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< H1 detector
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Structure Functionsl
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Kinematics of Neutral Current Deep Inelastic Scattering I

e+ (K7)
For a given ep centre-of-mass energy, /s,
the (fully) inclusive cross section for
Y / Z (q=k-k’) ep —>e+X
er (k) / can be described by two independent
/ kinematic variables, e.g.
2 __ 2
I Q= —(k—K)
uark 0
q e xp; = Q°/(2P - q)
—) _————
M
proton (P)
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Neutral Current Deep Inelastic Scattering'

e Neutral Current DIS event candidate e Coverage of kinematic plane (Q*,xz ;)
Q? ~ 24000 GeV? and zg; ~ 0.5

1 H1
ZEUS

Fixed Target Experiments:

CCFR,NMC, BCDMS,

E665, SLAC

scattered

_3
ETA PHI ~% UCAL transverse energy

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005



HERA PHYSICS 7

Neutral Current Deep Inelastic Scattering'

e Inclusive process etp — e + X
do(eT o _
daEng) — 2:1,? ) ( Y—I— ’ F2(JJ, Qz) _y2 ’ FL(ma Q2) FY_ - C131;13(5139 Q2) )
Dominant High y High Q*
where Yy =1+ (1 — y)? and y = Q?/(sx) (inelasticity parameter)

e Structure functions of the proton (F5, F',, F3 ) and QCD
— Fy~x) . 6? (qi(x, Q%) + gi(x, Q%)) for Q? K M%
— thelongitudinal structurefunction F;, = 0 in the quark-parton model
— parity-violating term F3 issmall for Q% < M2

% . 7 .~ Clean probeof the
y/z“'; q yiz T, 772_/ @ 1,”s  Parton Distribution

m— O I — Functions in the Proton
p i ; 9\0( p i ! qz(wa Q2)1 Q’L(wy QZ)
P ~ s 5
N 9(33, Q )

Quark-Parton Model Boson-Gluon Fusion QCD Compton
J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005
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- - I HERA F
Determlnatlon Of erm(w, Qz) 2 Q=27Gev’ T 35Gev® | 2 45Gev® | 6.5Gev’
e Measurement of the doubly-differential cross ! \Wﬁ\ \N\"‘\
section do (et p) /dxdQ? for the reaction N TN TN T
2, L
eTp — eT 4+ X over alarge range j
2.7 < Q® < 30000 GeV?*6-107° < x < 0.65* *
e Extraction of F5™ (, Q) from the reduced cross o ... I\ S | S
section (corrected for QED effects): i : e e e e
(etp) = (27a?Y, /2Q*) " 'dogorn/drdQ? & & - -
- em in wk [ B
F2 - F2 + F2 - hz + F2 . 77,2),Z g! 456jjh& 6(‘)‘Ge‘\}2‘; 9(‘)Ge‘V2‘
= F;" (14 Ag,) i ; ;
where nyz = Q*/(Q* + M3) tp - g
ﬁ&(e_'_p) :F;m(1+AF2—|—AF3—|—AFL) g g e B
10 1 10 1
o Typlcal preCiSion 2-3% i == ZEUSNLO QCD it
— systematic uncertainties dominate Q2 < 800 GeV2' " - e scoms
i = ZEUS 96/97 E665
e Striking rise of F;™ as « decreases Oy 3 e
10 1 10 1

J Terron (Madrid) Benasque, | M FP 2005
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em 2 - HERA F,
F;™(x, Q*) provides... I U T —
c% I % x=000016L == ZEUSNLO QCD fit
o u - —— H1PDF 2000 fit
— direct information on quark densities b 120,005

x=0.000632 e H194-00
x=0.0008

FZNCBZQ (a; + ;)
— Indirect information on gluon density

e Large and positive scaling violations at low a

dominance of BGF ° _—

8F2/8].HQ2 ~ g * g viZ “LLLL T I t/mxowa
:Q ) k_ﬂ x=0.013

4 H1 (prel.) 99/00
x=0.0013 = ZEUS 96/97

x=0.0021 * BCDMS

x=0.0032 o NMC

x=0.005

p i L. Wr@,ﬁf" x=0.032
Boson-Gluon Fusion e :j;wg, x=0.05
e Aproximate scaling for x ~ 0.1 L Hﬁ:@wﬁv%ﬁ“fﬂw%x =008
- - . - - . |0 ot Sy #sie g 32 % x=013
e Mild and negative scaling violations at high x Lo cmayann,anag e g BE o5
e . ‘**""“‘ﬁ%%i:g F:o.zs
e Os L i SN . .
vz q f g ﬁ i x=0.4
= e x=0.65
3 a 0 Ll Ll Ll Ll Ll
i AN ‘ 1 10 10° 10° 10* 10°
Q(GeV?)
OCDH Comnton

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005
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Deter mination of the Parton Distribution Functionsin the Proton I

e In order to determine the proton PDFs additional experimental information is needed on
— quark densities at high «
— flavour composition of the sea
e Additional data sets
— F5 data on up scattering from BCDMS, NMC and E665 = mid/high-a
— Deuterium-target data from NMC and E665 = @, d
— NMC data on the ratio F.,° /FY = high-z d/u
— x F3 data from CCFR (v-Fe interactions) = high-x

e Global analysis using DGLAP evolution equations at next-to-leading order (NLO) in ag

9q; (x, 2 Qg 1 Z
wi) — 2200) [12(S . Pyg,qi(@/2, u2) +Pyyg g(z/ 2, 1?) )

Ogle) — “8‘“’1"1 d«z qug q; ()2, u2) + P,y g(x/2, n?) )

The DGLAP equations yield the proton PDFs at any value of Q2 provided they are input
as functions of a at some input scale Q¢
— number sum rules and the momentum sum rule are imposed

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005
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Deter mination of the Parton Distribution Functionsin the Proton I

- ZEUS
< x=6.32E-5 __ 08
= * X—O;%Ogcl)gfel —— ZEUSNLO QCD fit > C
0. 2 2
o2 * X=0.000253 - @ Q%=10 GeV
o ‘ [ tot.error E — _|_ [
g_| r X:9.0004 u —_— uv uSea 0.7 B
X x;ggg)%%632 - —— ZEUSNLO QCDfit XU
=0.0008 — —|— - 2) = Y
f X o ZEUS96/97 d dV dsea a{Mz) =0.118

0.6 —
x=0.0013 4 BCDMS - i [ tot.error /

| o E665 U = usea 05 UNCorr. error
. x=0.0021 _ _ 51 :
L v NMC o C

) x=0.0032 d - dsea \
* 04N xgix008)
: x=0.005 S — Ssea p— Ssea E ‘:::}'--,. / \

03

* S = total sea :

0.2 - XS(x 0.05)
o1~ /'/

e sl et i
v (p—
il 2
v Y5 B
v? a __”-‘—.—‘-"‘ ....EE;_X=O.O5 07 | Lol | | |
vy -3 -2 -1

. esecoootyots i 5 x=003 10 10 10 1

x=0.008

<
<
L
I

—-wmé;h ————os  Fitof ZEUS data and fixed-target data in the region
1% 2.5 < Q% < 30000 GeVZ,6.3-107° < = < 0.65

————+—1 4025

i e aee oo 0. AN W2 > 20 GeV? (1263 data points)

IT x=0.4 - -
e =0 Full account of correlated exp. uncertainties
O T e e s — Good description of Struct. Func. data

o%cevy = Determination of proton PDFs
J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005




HERA PHYSICS

12

Deter mination of the Sea Distribution I »f

e The total sea distribution S (x, Q%) as a function

of x for different Q2 values =
e Its uncertainty is below ~ 5% for Q% > 2.5 GeV2’
and 10+ < = < 0.1

XS

ZEUS
r Q*=1Gev? | [ 2.5GeV?
_ : - 2 tot.eror (0 free)
ZEUSNLO QCD it - [ tot.error (O(Zfixed)
- E&E uncorr. error (agfixed)
S — :\
0 |- |-
+H‘ | \HHH‘ | \HHH‘ | \HHH‘ Lol +H‘ | \HHH‘ | \HHH‘
0.5 ¢

_0.5 %H (RN Lol Lo [

0.5 ;H I L I L L 1 [
0.25 ¢

05 ;H — L L L RN L
0.25 -

-0.25 ©

20 |

10 T

20 F

10 |

025 - A

_0.5 et Lo LLiin Lo [

J Terron (Madrid)

Benasque, M FP 2005
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Deter mination of the Gluon Distribution I”

10

e The gluon distribution zg(x, Q?) as a function
of  for different Q2 values =

e Its uncertainty is ~ 10% for Q? ~ 20 GeV?
and 10~ < = < 0.1
—s the uncertainty decreases as Q2 increases

Deter mination of aSI =3

05 ! Ll LLiin Lo Lol 1 LLiin Lol Lo LLin

e Inclusion of low-x data allows a simultaneous 025 |

(and precise) determination of PDFs and a:
as(Mz) = 0.1166 £ 0.0008(uncorr)
$0.0032(corr) £ 0.0036(norm)
+0.0018(model) = 0.1166 4 0.0052

(+theor. unc. due to terms beyond NLO ~ £-0.004) ;0 b o ool bt oo e
025 =

e Consistent with world average (Bethke, 2004): 0

-0.25

ZEUS

Q’=1GeV? r

— ZEUSNLO QCD fit

E 777) tot.error (agfree)
- [ tot.error (agfixed)
L uncorr. error (o fixed)

2.5GeV?

— as(Mz) = 0.1182 £ 0.0027 05 bl il sl

J Terron (Madrid) Benasque, | M FP 2005
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Univer sality (and usefulness) of Proton PDFSI

1
Opp—H(W,Z,...)+X = Z/o dx, fa/p(wla M%)/O dxa fb/p(wza ll'?r) O ab— H(W,Z,...
a,b

LHC parton Kinematics

o g7 sensitive to gluon T —
distribution at PIR- o i
z~ 2~ 81077 :

and p% ~ M3 ~
~ 13000 GeV?; R
ActPY Jog ~ +3% & 1
(for Mg = 115 GeV) ~

proton

ow Sensitive to sea
~N distribution at

proton

=D AoEPT [du ~ 437

proton

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005
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Electroweak M easurements]

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005



HERA PHYSICS 16

Charged Current Deep I nelastic Scattering I

e Charged Current DIS event candidate
2 o 2 . AU . y
Q 1200 GeV~ and LB 0.06 V (k )

e* (k)

w (0)

jet

7

proton (p)

n

UCAL transverse energy

azimuth “=

ETA PHI

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005
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Charged Current Deep I nelastic Scattering I

e Measurements of the differential cross section HERA
do/dQ? in Charged CurrentDISe*p ¢  F— 77

=
o
\
\

ep — v+ X
e Cross-section formulae in LO QCD

do (et G2 _ -
dangg) = Z2Emy - 22:(8 + (1 — y)?ds) .

do/dQ? (pb/Ge

do — G2 — 10 g =
dole D) = Sep2, - Y (ui + (1 —9)2di) |
10 i
where — M2 2 4 M2 -+ Hle'p CC94-00
w W/(Q T W) 10 -4; 4+ HlepcCC i
- = ZEUS e'p CC 99-00
= W -Propagator effects 5[ o ZEUSep CC 98-99 § ]
- 10 -~ - SMe'p CC (CTEQSD) E
=> flavour selection: «f — SMep oo (CTEOD) %
d (uw)-quark contributes only to etp (e~ p) * <00 -
Tr
10 s e
e Good description by Standard Model Predictions 10° 10"
up to the highest Q2 ~ 30000 GeV? Q* (Gev?)

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005
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Neutral Current Deep Inelastic Scattering'

e Measurements of the differential cross section

do /dQ? in Neutral Current DIS eTp

ep — e+ X
e Cross-section formulae in LO QCD
%ZE) = 2;5‘42 - (Y; - Fa(z, Q%) —
_y2 * FL(wa Q2) :FY— ‘ ZBFg(CB, Qz))
Py = Fy™ 4 B mys + Bk,

where n,z = Q%/(Q? + M2)

do/dQ? (pb/GeV?)

= Z-Propagator effects
= Parity-violating term (F3) changes sign

10 ‘
e Good description by Standard Model Predictions

up to the highest Q2 ~ 40000 GeV?

=
o

10

10

10

6

HERA

i y<0.9
7

& — SMep NC (CTEQSD)

T
* H1e'p NC 94-00 ]
A HlepNC ;
o ZEUS e*p NC 99-00 ]
o ZEUS e’p NC 98-99

-- SMe’p NC (CTEQ6D)

10

Q* (GeV?)

J Terron (Madrid) Benasque, | M FP 2005
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Neutral vs Charged Current Deep Inelastic Scattering I

e Measurements of the differential cross section

19

HERA

2 + O ] ]
do /dQ* in Neutral Current DIS e*p C e o 9400 7
s _ i
:I: ) < 10 A Hlep NC =
%Q? — 2{;‘5‘4 . (Y_|_ - F5(x, QZ)— 2 o ZEUS e"p NC 99-00 -
2. F ( Q2) YV . oF ( Qz)) “%» L L o ZEUS+e'p NC 98-99 B
Yy L\, +Y_ -xr3(T, 5 : ‘ - SMe*p NC (CTEQ6D)
F2 — erm _|_ innt . ’r]'yZ _|_ Féwk . 772Z © 10 a1 T o — SMep NC (CTEQED)
where 0,z = Q%/(Q? + M32) 2 P “», Neutral Current
and Charged Current DIS eTp - \ )
do(etp G2 o _ o - * Hle'p CC94-00 CH 5
—dang2) — 2—71:77W ’ Zq, (uz + (1 — y) di) 10 'L aHlepcc 'xf‘;[
- = ZEUS e"p CC 99-00 NE N
do(e"p) _ G32 2 27 s5F . ] Charged PR
aole p) _ “F . e 1 — d. - ZEUS ep CC 98-99 RN
drdQ? o M+ 223 (ui + ( Y)“di) 10 - .. smepoc(creqeny  CUITENT
6L — SMep CC (CTEQ6D)
where nw = M3, /(Q* + M3,) 0} :
- y<0.9 ‘E
10 L — e :

e NC and CC DIS cross sections have comparable magnitudeéo

3

Q’* (GeV?)

at Q* ~ M3, ~ M2 ~ 10* GeV? = Direct observation of electroweak unification

J Terron (Madrid)

Benasque, M FP 2005

M ar ch 10th, 2005
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Charged Current Deep Inelastice™p Scattering'

e Measurement of the reduced cross section
in CC DIS:

&(etp) = (G3nd, /27x)  tdoBorn/dzdQ?

— Sensitivity to flavour composition o
o(etp) =z(a+c+(1 —y)*(d+ s))

— Sensitivity to valence quarks

G(etp) — =(1 — y)2dy (high-z)

e Good description by SM predictions based

2 [TTTT
15 ¢

0.5 | .

0.8 -

0.6

1

HERA e*p Charged Current

O H1e'p 94-00
O ZEUS e'p 99-00

— SM e'p (CTEQS6D)

== (1-y)’x (d+s) <
..... x (0+€)

- % Q% =280 GeV?

\LJ\H‘ T \\\HH‘ T T TTTT
Q? =530 GeV?

Q? =950 GeV?

on CTEQ6 parametrizations of PDFs _3‘2‘> \

— valence quarks and flavour composition
determined from fixed-target data

0.15
0.1
0.05

J Terron (Madrid)

Benasque, | M FP 2005

M ar ch 10th, 2005
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Charged Current Deep Inelastice™p Scattering'

e Measurement of the reduced cross section
in CC DIS:

(e~ p) = (Gind, /27x) 'doporn/dxdQ?

— Sensitivity to flavour composition o

G(e”p) = z(u +c+(1 —y)*(d + 5))
— Sensitivity to valence quarks
o(e”p) — xuy (high-x)

HERA e p Charged Current

O Hlep
O ZEUS e'p 98-99

— SMep (CTEQ6D)

-- X (u+c)

(1y)’x (d+s) @

2 |

JH\‘ T \\\HH‘ T T T TTTTIIpTTTT
Q? =280 GeV?

‘ T T TTTT
Q? =530 GeV?

Q? =950 GeV?

e Good description by SM predictions based 1
on CTEQ6 parametrizations of PDFs — o5 0
— valence quarks and flavour composition b s
determined from fixed-target data 075 [
05
0.25
10 ° 10

J Terron (Madrid)

Benasque, | M FP 2005
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Charged Current Deep Inelastice™p and e~ p Scattering'

e Measurements of the reduced cross section
In CC DIS:

&(etp) = (GZnZ, /27x) " 1dogorn/dzdQ?

— Sensitivity to flavour composition o

o(etp) =z(a+c+(1 —y)*(d+ s))

&(e™p) = z(u+c+(1 —y)?*(d + 5))

— Sensitivity to valence quarks

&(eTp) — z(1 — y)*dv (high-z)

o(e”p) — xuy (high-x)

=> In combination with the reduced NC

: o :
cross section at large Q< and high x 075

0.5
0.25

HERA Charged Current

fc Hlep
O ZEUS e’p 98-99

# H1e'p 94-00
O ZEUS e'p 99-00

— SMep (CTEQ6D)
— SMe'p (CTEQ6D)

JH\‘ T \\\HH‘ T T TTTT
Q? =280 GeV?

Q? =530 GeV?

Q? =950 GeV?

T @y

\T—HH‘ (- \\HH‘ 1 KT

- Q%=30000GeV? |

- --- X-u

-2 -1
10 10

J Terron (Madrid)

Benasque, M FP 2005
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Neutral Current Deep Inelastic e™p and e~ p Scattering at high « I

e Measurements of the reduced cross section
. HERA Neutral Current at high x
in CC DIS: L T A en A
~(oLtmn) — 2 2 —1 2 |  oHlep o H1 e'p 94-00 ]
o (e p)_ _ _<GF77W/27T$) d(_)-]_gom/dwdQ 105L ©ZEUSep9899 o ZEUSe'p 99-00 §
— Sensitivity to flavour composition - - SMep (CTEQ6D) — SMe'p (CTEQ6D) 1

Gletp)=z(@+2c+1—9)%(d+5)) | L uiom—essmesosossii- *
&(e_p) — CU(’U, + C _I_(]- _ y)2(d _I_ §)) 103 x=0.13 (x2500) ——mrme-coe-58-H8-5-8--F--- B

— Sensitivity to valence quarks L0?| *0186s0) —ooooesgonse-g-8§ 1

6’(€+p) — w(l T y)de (hlgh'$) % x=0.25 (x100) - ?
o(e~p) — xuy (high-x) 10 E
= In combination with the reduced NC E e -
cross section at large Q2 and high x 10 i
provide sufficient sensitivity to determine | 2| ™ |
) 10'3 ST B S R T] R SRR
— free from nuclear corrections 102 10° 10
— free from higher-twists effects Q? (GeVd)

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005
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Structure Functions (Continued)|

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005
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Deter mination of the Proton PDFswith ZEUS data anneI

15 F Q’=27cev [ Q LZ) 15 Q*=200Gev? [ Q*=250Gev? [

zEUSNC DIS low Q? zEUSNC DIS high@Q? CC Dzlguhsigh Q3

Q°=1200Gev ? [ Q= 1500 GeV ?

=350 GeV =450 GeV
b ; ; ; ; 2
1k L L L Q F 2_ 2 2_ 2
L L L L O L Q" =280Gev” | Q" =530Gev” |
[ L [ [ b F F F
[ [ [ [ 15 -
05p r - u F r E
0: [ [ [ 1P F
[ *=650Gev? [ ?=800Gev ? [

Q°=950Gev?

Q*=2000Gev 2 [ Q*=3000Gev 2 [ Q*=5000Gev 2 [ Q" = 8000 Gev 2

ir r r r 05 [ F F

[ [ [ [ of ‘ g ‘ g

05 r . r r .k Q*=1700Gev? [ Q*=3000Gev2 [
O: I 1 1 08 r C

AR A R R LA RN RN AR RS RS RN RS RRRRR
Q, Q, Q,
2 & &
o o} o}
i % 2
Q
3
o
g

08F F F F 06 E F
06 o - a 04 f - E
04F a 5 I 021 3 :
oz b E E E ol ‘ F ‘ NS
r r r [ F 2 2 | 2 2f
L L L L = Q" =9500GeV "~ | Q" = 17000 GeV “|

of 08 - =

Q%= 30000 GeV 2

¥ Q°=12000Gev [ Q" =20000 Gev [ Q" =30000 Gev ? r [ T ZEUSIETS prel) 9400

06 r r ZEUSJETS (prel) 94-00 06 - F [ o 820GeV etpZEUSCC 94-97
r r r (e+and e-fit) L C o 920GeV e-p ZEUS CC 98-99
P E P [ [ o 920 GeV erp ZEUSCC 99-00

04 L L N o 820GeV e+p ZEUSNC 96-9 04— [ r
[ r [ o 920 GeV e-p ZEUS NC 98-9¢ TR F
L L b o 920 GeV e+p ZEUSNC 99-0 C N

02 r r 02 = F

vl a‘mmd zmww o Ll mew . Ll o d 0 C vl v T il v AN il il BN 0 F . F | F
E B E E - - -3 -2 -1 -3 -2 -1 -3 -2 -1
10 10 10 1 10 10 10 1 10 10 10 10 10 10 1@ 10 10 1 107 10" 10° 10™ 10° 10"
X X

e Fit of ZEUS-only data: NC DIS e*p and CC DIS e*p in the region
2.5 < Q% < 30000 GeV?,6.3-10"° < = < 0.65 and W2 > 20 GeV?
using DGLAP evolution equations at NLO: — xuy, xdv, S, xg
(no HERA information on flavour composition of the sea: flvour-averaged sea)

— Good description of Structure Function data (577 data points)

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005
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Deter mination of the Proton PDFswith ZEUS data anneI

S Q*=20Gev? | | Q*=200Gev? - SN Q°=26ev® |
L I — 20 - ar 7
1 [ — ZEUS-JETS (prel.) 94-00 1 [ [ uncorrelated error | | —— ZEUSJETS (prel.) 94-00 |
| [] correlated error ] i ] uncorrelated error
L [] correlated error
10
0

0 02 04 06 08 10 02 04 06 08 1 i
0.8‘”\‘”\“‘2\“‘\“‘ (A B R B R 20?
I Q" =2000GeVv® | | Q" = 20000 GeV*| f

10 -

20

X
e rxuy , xdy . precision competitive with global fits e e | e e e T R

— free from uncert. due to nuclear corrections and higher-twist effects X
e xS, xg: as precise as in global fits (HERA data are crucial)

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005
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Deter mination of the Proton PDFswith HERA data alone

ZEUS H1+ZEUS
1\ T T \\HH‘ T T \\\\H‘ T T T TTTT 1\\\ T T T TTTT T T \\\\H‘ T T \\\\H‘ T T T TTTT
4= Y—
I 2 2
< Q=10 GeV? x Q%= 10 GeV?
— —— ZEUS-JETS (prel.) 94-00 . — ZEUS-JETS(prel.) 94-00
081 | B tot. error (o free) 0.8 [ total uncert. |
X [ tot.error (agfixed)
[ ] uncorrelated error H1 PDF 2000 Xu,,
NN ZEUS-S I Hl exp. uncert.
06k NN\ e MRST 2001 0.6 I total uncert. |
W\ CTEQ6M
04| 0.4 |- . |-
0.2 - 0.2} ‘ |
i . xS (x0.05)
0 \ \ \ \ 0 m \ ‘ ‘
10 107 1072 10 1 10 107 1072 10" 1
X X

= HERA determination of proton PDFs in agreement with global fits (CTEQ, MRST)
HERA-I data: £L(etp) ~ 110pb~tand L(e~p) =~ 15pb~1!
— room for improvement from HERA-II data

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005
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Jetsand ag
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Jet Production in Neutral Current Deep Inelastic Scattering'

e e e

e N e P 4 e o O
ion i L/L, d q a g
e Jet production in neutral v/z y/Z iLH y/Z
: : ’ ‘
current deep inelastic —_— .

scattering up to O(a): X

Quark-Parton Model Boson-Gluon Fusion QCD Compton

e Perturbative QCD calculations of jet cross sections:

Ojet — Z /dm fa(wa p,%,) &a(ma as(/JJR)a /JJ?{’ /JJ%‘)

a=q,q,g
— fa: parton a density in the proton, determined from experiment; long-distance
structure of the target
— &4 subprocess cross section, calculable in pQCD; short-distance structure of the
Interaction
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Jet Production in Neutral Current Deep Inelastic Scattering'

e In the region where the wealth of data from fixed-target and collider experiments has
allowed an accurate determination of the proton PDFs, measurements of jet production
In NC DIS provide

— a sensitive test of the pQCD predictions of the short-distance structure
— a determination of the strong coupling constant o,
e To perform a stringent test of the pQCD predictions and a precise determination of a:
« Observables for which the predictions are directly proportional to o
— Jet cross sections in the Breit frame
+x Small experimental uncertainties — Jets with relatively high transverse energy
+x Small theoretical uncertainties — NLO QCD calculations
— Jet algorithm: longitudinally invariant k cluster algorithm (Catani et al)
(small parton-to-hadron effects, infrared safe, suppression of beam-remnant jet)
— Jet selection criteria
e Exploration of the parton evolution at low = = footprints of BFKL effects?
e Exploration of the low @Q? (transition) region = resolved virtual photons?
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High-E+ Jet Production in the Breit Frame'

virtual
photon

virtual
photon

virtual
photon

A NANNN

q
REMNANT VUUV \-<_‘
proton

e

proton proton

BORN PROCESS BOSON-GLUON FUSION OCD COMPTON

e In the Breit frame the virtual boson collides head-on with the proton
e High-E jet production in the Breit frame
— suppression of the Born contribution (struck quark has zero Er)
— suppression of the beam-remnant jet (zero Er)
— lowest-order non-trivial contributions from v*g — gq and v*q — qg
= directly sensitive to hard QCD processes ()
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NLO QCD Calculations of Jet Cross Sectionsin DISI

e Several NLO QCD programs are available for performing jet cross section
calculations — DISENT (Catani and Seymour), MEPJET (Mirkesand Zeppenfeld),
DISASTER++ (Graudenz), NLOJET (Nagy and Trocsanyi)

e NLO corrections — virtual corrections with internal particle loops

— real corrections with a third parton in the final state

e Different methods to calculate real corrections:

— phase space slicing method (M), subtraction method (D, D++, NJ)

e Since there are two hard scales in jet production, the renormalisation and
factorisation scales can be chosen as one of the two, ugr, ur = Q or Eg,'?t

e The calculations are for jets of partons and the measurements are done at the
hadron level — need to correct the calculations for hadronisation effects

e Theoretical uncertainties:

— terms beyond NLO, which are usually estimated by varying u g by factor 2
— uncertainties on a5 (M z) and the proton PDFs
— uncertainty coming from the hadronisation corrections
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Jet Finding and Selection Criteria for Dijet Events'

NLO QCD Dijet Cross Section (ug=Q) Q> > 470 GeV*

Jet Transverse l - -
Plane > 14 > 14 14—
| e e
virtual o 12 — N 12 12 —
photon L] L
10 — 10 10 —
fgg(;g 8 8 8
BREIT o ° A
FRAME 5 10 15 5 10 15 5 10 15
Jet Eri (GeV) Eri (GeV) Ery (GeV)
e Longitudinally invariant kr-cluster £ o5 Eoos - Soos
. . . % % r Q
algorithm in the n-¢ plane of Breit frame 2’ %

. 0.05 = b0.05 = é b0.05 = QQ
dij = mzn(E’%,ia E%,j) ' (An?j + A(b?j) " B - s

S
.. . . . 0.04 |- 0.04 ° 004
e Dijet selection criteria:
: iet,1(2
% Symmetrlc Cuts On E’_‘;—‘e ( ) é danger 003 ‘\H\‘H\\‘\\H 003 0.03 ‘HH‘H\\‘\\H
) - t 1(2) 8 9 10 8 9 10 8 9 10
— Symmetric cuts on E7. and cutonsum g, (cev) Errmn (GeV) Errmin (GV)

— Asymmetric cuts on EZ°%(?)
= NLO calculations for dijet cross sections can be (infrared) sensitive to the selection criteria
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Dijet Cross Sectionsin NC DIS (5 < Q? < 15000 GeVz)I

e Measurement of differential dijet cross sections
over a wide range in Q? — 5 < Q? < 15000 GeV?
and 0.2 < y < 0.6 for dijet production with

0

6hadr. = (Ohadron - cparton) / 0parton

EZ1 ™ Breit)> 5 GeV o
E2¢%1 (Breit)+ E2°"?(Breit)> 17 GeV 03
-0.4

—1 < n?et1(2)(Lab)< 2.5
e Detailed investigation of the jet algorithms:

- hadronization corrections (HERWIG)

i ---------------- inclusive kD
o - Aachen
........ exclusive k
3 (a) | - Cambridge
2 3 4
10 10 10 10
Q* / GeV?

— Smallest parton-to-hadron effects: inclusive kr

e Comparison with NLO QCD calculations:

— pur = Er, ur = v/200 GeV

— CTEQ5M1 parametrisations of proton PDFs

— parton-to-hadron corrections applied

e NLO QCD gives a good description of the data over
a wide range in Q* and Er; the Q? dependence is

10

Q* " dag, /dQ° / (pb)

o

1

- @ (Eqy +Eqy)>17GeV

E —— NLO CTEQ5M1 (y exchange only)
i "7 NLO DO (1+8,410niz)

inclusive dijet cross section
inclusive k algorithm

H1

m (E;, + Ep,) > 40 GeV

LO

observed to be reduced at high-E+ and described by NLO o "

2 3

10 10
Q? / GeV?
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Dijet Cross Sectionsin NC DISI

e Measurement of double
differential cross sections

e H1 data

NLO CTEQ5M1
- NLO O (1+3,,4,)

do/dM;;dQ?, da/dETsz o 10°) e Q?/GeV?
over 5 < Q2 < 5000 GeV2 £ =

e It is observed that the spectra ;a N ] L oo
get harder as Q2 increases RETE] gy N | s
e NLO QCD describes well the o L -

data over 15 < Mj; < 95 GeV Blas | g |20
and 8.5 < Er < 60 GeV except at ' fyrem ]

low Q?, where the shape is ok 0" e g (50
but not the normalisation g L
e Overview: at high Q? (> 70 Gevz)10 e 0
NLO describes the data well; 0" e
as Q2 decreases the theoretical LA e
uncertainties become large et K stonml__ e
and NLO fails for Q% < 10 GeV? C T ey

M;

35
&~ 10'E
S —e e H1 data
3 . NLO CTEQSM1
g 10 L ---- NLO O (1+3,,4,)
N E:.: 2 2
| GeV
8 1w0°F L = N
g - o [5 ... 10]
DLIJF i T (x10%)
© F ———
® B
._g‘
o2 g [10 ... 20]
© - —e— (x 80000)
, L ———=—=
10°F - |
i [20 ... 35]
10 | (x 3000)
:_ ) ﬂfﬁﬂ
| —— Il
1 “—i [35 ... 70]
[ o (x 200)
10 '1 B %
- == [150... 200]
i (x 100)
2 =
- ——&—— [200...300]
i (x 10)
_3 B
10 f"L._I——¢— [300 ... 600]
ar ——
10 [ incl. k- algo
F oald L [e‘soo..‘.50c‘)0]
8.510 20 30 40 70
ET,Breit I GeV
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Dijet Cross Sectionsat Q2 > 470 GeV? and extraction of o, I

ZEUS
- 13 5
e Dijet cross section doz11/dQ? for & | — o024 | @ ZEUS 96T )
470 < Q2 < 20000 GeV?2 R S 022 [ T @ o118
jet,1 - > e zeUsosor D] 02 | T MBFIT(00113)
ETet 2(Bre!t)> 8 GeV é LEN — DISENT [Fiad | He=He=Q
E,% “(Breit)> 5 GeV & ) LI\{IREEFT:%\A ~
— jet,1(2) Q1w '
1 <m (Lab)< 2 E L
- — d0'2_+_1/dQ2 10-2 0.12
— | Ratio R2_|_1 = do1or/dQ3 - o
e Small experimental uncertainties. 0or 008 |
; ; ; - 0.06 |
e Comparison with NLO QCD calculations _;
10 | 0.04
e Small theoretical uncertainties: g Pl el
L. 5 005 [ & . { doy, = 005 [ $
— uncertainties on the proton PDFs 5,0 ; po Pl D
- - - o ] ! R o Lo 1 I T I
— hadronisation corrections 005 |- ; ' 40, 10° 10*
_ 0 11 Q* (Gev?)
— higher-order terms (> NLO) 005 | T 1
10 10*

Q° (GeV?)
J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005




HERA PHYSICS

37

Dijet Cross Sectionsat Q2 > 470 GeV?2 I

e Measurement of dijet differential cross section
as a function of

R (E pz)jet 1 1 %
z — : ~ =.(1 —cos@
p,1 Zk_—l,z(E_pz)jet,k 2 ( )

0* is the scattering angle in the ~*-parton CMS
xp; = Bjorken’s x variable
¢ = fraction of proton momentum carried by
incoming parton, £ = zp; - (1 + MZ;/Q?)
M;; = dijet invariant mass

e NLO QCD calculations provide a good
description of the data
— validity of the description of the dynamics
of dijet production by pQCD at O(a?)

Rel. diff.

Chad

b)

da,,,/dlog,,(€) (p

Rel. diff.

g
o

=
o
N

=
o

0_47\\\\\\\\\\\\\\

_0_47\\\\\\\\\\\\\\

e ZEUS96-97 |
DISENTOHad. |\
DISENT
MBFITIM
Hr=He=Q

L L L L L L L L
0.2 0.4 0.6 0.8 1

Zp,l

©)

ZEUS

had

d02+1/dloglo(xBj) (pb) C

Rel. diff.

d02+1/dej (pb/GeV) C, 4

Rel. diff.

=
3l

2o
o o

=
o

[y

N

o
n

o

S
i

=
3

g
o

=

,_‘
1S)
KN

10

04

0.4 Lu

L
-0.5

10g,0(Xg;)

d)

100
M,(GeV)
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Dijet Cross Sectionsat Q? > 470 GeV? and extraction of a,(M7) I

| B2+1

e NLO QCD calculations of do 1 /dQ?
depend on a5 (M z) through

— Matrix Elements: 6 ~ A - o, + B - a?

— proton PDFs: a, assumed in evolution

e 10 take into account the correlation
the NLO QCD calculations are performed
using various sets of proton PDFs

(in a given Q? range)

measured value

which assume different values of o
e The resulting NLO QCD calculations

NLO QCD

e

are parametrised as a function of o, (M2
in each region of Q2 of the measurements
e From the measured value of Ry 1 Ineach
region of Q2 the value of oz, (Mz)
and its uncertainty are extracted

T

0.110 ... 0.116

Ozs(Mz)

g

... 0.122

CTEQ4A1 ..CTEQ4M... CTEQ4A5
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Dijet Cross Sectionsat Q2 > 470 GeV? and extraction of o, I

ZEUS
e Study of the scale dependence of as(Q):
from the measured R, 1(Q?) ineach Q2 region °,, | o fomR,,,
— ag(< Q >) is extracted 7 e ZEUS 96-97

The measurements are consistent with 016 I~ —— afPs
the running of «; predicted by perturbative QCD I
e A combined value of a5 (M z) has been extracted:

as(Mz) = 0.1166 & 0.0019 (stat.) 2

10.0024 10.0057
—0.0033 exp.) —0.0044 (th.)

e The theoretical uncertainty dominates: N B

0.01

@m [ b)
— terms beyond NLO Aag(Mz) = 100055 gy fe—————
_001 | | | | | | | | | | | | | |
— uncertainties proton PDFs Ac,(Mz) = T00017 2,°" 0
O
- - - L //—f—/—k
— hadronisation corrections Aa; (Mz) = £0.0005 Yoo Lo Lo Lo Lo b1
Q (GeV)

Improvements depend upon further Theoretical Work
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Inclusive Jet Cross Sectionsin NC DISat Q% > 125 GeV? I

. . . ZEUS
e Measurement of inclusive jet cross sections in the ——

kinematic region defined by Q2 > 125 GeV?2 and N§ i * ZEUS 9697
—0.7 < cos~ < 0.5 for jets with (?%10-1? ]
Ef .., >8GeVand -2 < n;}, < 1.8 %” _ PR—
— no cut Is applied in the laboratory frame 10" NLOQCD: Lorestdtonedontere)

* Advantages: o p o
— Infrared insensitivity (no dijet cuts!) 0L
— suited to test resummed calculations La R P MRSTQQ(ME) — :_::
— smaller theoretical uncertainties than for dijet L2 M
e Small experimental uncertainties: . S———
— jet energy scale (1% for Ex jo; > 10 GeV) Craat [ rmonmrmnon T
=~ 5% on the cross sections o E

e Small parton-to-hadron corrections (Cheaq): < 10% R

Q? (GeV?)

: _ (
e NLO QCD calculations (O(a?)) using pur = EF ., pr = Q and the MRST99
parametrisations of the proton PDFs describe the measurements well
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Inclusive Jet Cross Sectionsin NC DISat Q% > 125 GeV? I

e Measurement of the inclusive jet cross section ZEUS
B - - - 2 ® ZEUS 96-97
do-/dET,jet In dlfferent reglons Of Q I Jet energy scale uncertainty
e Small theoretical uncertainties: NORCD: o
— higher-order terms (> NLO); varying ur
1 B B
between 3 - Er ; ,and 2 - Ep ., = 5%

103 125<Q2<2(5101;;ev2
. 250 < Q% <500 GeV?
— uncertainty on as(Mz) (£0.003); = +5% 10 (0
— hadronisation corrections; variance of Cpqq 00 < <1000 v

— DISENT MRST99 (Mg=E%jer )
4 --- DISENT MRST99 (1z=Q)

do/dEY . (pb/GeV)

(x10%

10
values (ARIADNE, LEPTO, HERWIG) =< 1% \\
— uncertainties on the proton PDFs N S 2000”5000 Gov”

10
e experimental uncertainties = +3%
e theoretical assumptions = +3%

10 2 Q% > 5000 GeV2
(x1)

-3
10

e NLO QCD calculations provide a good description of the data Erjet (GEV)
— validity of the description of the dynamics of inclusive jet production
by pQCD at O(a?)
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| nclusive Jet Cross Sections and extraction of o, I

e The inclusive jet cross section do /dQ? at
Q? > 500 GeV? has been used to extract a, (M)

as(Mz) = 0.1212 4+ 0.0017 (stat.)

10.0023 10.0028
—0.0031 (exp.) —0.0027 (th.)

e Experimental uncertainties:

— Jet energy scale (1% for Er jer > 10 GeV)

e Theoretical uncertainties:

— terms beyond NLO Aags(Mz) = 3%

— uncertainties proton PDFs Aas(Mz) = 1%

— hadronisation corrections Aas(Mz) = 0.2%

e Consistent with other determinations of o, and PDG
e \ery precise determination of as(Mz)!

PDG 2002 -

| Hadronic Jets

+ A

| Av‘erag‘e -

+ —_
e e rates
O

+ -_
e e event shapes
-— O

. Fragmentation
—o0—

., Zwidth
—0—
ep event shapes,

Polarized DIS,

S

| |
Deep Inelastic Scattering (DIS)

T decays

INCLUSIVE#

| _\O_
Lattice | ﬁk

JETSNC DI

Y decay
_O_

0.1 0.12 0.14
a (M)

Further improvement depends upon further Experimental and Theoretical Work
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Three-jet cross sectionsin NC DISI ZEUS ._ §

E Wb Y ZEUS 98-00 Trijet b
e Three-jet cross sections test QCD beyond LOs Energy Scale Uncertainty -
- 2 N\-/ 1 E =
directly — o3jer x o g
e At least three jets with E3*(Breit)> 5GeV & “ ¢ N E
and —1 < niet(Lab)< 2.5, Msjers > 25 GeV  © & w5 o2 v ;
ZEUS 10-3;7 1/1‘6<‘|,1‘/‘(Q‘+‘E‘)<1 ]
z % ®  ZEUS 98-00 2 1 15
& F i Energy Scale Uncertainty C
o 0451 CTEQ4M NLO [T, : 1/16 < 12/ (Q*+E?) < 1 125 ¢
§/ 0.4 . B @) ! B
£ oo e, . z 07 : | |
O - = t\U 16 r c)
8 03 Myies(Mgjers) > 25 GeV 7 T 14 - v Trijet -
| LT E 0,=0.122 o C ]
2 sl 8¥E§2‘ aes0Te .
. CTEQ4 | as=0113
0o CTEQY: a.=0-1D ‘
;0.147 b) 0.65 | o | o
S o013 3 10! 10° 10° o2 (Gev?)
0.12 - = . . .
' — NLO calculations (O(a?)): good description of
| the data over the whole range 10 < Q2 < 5000 GeV?2
ol Worid average: 01162 0.0027 ] 00058 00064
Lo | 7 — — — ag(Mz) = 0.1179 £ 0.0013 (stat.) " 546 (€XP-) 1o 0046 (th-)

Q* (GeV?)
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Photoproduction ofJetsI e eﬁ’ P e S o
a

e Production of jets in ~p collisions has been
measured via ep scattering at Q% =~ 0

e At lowest order QCD, two hard scattering p Qs i
processes contribute to jet production = N praon D a.
N
t
| | | Resolved process | \ proton.
e pQCD calculations of jet cross sections Direct process

1 1 1
Ojet — Z/O dy fﬂy/e(y) /0 dx., fa/'y(w'yv l‘%‘»y) L dx, fb/p(wpa U%‘p) O ab—jj
a,b

longitudinal momentum fraction of v/e™ (y), parton a/~ (x-), parton b/proton (x,)
— f~/e(y) = flux of photons in the positron (W W approximation)

— fa/~(T~, n3.,) = parton densities in the photon (for direct processes (1 — x.,))
— fo/p(Tp, ,u%p) = parton densities in the proton

— Oab—j; SUDProcess cross section; short-distance structure of the interaction
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N
vl

Photoproduction of Jets' G| | OIS o as e
ig; 27 # JADE (0.1<x<10) Y L3prl. (0.3<x<0.8)
e Measurements of jet photoproduction provide b b ro0acicon | Thso 0aex<08
— Test of NLO QCD predictions based on current i PV esile
parametrisations of the proton and photon PDFs B vt }
— Dynamics of resolved and direct processes e [T
— Photon structure: information on quark densities o
from Fy in ete™; gluon density poorly constrained. ~ *“f*7~  ~*
Jet cross sections in photoproduction are sensitive ) 1 ® s iees e
to both the quark and gluon densities in the photon Giog  PYIHASTORECT+RESOVED
at larger scales u3. ~ EZ ., (200 — 10* GeV?) " tion | [ ueswe 59 oecr + resowves
— Proton structure: well constrained by DIS except 200 [lnerwesgomeer |

for the gluon density at high . Jet cross sections in yp ~ *°| .+ zeus 1905
are sensitive to parton densities at x,, up to ~ 0.6 i
e Observable to separate the contributions: the fraction
of the photon’s energy participating In the production of

the dijet system |,.0BS _ jets ,—mioti
J y w’)’ o 2E Zl_ E

600 |

400 |

200 |

0

0"01 02 0.3 0.4 05 06 0.7 08 0.9 o
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Dijet Photoproduction: the dynamics of resolved and direct processes'

e The dynamics of dijet production has been investigated
RESOLVED : : _
PROCESSES by studying the variable: | |
gluon exchange cos 0* = tanh(%(nget’l — Pet2))

— for two-to-two parton scattering 6* coincides with

the scattering angle in the dijet CMS
/ % e QCD predicts different dijet angular distributions
for resolved and direct:
Eé%%:EESES — Resolved (gluon-exchange dominated)

. 1
quark exchange dO’/d| cos 0 | ™~ (@A—=]cos6*)2

3353"\ /“QEEP\ — Direct (quark-exchange only)
do /d| cos 0*| ~ .

(1—| cos 6*|)1

e The dijet angular distribution do/d| cos 6*| for 275 < 0.75 (“resolved”)
should be steeper than that of 9% > 0.75 (“direct”) as | cos 6*| — 1
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Dijet Photoproduction: the dynamics of resolved and direct processes'

e Measurement of the dijet differential cross

section do /d| cos 6*| for dijet events with
E3T > 14 GeV, EZ°Y? > 11 GeV
—1 < niet < 2.4 (both jets)
In the kKinematic region

Q? < 1GeVZand 134 < W, < 277 GeV

e Phase-space region:
|cos0*| < 0.8 , My; > 42 GeV
0.1 < %(’I’]‘jet’l _l_,r’jet,2) < 1.3

e Comparison with NLO QCD calculations:

— High-z07% (“direct”): NLO describes
the shape and normalisation of the data

— Low-z0P5 (“resolved”): NLO describes

w B

o o

o o
LI T T 7T

do/d|cosB*| (pb)
N
8

- XxeP<0.75

do/d|cosO*| (arb. units)

o

0.2

the shape and (reasonably) the normalisation of the data
e The dijet angular distribution of the “resolved” sample is steeper than that of “direct”

ZEUS

800

"1 600}
400 |

200 |

e ZEUS 96-97
===f NLO (GRV) [HAD
NLO (AFG) [CHAD
Jet energy scale uncertainty

- xobs > 0,75
Y %
~
AW
07\ | | ‘ | | | | | ‘ | | |
0.2 0.6 0.8
|coso*|
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High-M ;; Dijet Photoproduction I

e Measurement of the dijet differential cross section
do/dMjyyinthe range 47 < M ; < 160 GeV for
dijet events with E2°* > 14 GeV, —1 < niet < 2.5
and | cos 8*| < 0.8

RN
o

do/dM” (pb/GeV)

=
o

e Small experimental uncertainties: 02

— jet energy scale known to 1% = 5% ondo /dM 5 ;
e Small theoretical uncertainties:
— higher-order terms (varying pg) below 15%
— ~ PDFs (GRV-HO,AFG-HO) below 10%
— resolved processes suppressed at high M j 5
— small hadronisation corrections, below 5%
e NLO QCD calculations describe the shape and
normalisation of the measurements well
— Validity of the pQCD description of the dynamics of

(Data-NLO)/NLO

©
ul

o
ol

parton-parton and ~y-parton interactions in photoproduction

= W
T

o
TTTTTT

ZEUS

e ZEUS95-97 (42.7 pb™}

Q% < 1GeV?

134 <W <277 GeV
Ef > 14 GeV
-1<n'®< 25

|cos 9*| <08

— NLOQCD
— LOQCD

jet energy scale uncertainty

NLO uncertainty

1
[N
T T

_1 :\ |

x;’bs >0.75

100 120 140 160

M (Gev)
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Dijet Photoproduction: photon and proton structure'

e Measurement of the dijet cross sections do /dx-, and do /dx,, for dijet events with
ET max > 25 GeV, ET secona > 15 GeV and —0.5 < n?¢t < 2.5 (both jets)
in the kinematic region Q% < 1 GeV? and 95 < W, < 285 GeV

* oy variable: =, = g, Yoy By B L, ETT IR T
e NLO calculations using CTEQ5M (proton) gié 200 :-é NCO (143, 007) | ¢ 232 : t
and GRV-HO (photon) describe the data ~ 38 1 | 150 [
e Theoretical uncertainties: . T
— terms beyond NLO = 10-20% o Lot bbb ] o Db
— uncertainties of proton PDFs X, X,
< 5% (up to 15%) for ,, < 0.1 (> 0.1) 3 10 708
e Even up to the highest x,,, where 40% 2 2: SN s
of do-/dx,, arises from gluon,,-induced gg 0
processes, the data is described by NLO s
e Consistent with QCD-evolved photon PDFs , , YE ¥
determined from measurements at lower scales R XOG e XOG
p p
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| nclusive Jet Photoproduction

= - S ZEUS g @ Measurement of the differential cross section
G 2 '_ZEN‘if)gg'g% | do/dE3S* for inclusive jet photoproduction
= | —L0QCD with EJS* > 17 GeV and —1 < ni¢t < 2.5
U!:, 10 & 1<n®<25 7 Inthe kinematic region
N HesWp=2BE8 1 Q2 < 1Gev2and 142 < W.,, < 293 GeV
. 1 e Small experimental uncertainties
ot | — jet-energy scale known to 1%
* =~ £5-10% on the cross sections

10~ 7 o Small theoretical uncertainties

e e — terms beyond NLO = below 10%
; - = & energy scaeuncertainy 1 — proton PDFs = 1-5%
50 LNOuneertany 1 — photon PDFs = below 5%
;Z'.E 0 e e Precise test of NLO QCD calculations:
ﬁ'o'j 7 good description of the data in shape and

20 30 40 50 60 70 8 9 nhormalization
El® (GeV)
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Inclusive Jet Photoproduction and Deter mination of o I

UU) 0.2 T T T T T ‘ T T T T ‘ T T T T ‘ T T T T T T T T Um 10 [ T T T T T
0 ZEUS 98-00 ] < | 9ZEUS9-00
018 |- from a (M) = 0.1224 £ 0.0001 95022 “550% ol two-loop a fit ) B

B Bethke 2002 ] - EE Bethke 2002

0.16 - I i :

0.14

0.12

0.1 7\ ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘7 5 i 1 1 1 1 1 1 1 1 ‘7

20 30 40 50 60 70 20 30 40 50 60 70 8090
Ei® (GeV) Ei® (GeV)
as(Mz) = 0.1224 4 0.0001 (stat.) o oora (exp.) o ooas (th.)

e Determination of aS(EJet)' the measured energy-scale dependence of o, Is in good
agreement with the running predicted by QCD over a large range in EJe’c
e Fit with two-loop formulae a7 *(ES*) = Bo/2n - In B . (1 —...)

Bo = 8.53 & 0.22 (stat.) o 2g (exp.) Ty e (th.) (QCD: By = 7.67 for ny = 5)
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Summary of o determinations'

e \Wealth of determinations of o at HERA

th. uncert : ]
- Jet shapesin NC DIS .
o T P e Y aB 200 (2004) 3 from a variety of observables:
— Multi-jetsin NC DIS i
...... PEUS OESY 05015 - hep-e/0502007) NLO QCD analyses of structure functions
e« INclusivejet crosssectionsin I I I i
...... PEUS (P ot B a8 o0 — Inclusive jet production in NC DIS
—e—— SUbjet multiplicity in CC DIS T I I
....... SEUS (T Bhveour &1 (3008) 149 — Dijet production in NC DIS
wi Subjet multiplicity in NC DI'S T ;
.......... SEUS (Physi ot b 558 (2003 41) — Tri-jet/Dijet rate in NC DIS
o NLO QCD fit -
...... NG (E(Sr Phys.J C 21 (2001) 33) — Jet substructure in NC DIS
o NLO QCD fit :
""" ZEUSQpreI. (contributed paper to ICHEPO4) — Jet substructure in CC DIS
o NLO QCD fit ; - ;
..... ZEUS(?(PhijRa, D 67 (2003) 012007) — Inclusive jet photoproduction
[ hﬂf‘gg;ﬁg,ﬁyggogﬁg@,ﬁ;ggg DIS" e Theoretical uncertainties are dominant
e s e Ay oo aen © — Biggest contrib. from terms beyond NLO
o Dijet cross sectionsin NC DIS
""" ZEUS (Phys Lett B 507 (2001) 70)
o World average
(S. Bethke, hep-ex/0407021)
01 01z o14a e Consistent with world average (Bethke, 2004):
a M) — s (Mz) = 0.1182 4+ 0.0027 (only NNLO results)
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Therunning of a, from HERA data anneI

» 0.25
T ZESER AT o Determinations of v, (1)
39 e DIS E - -
} el imeeie D e Dijer NG DIS (1 = Q)
021 ‘; % === Bethke 2002 — Inclusive jet NC DIS (u = EJet)
*I% { I — Inclusive jet vp (u = ES*
- Tl
0.15 - l % o 025 ————— ‘ —
: 5 % ﬁ : e HERA
01 - N |

10 102 0.15 f i 1 i
i i jet H (GeV) - - e -
e Combination of as(FE7- ") determinations g— oco s ]
at similar energy scales =———— 01~ M)=018000 )
| ! ! ! ! |
. : 10 100
Observation of the running of a; from HERA data alone EIF (GeV)

— Consistent with the running predicted by QCD over a large range in E‘;?t

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005



HERA PHYSICS o4

HERA ||

J Terron (Madrid) Benasque, |M FP 2005 March 10th, 2005



HERA PHYSICS

55

First resultsfrom HERA 11 data.

e Luminosity and detector upgrade
e Long run period until 2007
e Installation of spin rotators in
collider experiments: H1 and ZEUS
e Longitudinally polarised e~ beams
— New window into Electroweak Sector
e First results on NC and CC DIS

200 |
175 |

150 |

100 |

HERA delivered

125 |

Integrated Luminosity (pb™)

e} pand e}.p at high Q2
e Results presented last summer (ICHEPO04):
S H1: £ =15.3pb~'atP = +33.0% >

—HL: £ =21.Tpb~tat P = —40.2% 2
— ZEUS: £ = 14.1 pb~ ' at P = +31. 8%:

— ZEUS: £ = 16.4 pb— Lat P — —40.2%

Nr—Np

e Longitudinal Polarisation: P = E—=

75 |

HERA Il e~

HERA Il e*

HERA |

Polarised e — (04-05)

Polarised e (04)

Unpolarised e*

200

400

L L L L L ‘ L L L ‘ L
1000 1200 1400
days of running

600 800
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Charged Current Deep Inelastic e}:’Rp scattering'

JEUS HERA 11
N’?; %gnﬁ i 360 7\\\‘\H‘H\‘H\‘H\‘\H‘\H‘\H‘\H‘HL
g 3 2 ]
g 18 0 ® Hil(prel) + _
Ng E ob 50 O H1 ep - X
o}
© ] B ZEUS(pre.)
O ZEUS
B — SM (MRST)
X 40 Linear fit

e ZEUSCC (prel)
03-04 €'p (14.1pb™%

= ZEUSCC (prel.) 30
04 €'p (16.4pb™)

1 — SM (ZEUS-S) P =+32%

1 -~ SM (ZEUS-S) P =-40%

do/dy (pb)

20

00 0.2 0.4 0.6 0.8

e Cross section depenyds linearly on P

occ(etp,P) =(1+ P)-occ(etp,P=0) ¥
— Prediction occ(etp, P = —1) = 0
e Direct sensitivity to right-handed CC interactions -
occletp, P = —1) = 0.2 4+ 1.8(stat) & 1.6(sys) pb  (H1+ZEUS combined)

Q? > 400 GeV?
y <09

-08 -06 -04 -02 O 02 04 06 08

|—‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\

U -

= Results in agreement with the prediction of the Standard Model
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xf

0.8

0.6

04

0.2

HERA |1
m m ar 3 60 7\ [ ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ I L
=3 - i
f ;l ‘ HERA Nt - @ Hi(pre. .
y c T —— 5 el - ep - vX -
> < #* H1e'p NC 94-00 5% I B ZEUS(prel) i
2 10 A HLep NC - - O zEus N
= o ZEUS e'p NC 99-00 E - ]
H1+ZEUS T oL o ZEUS e'p NC 98-99 ] 40 — f',\:l]gr/l EtST) ]
T T T T T T g g i -- SMe’p NC (CTEQ6D) E B |
QZ =10 GeV?2 © 0 af T8 — SMep NC (CTEQ6D) ] B i
— ZEUSJETS (prel.) 94-00 2 ------ 30 — ]
L [ ] total uncert. i 10 E B B
H1 PDF 2000 Xu, 10 3, ] 20 } {
Il exp. uncert. * H1le'p CC 94-00 : r i
| [ total uncert. i 10 4 a4 Hlepcc L .
F = ZEUSe'p CC 99-00 10 — Q?>400 GeV? —
5F e ZEUSep CC 98-99 B y<0.9 ]
10 £ --- SMe'p CC (CTEQ6D) - -
f 9 (<009 / | wtp T SMevesee 0.1 0808 0403 0" o2 04 o6 01
£ y<0.9 P
A
10 10
XS (x 0.05) Q* (GeV?)
///// cw 025 [ T T T T T T
== \ « HERA
o o w1
X 02 i
e Other areas of HERA physics (not covered in this talk) ‘ i :
: i 0.15 - 2
— Diffraction 1. i
— Heavwyquarks | == oco | T ]
01 L a(M,) =0.118+ 0.003 B
— Searches for Physics beyond SM |
10 100
E (GeV)
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