Full, party correlated, covariance
matrix known.

> Important input for QCD fits.

Dijet Bin
R Lo o
Correlation

Inclusive Jet

-
|
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%]
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° ngh eXperimental (~2%) and NC Bin I"cl"l':ir:a Jet Dijet Bin Trijet Bin

theoretical (~3.5%) precision.

NC Bin

Hlprelim-12-031

Michel Sauter Precision QCD measurements at HERA Lake Louise 2013 6



NLO calculation:

Normalised multijet cross sections:

e Jet cross sections:

NLOJet++ and FastNLO v2.0 .

e NC-DIS cross sections:

QCDNUM _
e NLO ® Hadronisation corrections. = 10°)
x f
2 10}
_p_ :
Fit to extract strong coupling constant: g |
, S o . o 102}
. Fits of a_to each sample (inclusive jet, ;
dijet, trijet) result in good y*/NDF. 1}

e Tension between dijets and

inclusive/trijets.

> Fit of all three samples with restriction
that NLO corrections < 30%
—v/NDF=53.2/41=1.3
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« Double differential measurement in E_and 7.

o Study of different jet algorithms, SIScone,
anti-k_and k .

= .
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o Extraction of o n2l < ET <71 GeV.

e Same conclusions for all jet algorithms.

o ay(Mz)=0.12069 005 (exp.) Toooas (th.)
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Comparison ot o (Z) values

Uncertainties: exp.

EW Fit, Z decays, 4NLO °
Gfitter Group, Eur. Phys. J. C72, 2003 (2012) i

H1+ZEUS NC, CC and jet QCD fits °
H1-prelim-11-034, ZEUS-Prel-11-001 ~  TTommesesseess

H1 multijets at low Q° e
H1, Eur. Phys.J.C67,1(2010 = TTEEmmmTmmmmmmemmmmmmmmemmmEmms

H1 norm. multijets at high Q? (unfold) o
H1-prelim-12031 mmmmessssmesees

ZEUS inclusive jets iny*p o
ZEUS, Nucl. Phys.B864,1(2012) =sme=sceeeee-

Aleph Event Shapes, NNLO+NLLA >
G.Dissertori etal., JHEP08,036(2009) | meesssse-eea.

DO incl. jets, approx. NNLO
DO, Phys. Rev. D8O, 111107(2009) === e

DO angular correlations, NLO

o
DO, arXiv:1207:4957  esssssssceassscsssses
ATLAS incl. jets, NLO -
B. Malaescu et al.,, EPJC 72,2041 (2012) @ ===========-==ee
World average -
S. Bethke, Nucl.Phys.Proc.Suppl. 222, 94 (2011)

l | I l 1 | | | | 1 | | |
0.11 0.12 0.13
as(Mz)

» Competitive experimental errors.

* To do better, need NNLO calculations.
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Heavy Flavour Production:

Heavy Flavours:
e Charm quark
» Beauty quark

e Hard scales for perturbative QCD:
2 2 2
B 1/nc,b ’ pT ? Q

> multi-scale problem.

Pt

\\

e Aim of these measurements:

— Test pQCD at different hard scales.

— Provide input to PDF fits.
(see talk of Vladyslav Libov)
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Data sample: £=48 pb’'

Phase Space

Events with 2 low p_-electrons with

p.(e) = 1GeV

Beauty tagging
Two low p_ electrons from semileptonic decays:

» Exploit di-electron correlations:
— Invariant mass m_

- Azimuthal correlation AD_
— di-electron charge product: q(el)*q(e2)

» Access to lowest p_(b) values ever

measured in ep.
e Agreement between data and NLO
calculation (FMNR).

DESY-12-072, Eur. Phys. J. C72 (2012) 2148, 06/12
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Beauty in photoproduction hard scale: m

HERA

Michel Sauter
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Many measurements confirming each over a wide p_(b) range.

General good agreement between data and NLO calculation (FMNR).

Precision QCD measurements at HERA Lake Louise 2013

12



Data sample: £=93 pb"

Phase Space
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£
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Charm tagging

D* meson reconstruction via:
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* Very high precision of the data, compared to the uncertainties of the NLO predictions.
 NLO predicted shapes less sensitive to theoretical uncertainties, generally show a
reasonable agreement with the data.

DESY-11-248, Eur. Phys. J. C72 (2012) 1995
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Data Samples: &£
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e General good agreement with massive NLO calculation
(HVQDIS) over a wide range in y and Q”.
 The ZM-VFNS calculation overshoots the data at low .
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e Good agreement between data and NLO QCD calculation
(HVQDIS) observed in different kinematical regions.

ZEUS-prel-12-002
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O

Summary:

 Measurement of jet and heavy quark production at HERA allow
stringent test of QCD.

e Recent HERA data on:

— Inclusive jets, dijets, trijets measurements in DIS and Photoproduction allow to
extract the strong coupling constant o .

— Charm and Beauty production measurements test pQCD at various scales.

Conclusions:
o pQCD calculations in general describe the data over a wide range.
» Precision on o_extractions:

- Competitive with data from other experiments.
— Often dominated by the theoretical uncertainties.
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