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e QCD Introduction.

e HERA Accelerator. K
; 0,
e Experiments. . /

e Deep Inelastic Scattering

e Proton Structure.

e Photon Structure.

® (v g measurements. p'=Ep+q

e Beyond the SM.
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Photoproduction |
e ep scattering at HERA is dominated byp interactions in which a quasi-real photon
(Q? ~ 0) emitted by the electron interacts with a parton from theqmo

e The total photoproduction cross section has been meastiFHeRA:

oot = 143 & 4(stat) £ 17(syst)ub

e However at largep CMS energies available at HERA)O < W, < 300 GeV, a fraction
of the~p interactions are expected to produce high transverse yefetg)

e Most of the photoproduction cross section is due to soft@sses.

e The main source of jets at HERA is hard scatteringnnteractions.
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Photoproduction Il

e The photon a€)? ~ 0 displays dual behaviour:

— It can couple directly in aqq vertex (normal QED gauge boson behaviour).

— Can fluctuate into an intermediate vector meson state whighacts via its partonic
structure.

e S0 2 processes contribute to the photoproduction cros®sect .
A) Resolved: b) Direct:

e photon e
e #_~ remnant € o

Gs GS

NN N
\ proton \ proton

remnant remnant

— The resolved coupling allows the study of the parton contéttie photon.
— The direct coupling allows study of the parton content ofghaton.
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Jet production in Photoproduction.

e Evidence for hard photon scattering has been observed interactions ire™ e~
e CMS Energy was too low to observe jet production.

e AtHERA the CMS energies available provide a wider phaseesmatabling the observation
of hard scattering in photoproduction.

: o
\§ y,
N

3
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Hard Scattering In Photoproduction

e In Photoproduction, the outgoing electron is scatteredalsangles.

e Hard Scattering processes in photoproduction are chaiseddhy a large total transverse
energy coming from jets, combined with a small total trans@enomentum. This implies

hard scattering between photon constituents and protostitlwents.
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Jet Production in Photoproduction
e |f the data sample consists of events coming from the harttescay of the constituents of
the photon and proton, jet structure should be observed.
e In this type of final state jets are usually reconstructedgiaicone algorithm.

e Experimentally jets are searched for in the pseudorafgigity — In tan(0/2))-azimuth()
plane, using the transverse energy flow of the event

e Definition of jet variables: Snowmass Convention

. ) . EE%’W . ZE%’@
jet i et __ et 7
ET = 2 ET ’ T]J — ZEjet QSJ — ZEjet
t T T

e [terative cone algorithm: jets are searched by maximisimgreedl; within a cone of
radius R for every particle such that:

R = (n—mjet)” + (¢ — djer)” < R?
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Observation of Jet Structure in Photoproduction

e Clusters are classified as jetsFiFt > 5 GeV and® < 1.6:
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e QCD based Monte Carlo models which include resolved andctdpeocesses give a
reasonable description of the data, except at hjgh
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Example of a Dijet Event

W///%@ﬂ 7/

e

0-3

ETA PHI UCAL transverse energy
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Resolved Events

e Observation of resolved processes:

e .
e et
el photon hg gluon from the proton carries only a
2 V'/Wb/, remnant .
Y(Q-0) "¥ fraction of the photon’s energy:
Py = 24p4

— The photon energy is not invested fully in

=N the hard collision:
P proton
remnant

: 1
RESOLVED €t s
PROCESS

e Outgoing jets are boosted in the proton direction.

e a hadronic photon remnant is expected in the electron drect
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Example of a Resolved Photoproduction Event

ETA PHI - UCAL transverse energy

10
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Direct Events

photon
remnant

L
\

Resolved: Direct:

e Photon remnant.
o1, K1
jetl jet2
LyPry - LpPp = pf + pjl?
Py = yEe

: _ jetl = _njet2
_>xobs _ L(Ey]etl6 7 —|—EJet2€ n )

v 2yFEe

e No photon remnant.

e All photon energy in interactiom, — 1

/N N N
W N =
N——— —
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Example of a Direct Photoproduction Event

ETA PHI B UCAL transverse energy

12
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Direct and Resolved Photoproduction in Dijet Data

obs __ 1 jetl —njetl jet2 _njet2
CU,Y — 2yE. (E € + E € )

® ZEUS Dota
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————— HERWIG Direct
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02}

dN/dx,™* (events/bin)
N
3}

o

01

o

(@]

First observation of dijet structure in direct photoproitme data.

13
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Jet Cross sections inyp |

dijet

o1 = 21 fr1e(y) fipp(@p, i) figo (2, p?)do(i(y)j — dijet)

o f e(y): Flux of photons frone.
o fi/,(xp, u3): partonj density inp. A ==

e fi/,(x, uy): partoni density irry. L/
AN J

e do(i(7y)j — dijet) subprocess cross SECHQY(y) t,, (x,. 12 ) do(i()] —jet jet) = . (xp,up)

ip

14
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Jet Cross sections inyp |l

£, (Vf,, (x,,1F)® doiy)j -> jet jet) « £, (X, Hi)

\VJ\VJ\VJ

photon parton densities matrix elements proton parton densities

e measurements of jet cross sectiongjnallow study of:

— photon structure.
— proton structure.
— perturbative QCD.

15
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Jet Cross Sections at LO

Van Van
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e resolved processes dominate for a wide rangerof
e Direct processes are significant only in the tails of therihstion.
e Then distribution for resolved processes is boosted in the prdtaection.

e then distribution for direct processes is more central.

16
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Measurement ofdo /dn’®

ZEUS 1993
TN
£ 20 | E*>8Cev
= ¢
=
£
S
: : . 10
e L O calculations give a good descriptior I
of the data for-1 < n°t<! 7
I % ¢ ZEUS Data
e Direct processes alone cannot describe 5 | (7’ LACT
the data | . - — — ACFGP-HO(mc)
4 - GS—HO
e Resolved processes dominate over the - e . GRV—HO
wholen range. e Direct only

jet
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Measurement ofdo /dE/*

ZEUS 1993

N ,
% 10 — { ZEUS Data (—1<n*<2)
A C X . jet
S R\ # ZEUS Data (—1<7"<1)
c : — LACH
;/ ’ - — — ACFGP—=HO(mc)
e L O calculations give a good descriptiog S GS—HO
of the data. > - GRV—HO
©

----- Direct only

e Direct processes cannot describe the datao 1
alone.

e Direct processes become more important _,
askFr increases. 10

I
y

10
| | i | |

10 20 30 40
£/ (GeV)
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w
o
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o

Renormalisation Scale Dependence of Calculations |

................ LO, 1-loop &,

........ LO, 2-loop a,

NLO, 2-loop a,

0.3

04 05 0.6 07 0.80.9 f
B/E

................ LO, 1-loop &, —:

........ LO, 2-loop a, —:

NLO, 2-loop a, _:

0.3

0.4 05 0.6 07 0809 1
u/Er

e One Loop approximation:

2 ) 127

OKS(MR = 2

(33—2Ny) "

e Scale dependence af different in 2 loop
calculation

e Large scale dependence in LO calculations.

e Reduced scale dependence at NLO.
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Renormalisation Scale Dependence of Calculations Il

80

d*0 /dE, dn (pb/GeV)
w D ~
3 3 S

»
o

[
o

20

LO resolved photon:
NLO direct photon i

LO direct photon ]

04 05 06 07 0809 1
Mo/ Ex

0.3

e /i Separates the soft parton content in the photon PDF fronmatftegartonic cross section.

e The Direct PDF at LO is simply a function and does not depend on scale.

e The resolved PDF at LO depends strongly.gn

e The direct PDF at NLO depends on the scale but with oppogjtetsi the resolved patrt,
So contributions cancel to some degree.

e Direct and resolved processes are separable only at LO.

e Addition of NLO terms reduces scale depenced of calculation
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Photon Structure |

e The interactions of the photon are classified accordingdontdy it takes part in the hard
interaction:

— In the direct’ case, the photon as a whole takes part in ttexagtion and we cannot
discern any structure.

— In the ’resolved’ case, where the photon fluctuates into almdmac system, structure
functions can be defined. The resolved photon contains Zibatbns:

T anomalous (perturbatively calculable).
« 7YY= hadronic (non-perturbative)

anom

fz/v(‘Ta:LL) — fi/fyhad(ma :LLQ) + i/ (I’,,LL2)
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Photon Structure Il

e The structure of the quasi-real photons probed by a highly virtual photomx emitted
by the electron in deep inelastic scattering.

P
q
L:wq o e In high energy scattering ef" off e*:

| q=p1—p’1;p=p2—2p’2;622=q2>>0
N P PQI—pQQO'Qf:Q—'y:%
Pl

e Structure functions, which parametrise the structure @f#al photon are defined in terms
of the scattering cross section:

Lo, = {14 (1 )7 B+ (Y — 20 F)))

The longitudinal structure functiol, = Iy — 2z F} is non-zero even in QPM.

Lo = (1 1 (1 — )’ F} + y°F})

ALLO: F}(x, Q%) = » el fyn(z, Q%)
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Photon Structure IlI

e the DGLAP evolution equations for the proton are given by:
dffy/7<x7q2)
St

=0
d@)
df (I, 2) 1 T T «
qgQ ‘12 o =z [qu (2) far (2, Q%) + Py (%) fg/v(zyQQ)] 3 b ()
df (Iv ) g 1 X L
QQQ : o 4 d7 qug <Z> fq/v(za QQ) + Py (Z) fg/v(%@%]

7 T T — T T T TTTT —T—T T T
e ¢ OPAL ' w JADE |+ AMY — GRV(LO) -
L wp L3 ¢ PLUTO » TOPAZ --- ASYM ]

- 44 DELPHI (prl) 4 TASSO % TPC  --- SaSID
6 744 ALEPH (prl)

FY/a +N*0.6

5 LN <x>
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3 I
| 5 0.35

2 L4025
[ 3 015

[ 2 0.055

| 1 0.0055
Ll L XX

107




QCD Physics and HERA - James Ferrando, February 2005. 24

Photon Structure IV

e fitting the data to obtain parameterisation of thparton densities is not so easy as for the
proton:
— No momentum sum rule applies for photon parton densities.
— Cross section is small, leading to large statistical errors
— Since electron escapes undetected, photon + electronyecengonly be determined
form the hadronic system (large systematicson
e There are several paramaterisations obtained from fitsetdadha

e Parameterisations from HERA used in other experimentsdbumriversality of photon
structure.
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Photon Structure at HERA

e At HERA, photon structure is investigated by measuring fess sections sensitive to the
~ PDFs such ado /dr* ordo /daS™

e Measurements are compared to NLO QCD predictions basedferedit parameterisations
of they PDFs.

e Models assumed in obtaining the parameterisations carvbarkd or disfavoured.

do /dr®t in dijet yp

ZEUS 1995
9 600 |- 0.20<y<0.85 a) | 0.20<y<0.85 b)
= 1<nk<2 s 0<n<1
S N
e . i N O R NRRLLLLL
2 L S
5 400

e The measured cross sections are higher than ¢~ §
the predictions in a region where the theoret/@a?l omgos 9 emgom 9
uncertainties are small. Em —

e Current parameterisations of the photon parton
densities are inadequate.

0 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-1 0 1 2 -1 0 1 2
5 s
Figures a), b) and c): Figure d):
e ZEUS 1995 o ZEUS 1995, Xr'>0.75 —— HARRIS et al., GRV-HO
—— NLO-QCD, GRV-HO __ NLO-QCD, GRV-HO, x*>0.75 ... KLASEN et al., GRY—HO
..... NLO—-QCD, AFG—HO .- NLO-QCD, AFG—HO, x;*>0.75 <. FRIXIONE et al., GRV—HO

s NLO—QCD, GS96—HO NLO-QCD, GS96-HO, x;*>0.75 ... AURENCHE et al., GRV—HO
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da/dx?ybs In dijet vp |

e The NLO calculations using GRV-HO lie

significantly above the data fotd <

Ei*t < 27 GeV for :pf’ybs are increasingly
below the data for values higher than 17

GeV.

e The predictions using AFG-HO agree with
the data at IO\AEJ]‘?“, but lie below the data

for high EXS™

| 14 <ElF1 <17 GeV | 17 <Elftl < 25 GeV
L X
e ZEUS 96-97 Np
| B9 NLO (GRV) ® HAD ¥ 11500~
I~ -=== NLO (AFG) ® HAD
L Jet energy scale
uncertainty 1000 [~
I AN -9
ﬁ 500 -

[ 25< El*t < 35 GeV

'S

N . e
CEeRNNT

80

40 -

20—
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da/dx?ybs in dijet yp I

ZEUS ZEUS
2‘ 165 14<E.j|-et1<l7 GeV L 17<E%et1<25 GeV a 16 L 14<E.j|-et1<l7 GeV L 17 E%et1<25 GeV
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e Discrepancies between data and NLO calculations cannadwmeiated for by uncertainties
(Theory~ 17% , Syst~ 8% )

e The inclusion of higher-order contributions would have igngficantly change the shape
of the distribution as a function CEJ]‘?t andazngS to describe data.

e Photon Structure is not as well described as proton streictur
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Inclusive Jet Production in DIS
dajer = azaq’gfdxfa(x, i)z, as(pg), fgs i)

f.: partona density in the proton, determined from experiment.
0,. Subprocess cross section, calculable in pQCD.

e Jet cross sections in NC and CC interactions provide a tegtQED calculations,
measurements akg constrain parton densities and are sensitive to the prmoiLcif

new particles and new interactions.

e HERA experiments have reported an excess of NC events oge3lhat highv and(Q)?
and TeVatron an excess over QCD at hl@{ﬁt

e These observations are possible evidence for anomalid3fis Br of physics beyond the
SM.

e New particles or resonances that decay ietgets(s) would lead to deviations in the
differential cross sections for inclusive jet productioorh the SM expectation.

e A Jacobian Peak would be observed in the differential cres8an as a function oE%f’t
in the LAB frame.
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Jacobian Peak in theE)" distribution |

e For the processq — Y — Lq' the matrix elements are proportional to:

_ g2 [2(@Q%(e)][a(£)2v(g)]
M = My—== §—MZ+iMy Ty :

where$ = (p. + p,)?; @ = (pe — py)?; t = (pe + r)?
e Assuming EW interactiork), = v,(1 — s)

e After squaring and summing spins, the spin averaged cras®Bean the rest frame is
given by:

then:

wheref* is the scattering angle betweemandq' in the Lq' rest frame.
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Jacobian Peak in theE)" distribution I

e The inclusive jet cross section for the procegs— Y + X — Ljet X
do(ep = Y X — Ljet X %Equq(mq)d&(eq — L)q)
wherex,, is the momentum fraction of the quarkand the sum runs over all possible quarks
in the proton.

e Intheeq — Lq' subprocess COM frame, the transverse momentgrof the £ andq’
are back to back with the same magnitude:

N

= 2 . ~ .9
2 _ (Vigino*) = fgin2g* — tu « (1 %1
pT—<281H9>—4SH1(9—§—>COS(9—(1 )

1
. dcosf* 2 L % 2 2
e Make a change of varlableTpTg— = —3 (1 Z = T
dé 2 2 4 14-cos? 0*

dpZ * Fcos 6% Y S GoMZ 2+ (My Ty )2
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Jacobian peak in the EX" distribution IlI

e Therefore:

2

Ay 2P
dé o 6(1+cos20) o o(1—=L)
-7 Teos0F . — 4 a1
dp7 S| cos 0*| 51— pAT>?

S

e We get a divergence 8t = % — pr = +/s ~ 5 My in thepy distribution.

e At lowest order the incident particles are .Iongitudinallsa)ﬁz/ Is produced longitudinally
in the lab frame and the LABr = p;, ~ BN

. et . .
e Peak inEY}" ~ % IS smeared out by higher order processes:

A

'

Peak inpy distribution. Peak inF" distribution.
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EX* distribution in NC DIS |

e In NC DIS at highQ2, the most probable final state is a jet balancinglthe e transverse
momentumFEy' =

e Example of a jet search using jets found with the algorithm for events
with Q> > 125 GeV? and EX > 14 GeV and —1 < 7 < 2.

ZEUS 1995 — 1997 Preliminary ZEUS 1995 — 1997 Preliminary
? -§ I k; algorithm
> 102 @ ZEUS Dato NC DIS < L QP> 125 GeV?
2 ARIADNE ~ T -1<n*<2
% Q* > 125 GeV? o 0.5 1
-1<n*<2 S
S 10 b 7 9
° <|( I
o - 1
5 0 E‘}—i T H ) %
= = %
el -0.5 -
_2f r
’IO \\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\ _ \\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
E¥ [GeV] E¥ [GeV]

e Shape and magnitude of the cross section is well describ&uetylonte Carlo.
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do/dEF [pb/GeV]

EX* distribution in NC DIS |I

33

A resonance decaying intoplus several jets would populate the regl’B%St < () where
muiltijet production in the SM is suppressed by powers of

There is a tendency for data to be above SM predictionE%%’fK Q.

ZEUS 1995 — 1997 Preliminary

102

10 |

ZEUS Data NC DIS
ky algorithm
— ARIADNE
® Q% > 125 GeV?
B Q> > 500 GeV?
O Q%> 1000 GeV?
0OQ* > 2000 GeV?

T T R
50 60 70 80 90

Ll
20 30 40

£ [GeV]

(Data—Ariadne)/Ariadne

|
©
)

ZEUS 1995 — 1997 Preliminary

[ kyalgorithm

0.5

| Q?> 1000 GeV?
-1yt 2

! ..
ﬁiﬁ%i% % J

i

N I A I T B B N
20 30 40 50 60 70 80 90

£ [GeV]

0.5

(Data—Ariadne)/Ariadne

|
©
)

ZEUS 1995 — 1997 Preliminary

[ kyalgorithm
L Q% > 2000 GeV?

N

T

N I A I T B B N
20 30 40 50 60 70 80 90

£ [GeV]
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EX* distribution in NC DIS 1l

e Can we account for differences with NLO QCD calculations§BENT)?

ZEUS 1995 — 1997 Preliminary

S
B
(@)
} 102; ZEUS Data NC DIS
o - ——— DISENT NLO
B ® Q> > 125 GeV?
2 10 i Q> > 500 GeV?
5 O Q%> 1000 GeV?
OQ% > 2000 GeV?
1 E
1!
10 ¢
_27
1 O | |

\\‘\\\\‘\\\\‘\\\\\\\\\\\\‘\\\\‘\\\\‘\\
20 30 40 50 60 70 80 90

E¥ [GeV]

e Cross section is reproduced well except@r > 1000 GeV? at IowE%‘ft.
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Excess = New Physics?

e Excess aE%Set < @ for Q* > 1000 GeV* could be due to accuracy of QCD predictions
in that region.

e Observe the size of the NLO QCD corrections.

ZEUS 1995 — 1997 Preliminary

ZEUS 1995 — 1997 Preliminary

do/dE" [pb/GeV]

‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
O 40 50 60 70 80 9

O ‘O E\ ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 E\ ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1
20 40 60 80 20 40 60 80
EX [GeV] EX [GeV]

\\‘\\\\
20 3

E¥ [GeV]
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Excess = New Physics? Il

e One can see that the NLO corrections at IBJ%\?E become large at high>.
e The NLO corrections depart from unityE%?t ~ ()°.
e The NLO corrections suggest that higher order correctiomgcbe very large

e Until improved QCD calculations exist, it is not possibleb sure whether excess at low
Ejz?t comes from new physics.

e Try other processes , such as CC DIS.
e CC is also powerful for flavour specific investigation of martmomentum distributions.

e CC processes are directly sensitive to the
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Inclusive Jet Cross Sections on NC and CC DIS

ep — e(v)+ jet +X

e Jet production in CC provides a testing
ground for the EW sector of the SM and;

for QCD. Differential cross sections for jets ,o7

production are directly sensitive to the mas;f.sl

of the propagatorMyy, to as and to the — |

-
T

presence of new physics. L

U L
e Thedo /dEX" in CC exhibits a fall-offof 3 5 1 |

orders of magnitude foE%?t > 20 GeV and

for8 < EX' < 20 GeV it displays almostno 1

jet
dependence oR’

e Behaviour is very different from NC. CC is
found to fall with EX" less rapidly and to
approach the NC cross section i&i‘?t ~ &0
GeV.

-3

e Independent confirmation of the presence of
a massive propagator in CC events.

_27
10

ZEUS

e ZEUS (prel.) 95-97 ép CC-DIS

= ZEUS (prel.) 95-97 ép NC-DIS

— CDM

1 0 ! !

a0 60 8 10
E;[pb/GeV]
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Inclusive Jet Cross sections in CC DIS

ZEUS

o ZEUS (prel.) 95-97 &p CC - DIS

e Shape and magnitude of measured crdss
section is described by predictions thoug&

— CDM
-~ MEPS

there is a tendency of the data to be ab@\Tglo I
the calculations foF2" > 80 GeV S |
o102 EX >8GeV
e Not conclusive evidence for new physic® | 1<nlet<z }
at high EJet because measurements in the | Q7 > 200 Gev 2

CC regime suffer from large statisticaloloeg S S S S R

uncertainties. 30pb < b <L 0o 'g 2 f Data/CDM --- MEPS /CDM ]
dcc(30pb) < p Ne) - G- If{ ______

e to fully explore this high energy regime, ,t.. ... . . "~ .. ... .

require much more luminosity than gathered EJ’T‘St [GeV]
In 1996-2000 data taking.
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Lecture Il : Summary

e Jet production inyp helps us understand:

— Photon structure.

— Proton structure.

— Perturbative QCD.

— Physics beyond the SM

e The Photon structure is not as well understood as protootate!

e No deviation from the SM has been conclusively demonstraygdt studies.
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