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Review of « determinations from jets at HERA 1

ag In ep collisions

The strong coupling constant

e The strong coupling constant,
In ep collisions
=> jet observables can be used to determine its value

g, participates in any observable involving jets

Inclusive jet cross sectionsin NC DIS
ZEUS (Phys Lett B 649 (2007) 12)

Norm. Incl. jet cross sectionsin NC DIS

e A wealth of ag determinations are available
from HERA data
— oObservables such as
— jet cross sections
— ratios of jet cross sections
— internal structure of jets
— are sensitive to the value of
used to determine its value

o g and were

e The as(My) values from H1 and ZEUS are
all in good agreement and consistent with
the world average

H1 (PhysLett B 653 (2007) 134)

NLO QCD fit

ZEUS (Eur PhysJ C 42 (2005) 1)
NLO QCD fit

ZEUS (Phys Rev D 67 (2003) 012007)
NLO QCD fit

H1 (Eur PhysJ C 21 (2001) 33)

Jet shapesin NC DIS

ZEUS (Nucl Phys B 700 (2004) 3)
Subjet multiplicity in CC DIS

ZEUS (Eur PhysJour C 31 (2003) 149)
Subjet multiplicity in NC DIS

ZEUS (Phys Lett B 558 (2003) 41)
Inclusive-jet cross sectionsin yp
ZEUS (Phys Lett B 560 (2003) 7)
Multi-jetsin NC DIS

H1prel. (contributed paper to EPS05)
Multi-jetsin NC DIS

ZEUS (Eur PhysJ C 44 (2005) 183)
Inclusivejet cross sectionsin NC DIS
H1 (Eur PhysJ C 19 (2001) 289)
Inclusive jet cross sectionsin NC DIS
ZEUS (Phys L ett B 547 (2002) 164)
Dijet cross sectionsin NC DIS

ZEUS (Phys Lett B 507 (2001) 70)
World average 2006

(S. Bethke, hep-ex/0606035)

0.1

0.12

0.14
aS(M z)
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Determination of g at HERA

e The predictions for jet cross sections at HERA can be written iIn QCD as

do(ep — e+Jet(+Jets)+X)= > /dw fa(z, pp) déa(x, as(1R) LR, LF)
a=q,q.9

= to determine « from a jet observable at HERA, the correlation between
~+ explicit dependence on «g from the matrix elements
~+ implicit dependence on «g from the pPDFs
has to be taken into account properly

e Solutions:
— determine oz from observables with  small dependence onthe pPDFs
(eg, determination from ratios of observables)
— determine oz by taking properly into account the  correlation
(eg. using pPDF sets extracted assuming different values of og —)
— or perform simultaneous determination of ag and the pPDFs
(not treated in this talk)
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Claudia Glasman (UAM) Review of « determinations from jets at HERA -
A method to determine s from jet observables £

e The method to determine «ag from jet observables used by ZEUS is based on the
o dependence of the pQCD calculations, taking into account the correlation
with the pPDFs:

A parametrisation
— perform NLO calculations using different sets
of pPDFs aA NLO QCD
— use as input in each calculation the value of e
as(M z) assumed in each pPDF set + """"""""""""""""
— parametrise the «g dependence ofthe | 77T 1

observable:
Ai(au(My)) = A ay(My) + A} a,(M)? ‘

— determine as(Mz) from the measured value ey
using the NLO parametrisation value

C\fs(]\IZ)

e This procedure handles correctly the complete ag-dependence of the NLO
calculations ( explicit dependence in the partonic cross section and impli cit
dependence from the pPDFs ) in the fit, while preserving the correlation

between ag and the pPDFs
ZEUS Collab, Phys Lett B 507 (2001) 70
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Jets in NC DIS at HERA

e Jet production in neutral current deep inelastic ep scattering at O(ay) in the
Breit frame:
e Jet e Jet

roton P pr oton
P Pemnant et remnant Jet
Boson-gluon fusion QCD Compton Breit frame

e Jet production cross section in NC DIS is given in pQCD by:

. Kinematics:
dojet = Z_ /da: fa(@, pF) dGa(Z, as(LR) LRy BF) _ momentum transfer:
a=—q.,q.9 Q2 — _q2 — —(k - k,)2
— fa: parton a density, determined from experiment — Bjorken x: x = —2%.q
- — inelasticity:
— long-distance structure of the target P v | _ Bl(1—cos6,)
Yy=pPr ="~ 2F,

— 0. Subprocess cross section, calculable in pQCD
— short-distance structure of the interaction
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o determinations from jets at HERA

Jet cross sections in NC DIS at low Q2

Claudla Glasman (UAM) Review of

ep — e + jet(s) + X: jets at low Q2 inclusive jets

e Jets searched using the kr cluster algorithm in Breit frame

e Kinematic region: 5<Q?<100 GeV? and 0.2<y<0.7

e Jets with Pp>5 GeV and —1<n% . <2.5

o (M > 18 GeV) L — 43.5 pb_l :

e Small experimental uncertainties | H1
— uncorrelated: < 5, ~ £5, ~ 8% ) o | le[(I;e\l/zl] 10
— correlated: ~ £5, ~ +5, < +8% [ets

e NLO predictions using NLOJET++
— p%h=p2=(Q* + (Pr)?)/2; pPDFs: CTEQ6.5M;

corrected for hadronisation effects

e Theoretical uncertainties:  dominated by terms beyond NLO F H1
— higher orders ( £30 (10)% at low (high) Q?) R - e
— proton PDFs ( 46 (2)% at low (high) Q?) trijets Q" [GeV’]
— parton-to-hadron corrections ( *+1—2.5, £1—2, +£5%)

— The measured jet cross sections are well described

by the NLO predictions in the whole measured range

10° ¢ * Hildata
s NLO O hadr

[y
o
N
UL |
(]

jet

do. /dQ ?[ pb/GeV ?]

=
o
T

o

e H1 data
NLO 0O hadr

[y
o
N
I
[ ]

/dQ 2 [ pb/GeV ?]
5
IIIIII T T T TTTIT
[ ]

2-jet

do

e H1 data
10 ¢ NLO O hadr

/dQ ?[ pb/GeV ?]

[EEN
T T T T

3-jet

— Measurements provide direct sensitivityto as(My)
with small experimental uncertainties N .

H1 Collab, Eur Phys J C 67 (2010) 1 0 Q?[Gev?]
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o g from jet cross sections and ratios: NC DIS at low Q2

ep — e + jets + X: inclusive jets, dijets and trijets at low Q2

e From the measured double-differential cross sections  for 5 < Q2 < 100 GeV?,
values of as(Mz) were extracted:

as(Mz) = 0.1180 % 0.0018 (exp.) 00555 (th.) inclusive jets
as(Mz) = 0.1155 % 0.0018 (exp.) 0003 (th.) dijets
as(Mz) = 0.1170 £ 0.0017 (exp.) 00073 (th.) trijets

as(Mz) = 0.1160 £ 0.0014 (exp. )+8 88% (th.) combined

e Experimental uncertainty: +1.2%
e Theoretical uncertainty: +8 1% dominated by terms beyond NLO (offset method)

+ Reduction of theoretical uncertalntles can be achieved bf% oal H1 * H1 data
by determining o5 from the measured trijet to dijet 5 NLO L haar
ratio : o 031
0.0067 0.21- . .
as(Mz) = 0.1215 4 0.0032 (exp.) "o ooz (th.) T ;
experimental uncertainty:  £2.6%; theoretical uncertainty: J_ri:g% 0.0 L
H1 Collab, Eur Phys J C 67 (2010) 1 10 o2 [gevz]
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() Normalised jet cross sections in NC DIS at medium
ep — e + jet(s) + X: jets at medium Q2 Normalised Inclusive Jet Cross Section
e Jets searched using the kr cluster algorithm in BF 1?H1 150 < Q< 200 GeV? ?Hl 200 < Q%< 270 GV
e Kinematic region: 150 < Q? < 15000 GeV? o 1°‘:':\=': 1°‘='=‘='=
e Jets with Pr;>7 GeV, (Pra, Pr3>5 GeV) 5 107k = 10°F )
and —0.8< MK <2; (MIi>16GeV) £ — 395 pb—1 [ = =
e Small experimental uncertainties e
— uncorrelated: ~ #£3 (10)% at low (high) Q2 Pr B 0 34 810 0 ok
— correlated: ~ 42 (4)% at low (high) Q?/Pr R e aoour R o
e NLO predictions using NLOJET++ JwE | e 01
— p%=p2=(Q* + (Pr)?)/2; pPDFs: CTEQ6.5M; £ | .
corrected for hadronisation effects M | - |
e Theoretical uncertainties: Y e s [JPY S SS —
— dominated by terms beyond NLO, but smaller than o 20 SIO[G‘LI?/] BT 20 Sble‘i‘i,]
atlower Q (higher Q7 and normalised cross sections  )ugpr—— YT 2 : 2
— The measured jet cross sections are well e S I T
described by the NLO predictions s I
s 0E 10%
— Measurements provide direct sensitivity to . o __ Owophear
as(M z) with small experimental and E ié* ***** e Zg—*—Ti
theoretical uncertainties e 2 e oY 2 e

H1 Collab, Eur Phys J C 65 (2010) 363
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Review of «, determinations from jets at HERA

Claudla Glasman (UAM)
enly, g from jet cross sections and ratios: NC DIS at medium Q2

ep — e + jets + X: normalised inclusive jets, dijets and trijets at medium Q2

e From the measured normalised double-differential cross sections for
150 < Q? < 15000 GeV?, values of as(My) were extracted:

as(Mz) = 0.1195 % 0.0010 (exp.)T0 0026 (th.) inclusive jets
as(Mz) = 0.1155 % 0.0009 (exp.) 00030 (th.) dijets
as(Mz) = 0.1172 £ 0.0013 (exp.) T0:0055 (th.) trijets

as(Mz) = 0.1168 % 0.0007 (exp.) 00032 (th.) combined

e Experimental uncertainty:
— 1+0.6%, equally shared by correlated/uncorrelated sources

e Theoretical uncertainty (offset method): 5 2‘7 (131% at low Q?)
— factorisation scale: +0.5% (J_r4.9% ratio at low Q?)
— hadronisation corrections:  +0.4 — 1%
— pPDFs: +1.5%
— terms beyond NLO: 43 — 4%

+ Reduction of theoretical uncertainties achieved by using n ormalised cross

sections and higher Q2
H1 Collab, Eur Phys J C 65 (2010) 363
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Jet cross sections in NC DIS at high

Review of

o determinations from jets at HERA

Q2

ep — e + jet + X: inclusive jets at high Q72

— Jets searched with  k algorithm in the Breit frame

— different R values were used: 0.5,0.7 and 1

— Atleast one jetwith EJ}, >8 GeV and —2<
— Kinematic range: Q2 > 125 GeV? and | cos~| < 0.65

e Small experimental uncertainties

—s uncorrelated: ~ +5%
— correlated: ~ +5%

jet
Uiz

L

e NLO predictions using DISENT
— pr = Efy; pp = Q; pPDFs: ZEUS-S;

corrected for hadronisation and

7 effects

e Theoretical uncertainties:

— higher orders  (7(5)% at low (high) Q?, > 10% for R = 1.2)
— proton PDFs  (below £3 (4.4)% at low (high) EJ})
— hadronisation (below 25, 15, +5%; much bigger for

— The measured jet cross sections are well described
by NLO QCD for R = 1,0.7, 0.5 with similar accuracy %

— Measurements provide direct sensitivityto ags(My)
with small experimental

and theoretical

ZEUS
NA E\‘ T T T 17T \‘ T T T T LI \‘
P g e ZEUS82pb*
D C R=1.0(x 10
6 g0 LT NLO O hadid Z°
g :
NE; 1 [ Re07(xD) ]
<1.5 g .
B 10 L R=05(x01) _
ol
10 = E
— 82 pb —1 3l
10 = E
_45 [ jet energy scale uncertainty
10 ¢ EI, > 8 Gev -
10 5 cos y,| <0.65 ]
2<ng<15
-6 C
HlO g;} R R .
. 04 R=10_
N 020 | -
0 0 Omm——t
5-02F _ 3
= 04 = /7774 NLO uncertainty E
O 0'4 o b : b : E
o 4t R=07
> 02F -
% 0F ,'__::.'.'..ln':llliiiifi:::ﬁ
R = 0.3)s 02" E
04E, | et
0.4 = R=05 E
0.2 3
B R 2 T
-0.2 E
-0'4 ;\‘ | | |
tainti 10° 10° 10*
uncertainties 9 cavd
ZEUS Collab, Phys Lett B 649 (2007) 12
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Claudia Glasman (UAM) Review of « determinations from jets at HERA

_10
Jet cross sections in NC DIS at high Q32 £
ZEUS

e Tests of pQCD with jets require infrared- and

_ _ _ S Ak x100) B
collinear-safe jet algorithms: i N
— k7 cluster algorithm in the longitudinally invariant £ 107 antik  ZEUSEpL” |

: : i — NLO Ohadfl Z° -

inclusive mode (S Catani, S Ellis & D Soper ) T g ]

. . o)
e Performance of kg algorithm tested extensively ° L ]
— stringent tests of pQCD:  good description of data for
1 =

all jet radii with similar precision Q> 125 Gev”
-2< r]1§‘< 15

— good performance of kg algorithm: small theoretical 10" |cosy| <065

uncertainties and small hadronisation corrections . 1_1516“*'"3?&0“:;:‘2::::: o

e New jet algorithms anti- k7 and SIScone ‘%‘s i ki (4009 ]
(M Cacciari, G Salam & G Soyez ) é’ oyl ;]
— Good description of data in shape and normalisation o=
by NLO QCD 2 +2 . ——
— Bigger hadronisation corrections and theoretical § 08 bbb

12 -  antik | f

uncertainty for SIScone than anti- k7 (similarto k) | [ |
— Slml|al‘ Shape and n0rma|lsatlon |n data and theOI‘y 08 }HH}HH}HH}HH}HH}HHMm}m;}m:“m{

. . 1.2;* SIScone f *;

for the three jet algorithms 1| L -
mi I Nt L: 82 b_]‘ 08 E i

— Similar experimental uncertainties P o s 20 s 50 a0 a8 s
ZEUS Collab, Phys Lett B 691 (2010) 127 Elfs (Gev)
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a5 from jet cross sections:  NC DIS at high Q2

e From the measured do/dQ? for Q% > 500 GeV? values of as(My) were
extracted:

22 -
as(Mz) = 0.1188 100038 (exp.) 100022 (th.) (anti- k)
2
as(Mz) = 0.1186 100037 (exp.) T0-0028 (th.) (SIScone)
O 0038 0 0022

e Experimental uncertainties:
— dominated by jet energy scale: Aa,/as =~ 2%

e Theoretical uncertainties: (Jones et al method) anti- kr SlIScone kr
. 1.4 1.6 1.5

— terms beyond NLO: Ao /o (%) = I AR
— uncertainties from pPDFs: Aas/oag(%) = +0.8 +0.8 +0.7
— hadronisation corrections: Aag/as(%) = +0.9 +1.3 +0.8

— ag(M z) from inclusive-jet cross sections in NC DIS at high Q>
— precise determination using  anti-kp SlScone kr

— total uncertainty ( %): ~ 3.5 3.7 3.7
— theoretical uncertainty ( %): ~ 1.9 2.2 1.9
ZEUS Collab, Phys Lett B 691 (2010) 127 ZEUS Collab, Phys Lett B 649 (2007) 12
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Claudia Glasman (UAM) Review of « determinations from jets at HERA 12
ATTh :

ity Precision of as(Mz) ;

e Theoretical uncertainties on ag(Mz):

— Uncertainty of inclusive-jet cross section from
terms beyond NLO as a function of Q2 estimated
by varying upg by factors 2 and 0.5
— decreases with increasing Q2
— partially cancels in ratios of cross sections

>O.1‘\ ! T T ! T
_*%‘ - I CTEQS6
S - T —) = - EE ZEUS2002
10 10 80.05- MRST2001 ]
Q? (Gev?) S |
e PDF uncertainty of inclusive-jet cross section L
. . (@)
as a function of Q2 for various PDF sets — g O

e PDF uncertainty on ag(Mz):

=
o
o1
T T T
|

ZEUS-S — | £0.7%
MRST-2008 — 0.4-0.7% / +0.7% ,
DL,
CTEQG6 — 0.8-1.5% / +=1.5% 102 10° 2 1042
Q° (GeV9)
H1 Collab, Eur Phys J C 65 (2010) 363 ZEUS Collab, PLB 649 (2007) 12
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Jet cross sections in NC DIS at high

ep — e + jet + X: inclusive jets at high Q72
e Jets searched using the kr cluster algorithm in Breit frame
e Kinematic region: Q?>125 GeV? and | cos v| < 0.65

e At least one jet with Eff% >8 GeVand —2< 75 < 1.5

e Smaller experimental uncertainties
—s uncorrelated: ~ #£3 (7)% at low (high) QZ/E%?tB
— correlated: ~ %5 (2)% at low (high) QZ/E%:%B

do/dQ? (pb/GeV?)

— The measured jet cross sections are well
described by NLO QCD

— Measurements provide direct sensitivity to
as(M z) with small experimental and theoretical
uncertainties

0 0037 0 0022

experimental uncertainty: +3 1%

theoretical uncertainty: :|:1 9%

rel. diff. toNLO

Review of «, determinations from jets at HERA

Q?: update ye

13

:“:‘:\» A\
T~

L =300pb—1
ZEUS

=
\

=
o
\

10 -

-2<n¥<15

 ZEUS(prel) 300pb™ -

— NLO O hadg Z°

Elfy >8GeV

|cosy,| < 0.65

04 F
02 F

[ jet energy scale uncertainty

0 [ e
02 -
-04 [

[/77] theoretical uncertainty -

103 10%
Q% (GeV?)

ZEUS Collab, ZEUS-prel-10-002
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Claudia Glasman (UAM) Review of « determinations from jets at HERA 14

Jets iIn PHP at HERA

e Jet production in photoproduction at O(as):

€ Q?: ~ virtuality

W' ~p cms energy

y: inelasticity

T~ (p). Parton momentum
fraction from ~(p)

Jet
photon

remnant

Jet

proton

p p_ proton

remnant Jet remnant Jet
direct photoproduction resolved photoproduction
e Jet production cross section in photoproduction is given in PQCD by:

dojet = Z/dy I57eW) /diﬂp fj/p(®ps 1E,) /dwv fijy(@ys pE)) A6+
1,]

— Measurements of jet cross sections in  photoproduction allow tests of:
structure of the photon PQCD, ag structure of the proton

Workshop on precision measurements of g 9-11 February, 2011
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Jet cross sections in PHP at high ~ EJ

ep — e + jet + X: inclusive jets at high B¢ Ey—
e Jets searched using the kr cluster algorithm in Laboratory frame - P

e Kinematic region: Q?<1 GeV?and 0.2<y <0.85 ZEUS
o At least one jet with EX'>17 GeV and —1 <ni*t < 2.5 ZEUS

e Small experimental uncertainties
— uncorrelated: typically < £4%

T ‘ T
o ZEUS (prel.) 189 pb™
NLO (GRV-HO)

(pb/GeV)
S

510 -
—s correlated: ~ +5% T
e NLO predictions using Klasen et al 3 1 3 E
— pur = pr = EX'; pPDFs: ZEUS-S; vPDFs: GRV-HO i
corrected for hadronisation effects 0= | E
e Theoretical uncertainties: o lenfe2s
. . jet 10 3 Q°<1GeV _
— higher orders ( 210 (7)% at low (high) E%") E p2<y<085
—s proton PDFs ( &1 (5)% at low (high) EX*) B T T
R N R R R R

— photon PDFs ( —10 (—2)% at low (high) EI*
—s parton-to-hadron corrections ( below £+3%)
— The measured jet cross sections are well
described by NLO QCD P TR TR N
. . 20 30 40 50 60 70 .8 90
— M'easurements p_rowde direct senS|t_|V|ty to as(M 7) £ (Gev)
with small experimental and theoretical uncertainties

©
o

~ I jet energy scale uncertainty d -
m ‘ i

; [7/7] theoretical uncertainty é

<
o1

rel. diff. toNLO
o

ZEUS Collab, ZEUS-prel-10-003
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Claudia Glasman (UAM) Review of « determinations from jets at HERA

as from jet cross sections:  PHP at high EJ.

o From the measured do /dEX" for 21 < EIS* < 71 GeV values of as(My) were
. 0.0024 0.0044
extracted: o (M) = 0.1208 T9:0924 (oxp.) $0-0044 (4}, )y (k)

0.0024 0.0043 :
as(Mz) = 0.1200 10055 (exp.) T000ss (th.) (anti- k1)

O 0022 O 0047

e Experimental uncertainties:

— dominated by jet energy scale uncertainty: Aag/ag = £1.7%
e Theoretical uncertainties: kr anti-kp SlScone
: 2.4 2.3 3.2
— terms beyond NLO: Aas/ag(%) = 4_‘2.5 —_|—2‘4 f3.4

— uncertainties from pPDFs: Aas/as(%) = +£1.0 +0.9 +0.9
— uncertainties from  yPDFs:  Aag/as(%) = +2.4 +2.4 +2.1

— hadronisation corrections: Aag/ag(%) = +0.5 +0.4 +0.2
— ag(M z) from inclusive-jet cross sections in PHP at high E‘;f’t:
—» precise determination using kr anti-kp SlScone
— total uncertainty ( %): J_F‘gljé i‘;;; i‘;;é
— theoretical uncertainty ( %): 50 i i
ZEUS Collab, ZEUS-prel-10-003 ZEUS Collab, ZEUS-prel-10-015
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Claudia Glasman (UAM) Review of « determinations from jets at HERA 17

Jet substructure and QCD predictions

e The investigation of the internal structure of jets  gives insight into the transition
between a parton produced in a hard process and the experimentally observabl e
jet of hadrons

e QCD predictions:

— Jet substructure driven by  gluon emission
off primary partons (at sufficiently  high E3S*,
fragmentation effects negligible)

— gluon jets are broader than quark jets
(larger colour charge of the gluon)

roton
P Pemnant

— jet substructure depends mainly on  flavour of
primary parton from which the jet originated
and to a lesser extent on the hard scattering
process

Workshop on precision measurements of g 9-11 February, 2011



Claudia Glasman (UAM) Review of « determinations from jets at HERA 18

Jet substructure: Iintegrated jet shape

e (r): fraction of the jet transverse energy that lies W)
iInside a cone inthe n — ¢ plane of radius 7, concentric with
the jet axis

Erp(r
) ) =

Zjets ET'(T)

P(r) =

Jets

Je
T

mean integrated jet shape

Jet substructure: subjet multiplicity

e subjets: are resolved within a jet by reapplying the  kp

cluster algorithm until for every pair of particles 1,7 T““et
d;; = min(Er;, ETj)z[(m' — 77j)2 + (i — Soj)2] \\
is above Yeut - (E‘]et)2 |
. o @65@
7 <nsubJet (ycut)> — N Z Jets ;ubjet(yCUt) M.a.nysubjets 4subjets 25ubjets 1 subjet
mean subjet multiplicity increasing y,

Workshop on precision measurements of g 9-11 February, 2011



Claudia Glasman (UAM) Review of « determinations from jets at HERA 19

Jet shapes in NC DIS at high EJ. ta

o E‘;?t dependence of (1 (7)) in NC DIS

— Jets searched using the kg cluster algorithm in ’%?
Laboratory frame v
— Kinematic region: Q2% > 125 GeV?
— At least one jet with E%‘?t > 17 GeV and
—1 < P < 2.5

e (¢(r)) vs r in different EJet regions:
— the jets become narrower as E‘]et
Increases

<y(r) >

e Comparison to QCD predictions:
— NLO predictions in NC DIS are possible
in LAB frame from O(a?) calculations
since three partons can be inside one jet

<y(r) >

ZEUS

j‘_i;r“lja‘éz‘.é T T LI

i 17 <Elf< 21 GeV 21 <ElF< 25 GeV
05 pn Hadron level ]
- = ZEUS98-00DIS 1 O (data-DI SENT)/DISENT
0

25 <El#< 29 GeV
——— DISENT

\\\‘\\\‘\\\‘\\\‘\\\ \77\\\ \\\‘\\\‘\\\‘\\\\
0O 02 04 06 08 10 02 04 06 08 1

r r

P — the data are well described by the NLO
QCD calculations for r» > 0.1

Laboratory Breit
Frame Frame

ET

ZEUS Collab, Nucl Phys B 700 (2004) 3
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Claudia Glasman (UAM) Review of « determinations from jets at HERA

as from internal structure of jets: ~ NC DIS at high EJTe
ep — e + jet 4+ X: inclusive jets at high E%f’t

e From the measured (¢ (r = 0.5)) for EjTet > 21 GeV avalue of ag(Mz) was
extracted:

0.0013 0.0091

N

ZEUS

T I I T I LI
parton/hadron correction <17 %

pQCD predictions (DISENT) :

(corrected to hadron level)

e Experimental uncertainties: v
Ao /o, = tg:g%
e Theoretical uncertainties:
—s terms beyond NLO: Aa,/a, = T55%
— uncertainties from pPDFs:  negligible

= LO QCD (CTEQA4L)
— NLO QCD:
CTEQ4A5[a,M,)=0.122] ]
———> CTEQ4M [a,M)=0116] ]
CTEQ4A1 [a,(M,)=0.110] ]

— hadronisation corrections:  Aas/as = +£1.5% >

e From theerg]easured (Nsubjet (Yeut = 1072)) for 0 T iEToMERS
25 < EJ. < 71 GeV avalue of as(My) was M- eaanmasssaesapnsaREL:
11 F Theoretical uncertainty (Q/2 < p < 2Q) 3
extracted: 1 = ;
_ +0.0029 +0.0093 B
Tjet (GEV)

ZEUS Collab, Nucl Phys B 700 (2004) 3 ZEUS Collab, Phys Lett B 558 (2003) 41
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Review of

o determinations from jets at HERA

as running: NC DIS from low to medium Q2

21

e The energy-scale dependence of the coupling was determined by extracting o«
from the measured jet cross sections from low to high

o, from Jet Cross Sections

a. |
S| H1 * H1 data

[ B g, fitto jets

0.25 Theory OPDF

0.20

0.15
_I 1 1 1 1 |
5 6 7 8 9 10

U [GeV]

— The results are in good agreement with the

0.15

0.10

Q*:

Normalised Jet Cross Sections

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

e

Theory uncertainty

predicted running of

experimental uncertainties in a wide range of the scale

H1 Collab, Eur Phys J C 67 (2010) 1

10?
H [GeV]

o s With small

H1 Collab, EPJ C 65 (2010) 363
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as running: NC DIS and PHP at high EJ. g

e The energy-scale dependence of the coupling was determined by extracting o
from the measured jet cross sections from low to high EJTet:

7EUS ZEUS
CSw i L B B B I IR R cm0.17g L L A N AL B
022 | o ZEUS(prel) 300pb™ X o ZEUS(prel.) 189 pb™
L [ corr.uncert. i 0.16 | [ corr.uncert. ]
0.20 B [ th. uncert. N i [ th. uncert. ]
b — QCD I — QCD
i 0.15 -
0.18 B i
i 0.14 -
0.16 - .
B 0.13 -
0.14 - ] i
Ll b e e 01201 v v e
5 10 15 20 25 30 3 40 45 50 55 20 30 40 50 60 70
. jet
ETs(GeV) E. (Gev)

— The results are in good agreement with the  predicted running of g with small
experimental uncertainties in a wide range of the scale

ZEUS Collab, ZEUS-prel-10-002 ZEUS Collab, ZEUS-prel-10-003
Workshop on precision measurements of o 9-11 February, 2011
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’ Summary and Conclusions k Su

e Jet physics at HERA provides
— precise values of ag(My) in different regimes
— precise determinations of the running of ag over a wide range of the scale

e Room for improvement?
— all HERA data analysed: experimental uncertaintiesin «ag small
— theoretical uncertainties dominant (terms beyond NLO)
=> NNLO calculations for jet cross sections at HERA
needed to improve precision on  « further

Normalised jet cross sections at high Q2

H1 (Eur PhysJ C65 (2010) 363)

Multi-jet cross sections at low Q o, from Jet Cross Sections in DIS

H1 (Eur PhysJ C67 (2010) 1) a s I

Inclusive-jet cross sectionsin yp : " Hldatafor5<Q?<100Gev? Z EUS

S EUS rel10.003 025_ ° HldataforQ2>150GeV2 UU’J 7\ T L e L B LB B B ]
pres L Fit from Q 2> 150 GeV? [arXiv:0904.3870] 022 ZEUS (prel.) — QCD 5

Inclusive-jet cross sectionsin NC DIS - a5 =0.1168 0.0007 (exp.) 355 (th.) + 0.0016 (PDF) F o NC DIS300 pb'l 1

ZEUS-prel-10-002 i - (T::Qgs éi;ii’;iem une: 0.20 - corr. uncert. th. uncert. 5

0.20 ' - o photoproduction 189 pb™

HERA combined 2007

I - T corr. . [ th. .
(H1prelim-07-132/ZEUS-prel-07-025) - 0.18 i corr. uncert th. uncert
HERA average 2004 - 16 -

0.15 0.16
(C. Glasman, hep-ex/0506035) N L
World aver age 2009 : 0.14 L
(S. Bethke, Eur PhysJ C64 (2009) 689) - L
N T B S B 0.10_111] L L 1111111 0'127\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
0.1 0.12 0.14 10 10° 10 20 30 40 5 60 70
a (M jet
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o determinations from jets at HERA

Tests of pQCD: k7 vs anti- k1 vs SIScone

e New infrared- and collinear-safe jet
algorithms:
— anti- k7 (M Cacciari, G Salam & G Soyez )
and SlIScone ( G Salam & G Soyez )

e Cluster algorithms:

— djj=min[(EL, 5)?, (B3, 5)*P)-ARYR? __—]

with p=1 (—1) for k (anti- k)
— anti- k keeps infrared and collinear

safety and provides = circular jets

(experimentally desirable )

e Cone algorithms:
— seedless cone algorithm produces
also jets with well-defined area and
IS infrared and collinear safe
(theoretically desirable )

passive area

—————————————

anti- kp :
passive area

s,

7777777777777

SIScone .
passive area

S

—————————————

n
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Tests of pQCD: k7 vs anti- kg vs SIScone

e Theoretical uncertainties:
— PDFs and value of ag(Mz):
— very similar for all three jet algorithms
— terms beyond NLO and QCD cascade/hadronisation modelling:
— very similar for k7 and anti- k7; somewhat larger for SIScone

NC DIS PHP
T ‘ T T ‘ LI ‘ LI ‘ LI ‘ LI ‘ LI ‘ T T ‘ 1T \: 7\ ‘ T 17T T 17T ‘ T 17T ‘ T 17T ‘ L ‘ T 1T L
"? 0.1 e termsbeyond NLO *? 0.2 r ...................,,___________________ NLO 1
B - ] ‘® OF A —
"a—s' 3. ] "a—"_) B i e e e B
© .01 o anti-k 77771 SIScone = o'8'%]HH}HH}HH}HH}HH}HHI
S aRRRR m‘u}HH}:TM}HH}HHHH}M:}HH: S "°f pPPDFs ]
o 01 - PDFs O O == R —
= - ] > . ]
B 0] — ® 02 '
CU m | ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I T
C 7 7\ ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T ‘ T L
21 TN TR T RN TR 2 > - caMz) .
R 0 e
8 o1 aM,) 8 i 1
w E E w -0'2 T ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I T
et O _—_ o 0-2 77\ ‘ 11 ‘ 11 ‘ 11 ‘ 11 ‘ LI .\ ‘.\ LI i:
8 E B 8 7 hadronisation ]
0 e s e L £ O :
e = . ]
01 - QCD cascade '8'%]1H;}HH}HH}HH}HH}HHI
B ] T r YPDFs ]
e —————— y 1
0 B ] 0 I === ]
-0.1 ; L1 ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1 E -0'2 77\ ‘ N | ‘ \M\ ‘SI \S:\or\]e\ ‘ N | \ar\]ti\-k\T ‘ | | T:
5 10 15 20 25 30 35 40 45 50 55 20 30 40 50 60 70 80
. jet
ETg (GeV) E. (Gev)
ZEUS Collab, Phys Lett B 691 (2010) 127 ZEUS Collab, ZEUS-prel-10-015
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chty Comparison of as(Mz) determinations at HERA Ve

e Determinations of ag(Mz) by ZEUS and H1 from jet cross sections |, ratios ,

internal structure of jets  and structure functions

Process Collab. | Value | Stat. Exp. Th. Total (%)
Inc. Jet NC DIS ZEUS | 0.1212 | 0.0017 | T0°0021 | —0'0057 | ~0.0044 | ~3-5
Inc. Jet NC DIS H1 |0.1186| — | FD-0050 | +0-0001 | Fo-0059 | ~5
e, Jet 7p 7EUs | 01204 | 00001 F0022 | OO0 UM 4
Dijet NC DIS ZEUS | 0.1166 | 0.0019 | T070023 | ~00044 | ~0'00a | ~5
3/2 Jet NC DIS ZEUS | 0.1179 | 0.0013 | T0004e | ~0'0046 | —0'006s | ~6
Jet Shapes NC DIS | ZEUS | 0.1176 | 0.0009 | ~0'0096 | ~0'0072 | ~o0075 | ~7
Subjets NC DIS ZEUS | 0.1187 | 0.0017 | To00co | ~o0076 | —0'007s | ~8
Subjets CC DIS ZEUS | 0.1202 | 0.0052 | To-5000 | T0-0065 | 70003 | ~8
. i Jomso| — [ FhonrTEAM IR 0
°F ZEUS 101183 | — | To'o0zs | To'0031 | ~0.0058 | ~P
— experimental uncertainties: ~ 3%

— theoretical uncertainties: ~ 4% (jet cross sections and SF)

~ 8% (internal structure of jets)

Workshop on precision measurements of g 9-11 February, 2011
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Averaging the determinations of ags(Myz) at HERA

e A proper average requires the inclusion of correlations amo ng the different
determinations:

— Experimental uncertainties:
— eg Jet energy scale ( correlated among the determinations from each
experiment )

— Theoretical uncertainties:
— parton distribution functions of the proton ( correlated )
— hadronisation corrections ( partially correlated )
— terms beyond NLO ( correlated? )

— Since the theoretical uncertainties are dominant and the bi ggest contribution
arises from the terms beyond NLO
— the difficulty of averaging the determinations of as(Myz) at HERA lies on the
treatment of the theoretical uncertainties arising from terms beyond NLO

Workshop on precision measurements of g 9-11 February, 2011
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HERA 2004 average: as(Mz)

e Several methods have been used to obtain an average of  ags(Myz) at HERA:
— Naive method: ay(Mz) = 0.1188 4+ 0.0020
— Schmelling’s method: a,(Mz) = 0.1192 + 0.0047
— Correlated sources:
as(Mz) = 0.1186 % 0.0011 (exp.) = 0.0050 (th.)
= 0.1186 £ 0.0051

e The last two methods give comparable I
uncertainties — confidence on the result 012

e The last method is considered to be the most

HERA average: 0.1186 + 0.0011 (exp.) = 0.0050 (th.)
0.14

a(M,)

- ® ZEUSdata " Hldata
013 7= HERA average

011 | -

realistic (though conservative)  since the known th.uncert exp. uncert,
correlations among determinations from the o o+ ooty
: : o 009N g0z 0 g
same experiment were taken into account A Bobb 440046 D 6
©C 0 0 0 0O 0 g 0 4
zZ 2 2 O £ 2 Z2 Z2 Z2 Z2
: 8% g3 3 & S g
e The HERA average is: T ¢ag 3t &°C o
23388
— as(Myz) = 0.1186 £ 0.0011 (exp.) & 0.0050 (th.) £ B -

experimental uncertainty: ~ 0.9%; theoretical uncertainty: ~ 4%

C Glasman, hep-ex/0506035
Workshop on precision measurements of g 9-11 February, 2011
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HERA 2004 average: scale dependence of ag

e The QCD prediction for the energy-scale dependence of o g Was measured by

determining og from the measured differential cross sections at different E‘;‘ft:
Uw0.25 HERA —
I o ZEUS
H1

0.2

0.15

=== QCD
01 — a (M) =0.118 £ 0.003 B
L L | ! ! ! ! Lo
El (GeV)

— The determinations are consistent with the running of ag predicted by QCD
over a large range in E%f’t

C Glasman, hep-ex/0506035
Workshop on precision measurements of g 9-11 February, 2011
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HERA 2004 average: scale dependence of ag

e Determinations at similar E?Z‘?t were combined using the correlation method:

c(n 025 T T T T

0.2

0.15

== QCD
0.1 a M) =0.118 + 0.003 3

10 100
Eig (GeV)

C Glasman, hep-ex/0506035

Workshop on precision measurements of o 9-11 February, 2011
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HERA 2004 average: scale dependence of ag

e Comparison of HERA results with other

. _ HERA jet data
experiments: |
0.5
B
Q) \ __ | |
aa Deep Inelastic Scattering
0.4 L\ oe e'e” Annihilation |
\ o Hadron Collisions

— HERA determinations consistent with = ® Heavy Quarkonia

other experiments %
03} \ ]
A \
— Uncertainties of HERA determinations \ I
very competitive 0zl ﬁ\ \%\‘ )

" \%%Q%:

s==== QCD  0g(Mz) = 0.118 = 0.003

1 10 Q[GeV] 100

S Bethke and P Zerwas, Physik Journal 3 (2004) 31
Workshop on precision measurements of g 9-11 February, 2011
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HERA 2007 combination: ags(Mz)

e New as(Myz) combination from inclusive-jet cross sections in NC DIS
— make a simultaneous fitto ZEUS and H1 data sets which yield the most precise
as(M z) values (instead of combining «as(My) values)

ZEUS
e From measured do/dQ? (Q? > 500 GeV?): .~ ¢ AR
B 10 FEo o8 haden 27
_ +0.0035 - E
as(Mz) = 0.1207 & 0.0014 (stat.) Tg o33 (exp.) A'%/l R=07 (x 1 pPDFS = ZEUS2002 -
+0.0022 41y g .
: . —0.0023 7L 10 _1%R=O.5(x0.1) ]
e Experimental uncertainties: o
— dominated by jet energy scale uncertainty: 8% - .
3L
Aas/as = £2% 10 - _ | E
4 /= jg ener gy scale uncertainty 1
e Theoretical uncertainties: 0= ETg >8GeV
5 |cosy, | <0.65
— terms beyond NLO: Aa,/as = £1.5% 10 - 2<pec1s E
—s uncertainties from pPDFs:  Aa,/a, = +0.7% 10°F, ]
— hadronisation corrections:  Aa,/a; = +0.8% 10° 10° 5 10° 5
— u uncertainty: negligible Q" (GeV?)
— ag(M z) from inclusive jet cross sections in the Breit frame: Very precise

determination at HERA (total uncertainty: ~ 3.6%; theoretical uncertainty: ~ 1.9%)

ZEUS Collab, Phys Lett B 649 (2007) 12
Workshop on precision measurements of g 9-11 February, 2011
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HERA 2007 combination: ags(Mz)

e New as(Myz) combination from inclusive-jet cross sections in NC DIS
— make a simultaneous fitto ZEUS and H1 data sets which yield the most precise
as(M z) values (instead of combining «as(My) values)

. jet
e From measured normalised 1/onC dzajets/dEﬁBsz (150 < Q? < 15000):

Normalised Inclusive Jet Cross Section

as(Mz) = 0.1193 & 0.0014 (exp.) T 003y (thy) L wwime | fwew
e Experimental uncertainties: b U D S
— dominated by jet energy scale uncertainty and et — ]
model dependence s
e Theoretical uncertainties: PPDFS =CTEQE.S g@F ™ R -
—s terms beyond NLO:  dominant s s R
— uncertainties from pPDFs:  small 0 T RN () P
— uncertainties from gz small I T
— hadronisation corrections:  negligible = s _fé "
— ag(Mz) from normalised inclusive jet cross A
sections: very precise determination at HERA S| R 3| S
total uncertainty: ~ 4.3% R e
experimental uncertainty: ~ 1.1% H1 Collab, Phys Lett B 653 (2007) 134

Workshop on precision measurements of g 9-11 February, 2011
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HERA 2007 combination: as(My)

e New as(Myz) combination from inclusive-jet cross sections in NC DIS
— make a simultaneous fitto ZEUS and H1 data sets which yield the most precise
as(M z) values (instead of combining «as(My) values)

Inclusive Jet Cross Section Z EUS
N’\ T T T T T T TT ‘ T T T T T T TT ‘
< K 150 < Q%< 200 GeV? < F 200 < Q%< 270 GeV? > 1 = i
8.0 . 3 4t e 3b H1 g - « ZEUS82pb™
g NLOO hadr 0Z°| & S .
'\b‘ 2 L ° MRSTO1 NO’ 102 ° \Q/- - — NL O
'z:s'_lo E T « 10 -1
4 F g4 F o = pPDFs=MRST 2001 7
E 10%k F10°F S B E
'glosi.l....|....|..'..|.... -glzi.l....l....l..’..l.... MRSTZOOl B C ]
x o B e & 10 fyiefoommragommamasees e ° I
08 E | ) [} ) ) 0.8 ) ) ) ) 2
10 20 30 40 50 10 20 30 40 50 10 = E
E;/GeV E;/GeV F
% 1otke 20<Q<a00Gev’ H1| L Fe 400<Q*<700GevV:  H1 3:
%1_2_ * %10‘2? * 10 ¢ jet E
P . 7 . : El¥ > 8 GeV
W0tk W 10°F i
r!E 1 1 1 hd 1 E : 1 1 1 * 1 -4 |COS yhl < 0.65
P ——— T 10 ¢ "
L 10 fe " : «F i F -2<r11B <15
E . . . AR . -
e T N R N Y 10 20 30 40 50 o H — RN RARE
E;/GeV E;/GeV - 04 - -]
~ . . ~ 104 E . . pd [ jet energy scaleuncertainty
SO 700<Q<s000Gev’ H1| % 107 5000 < Q< 15000 GeV>  H 1 S 02 & 1
3 10‘3 — L] é’ E . O E
g PP EI 0 r - =
g . 9 i & -
|_|_|'_ 10_4 -_ LIJ._ i a '0.2 [ . -]
3 E . R0k ) 04 F ZZZ1 NLO uncertainty
ul_z-.l....I....I....I.... © 2:‘"“"““"‘}."““ ~ 7\‘2 \\\\\\‘3 \\\\\\‘4
E L ST S — 10 10 10 ,
10 20 30 0 50 10 20 30 20 50 Q° (GeV?)
E,/GeV E,/GeV
H1 Collab, Phys Lett B 653 (2007) 134 ZEUS Collab, PLB 649 (2007) 12
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HERA 2007 combination: ags(Mz)

Claudia Glasman (UAM)

P
/ \
) [ ]
\ —_
W

e Fit to 30 measurements of inclusive-jet cross sections in NC DIS:
— 24 H1 data points from double-differential cross section (150 < Q% < 15000 GeV?)
— 6 ZEUS data points from single-differential Q2 cross section (125 < Q?< 10° GeV?)

e NLO QCD calculations:
—s differential cross sections were calculated at NLO ( O(a?)) with:

— pPDFs: MRST2001 sets .
— renorr.nali'sation scale: pup = E‘ﬁ% of each jet
— factorisation scale: up = Q
e Experimental uncertainties on combined  ag(Mz):
— 0.0019 (obtained using Hessian method; fit sources of systematic uncertainties,
eg energy scale, luminosity, model dependence )

e Theoretical uncertainties on combined  ags(Mz):
— terms beyond NLO: 0.0021 (using Jones et al method, JHEP 122003007)

— factorisation scale: 0.0010 (obtained by varying g by factors 2 and 0.5 in
the calculations)

— pPDFs: 0.0010 (obtained by using 30 sets of MRST2001)

— hadronisation: 0.0004 (obtained from different parton-shower models)

H1 Collab (H1prelim-07-132) and ZEUS Collab (ZEUS-prel-07 -025)
9-11 February, 2011
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HERA 2007 combination: as(My)

e HERA 2007 combination:
as(Mz) = 0.1198 4 0.0019 (exp.) & 0.0026 (th.)

th. uncert.
Inclusivejet cross sectionsin NC DIS

ex:;;t_ ZEUS (Phys Lett B 649 (2007) 12)
Inclusive-jet cross sectionsin NC DIS
H1 (PhysLett B 653 (2007) 134)
HERA combined 2007 inclusive-jet NC DI S e HERA combined 2007:
(thisanalysis) 0.1198 + 0.00lQ(exp) + 0.0026(th) (2.7%)
HERA aver age 2004 _ HERA average 2004:
(C. Glasman, hep-e0506035)  (0.1186 &+ 0.0011(exp) =+ 0.0050(th) (4.3%)
World average 2006 == (0,1189 + 0.0010 (0.8%)
(S. Bethke, hep-ex/0606035)

L L LEP: 0.1211 4= 0.0010(exp)
0.1 0.12 0.14

a (M) + 0.0018(th) (1.7%)

H1 Collab (H1prelim-07-132) and ZEUS Collab (ZEUS-prel-07 -025)
Workshop on precision measurements of o 9-11 February, 2011

HERA o, Working Group
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QCD calculations of jet substructure

e QCD-based Monte Carlo models:
— PYTHIA, HERWIG, ARIADNE, LEPTO approximate the substructure of jets with
parton showers

e Fixed-order QCD calculations:
— at lowest order, a jet consists of one parton (no structure)
— higher-order terms give the non-trivial contributions
— NLO calculations in NC DIS are possible in  LAB frame P

from O(ag) predictions since three partons can be S 3
Inside one jet

e Measurements of jet substructure provide a stringent _
: . e Laboratory Breit
test of pQCD calculations directly  beyond LO Frame Frame
e pQCD calculations of jet shapes: -

fR dET (ET/E‘;?t) [do(ep — 2partons) /dET]

r
jet
Gjet(E¥ )

(1 —9(r)) =

e pQCD calculations of subjet multiplicities:

1
<nsubjet(ycut)> =1+ — Z(] — 1) . Usbj,j(ycut) =1+ Cl g + C'Q ag

Workshop on precision measurements of g 9-11 February, 2011
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Theoretical uncertainties: offset method vs Jones et al method

subject to fluctuations in data independent of data
L | Jones et al method
offset method (JHEP 12 (2003) 007)

NLO(up T) — | ©

Data — s NLO(u ) —
/ / NLO(pg 1) — extracted
/ \/’ as(Mz)
‘-__..__w______a - '\—___11__,__1 -
O uncertainty O, uncertanty

terms beyond NLO anti- ko SlScone
— offset method: Aag/as = +£1.1% +1.9%
— Jones et al method: Aas/as = T1:%  T15%

ZEUS Collab, Phys Lett B 691 (2010) 127
Workshop on precision measurements of g 9-11 February, 2011
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a5 from jet cross sections:  NC DIS at medium Q?

e a5(My) from the measured d2ajets/dE‘;‘f’%dQ2 for

150 < Q2 < 15000 GeV?2:
as(Mz) = 0.1179 £ 0.0024 (exp.) 00052 (th.) £ 0.0028 (pdf)

— experimental, theoretical and PDFs uncertainties go up

M) from the normalised 1/onC d20jets/dE§ﬁ,
for 150 < Q2 < 15000 GeV?:

as(Mz) = 0.1193 & 0.0014 (exp.) 700037 (th.) & 0.0016 (pdf)

ndQ*

e a5(My) from the measured normalised  1/oNC dzajets/dEJ;’%sz for

700 < Q2 < 5000 GeV?2:
as(Mz) = 0.1171 % 0.0023 (exp.) T0 0036 (th.) & 0.0010 (pdf)

— experimental uncertainty goes up, theoretical and PDFs unc ertainties go
down

H1 Collab, Phys Lett B 653 (2007) 134
Workshop on precision measurements of g 9-11 February, 2011




