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Prompt photons, forward jets and subjets at HERA 2

‘ Kinematics of Neutral Current Deep Inelastic Scattering'

e+ (K)
For a given ep centre-of-mass energys/s,
the (fully) inclusive cross section for
Y /| Z (q=k-K) ep —~ e+ X

e+ (K)

/ can be described bytwo independent
/ kinematic variables, e.g.

— Q* = —(k— k')

ark
qu el rBj = Q?%/(2P - q)
—

Ej e — Inelasticity variable
proton (P) y = Q*/(z5;s)
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Prompt photons, forward jets and subjets at HERA 3

‘ Isolated-photon production in NC DISI e

e Production of isolated photons in NC DIS
constitutes aclean probe of pQCD LL
and a benchmark for SM-background
calculations in the search for new physics P
Involving final-state photons

e SM calculations:

— LL: wide-angle radiation from the electron
line (low-angle radiation suppressed)

— QQ: radiation from a quark line
(direct radiation or fragmentation; fragmentation suppre ssed by isolation requirement)

— LQ: the interference is expected to be small

e Photon candidates:compact EM clusters in calorimeter; no associated track;isolated.

e Jets are reconstructed applying thek-cluster algorithm with D = 1 over all final-state

particles, including photon candidates— isolation condition: the jet containing the ~

should fulfill Er_',l/E;l_jet > 0.9 | = Isolated-y signal extracted using shower shapes
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Measurements of inclusive isolated photons in NC DIS (I

ZEUS ZEUS
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e Measurement ofinclusive isolated photonproduction with 4 < E]. < 15 GeV and
—0.7 < 17 < 0.9 in the kinematic region defined by10 < Q? < 350 GeV?,
Wx > 5GeV,E’ > 10 GeV and139.8° < 0, < 171.8° using L = 320 pb~—*!

e Comparison to MC (DJANGOH+PYTHIA) calculations
— good description of the data
—> this is achieved by scaling the QQ contribution by a factor 16
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‘ Measurements of inclusive isolated photons in NC DIS (III

’>\ 6: L R ZEUS T T o ZEUS
8 = e ZEUS 320 pb* - 8_ i‘ L L L L B B E
S S i GGP:LL+QQ +LQ - =~ 205 -
= - — GGP: QQ . s 18 =
4 5% MRST ] 5 16 —
) — -+=+ MRST + GGP: QQ - © 14— —
s 3 E 12 =
- 7 10— =
2 ,, . 8| —
EENG 7 e = 6 =
:|_E ........ E 4;7 7;
0 Cooo b L L] 2 % ) 7;
4 6 8 10 12 14 o Lo b b b b b b 144
£(GeV) 06 -04 02 0 02 04 06 (3].y8

e Comparison to theoretical calculations:
e GGP (Gehrmann-De Ridder, Gehrmann, Poulsen)®(«a?) calculations of
QQ+LL+LQ. The QQ contribution includes both wide-angle emission and fragmentation
= good description of shapes; normalizatior20% too low
e MRST (Martin, Roberts, Stirling, Thorne): inclusion of QED corrections gives rise to
a photonic component of the proton; LL contribution enhanced by DGLAP resummation;
QQ not included. = below data except at highE?., backward n7 (QQ suppressed)

e QQ(GGP)+MRST gives an improved description of the data
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‘ Measurements of inclusive isolated photons in NC DIS (IIII

ZEUS
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e Comparison to theoretical calculations:=> failure at low Q? and low x
Further theoretical investigations needed!
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Prompt photons, forward jets and subjets at HERA 7

‘ Prompt-photon production in vp interactions'

e Production of prompt photons in vp
interactions (photoproduction, Q? ~ 0)
IS sensitive to— proton and photon PDFs

with lower hadronization corrections O=—= 1
than in jet production
e Benchmark for pQCD calculations: Direct Resolved

— fixed-order (NLO) QCD calculations in the collinear approad including direct and

resolved-photon processes

— calculations based orkr-factorization approach and using unintegrated PDFs;
direct and resolved-photon processes included
— Calculations corrected for hadronization/multiple interactions/different isolation (th.)
e Photon candidates:compact EM clusters in calorimeter; no associated track.
e Jets are reconstructed applying thek-cluster algorithm with D = 1 over all final-state
particles, including photon candidates— isolation condition: the jet containing the ~

should fulfill E7./EY7°" > 0.9

—> Isolated-y signal extracted using shower shape
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Prompt photons, forward jets and subjets at HERA 8

‘ Measurements of inclusive prompt-photon productiod

e Measurement ofinclusive Inclusive Prompt Photon Cross Sections

- > [ H1 g 3 H1

!orompt.photon. prod.uctlon. 5 a0k 2 +
in the kinematic region defined € -i s |

o :_ - ® H1 Data ~ 201 i
by Q% < 1 GeV? and n % % FGH (NLO) ke W i

5 2007 o LZ (k_fact) '
0.1 <y < 0.7 for photons withy ¢ T =
E)/E}T°" > 0.9, © 10F # 10F7” ﬁ
6 < EJ < 15 GeVand : A Z
_1</’77<2.4 _|||t| _|||
1 - —1 - * ; @
using £ = 340 pb o 15,_/:/,////////)//, j’: i * 1_¢ DI
%10 1z 14 % —

e Comparison to calculations: E! [GeV] n’

— NLO (FGH; Fontannaz, Guillet, Heinrich) and kr fact. (LZ; Lipatov, Zotov)
— Data above pQCD, most significantly at lowE.)
— LZ reproduces the shape inn” while FGH is significantly below the data forn™ < 0.9
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‘ Prompt-phOtOI’IS + JetS (I)I Prompt Photon plus Jet Cross Sections
-325:

H1

H1

e Measurement ofprompt photon+jet
production in the kinematic region defined
by Q2 < 1GeV? and0.1 < y < 0.7

for photons with E./EY 7 > 0.9,

20F

15 =1—7////% A%
P

10;—//// /
5F %

e HiData
7/ FGH (NLO)
mm LZ (k, fact)

do/dn’[p

Y

+ [pb/GeV]

=
N+

do/dE
=
||||o|

S
6 < El <15GeVand—1 < n? < 2.4 T —
and for jets with E2°* > 4.5 GeV and S PO I e
—1.3 < nI°et < 2.3 using L = 340 pb—*! 0‘56//// § 10 12Ey [é:v] 0'5.;1////////;/ 3 zn"
e Comparison to calculations: SO HL T 0f H1
— LZ and FGH give a reasonable description% B8 E%ls;-
of the cross sections inE2. and E2¢* 5o 5 | |
— both show deficits in the shape im7et g 4 10% o
— FGH too low for 7 < 0.2 2 ) /
e e
x REATATIAT IR
5 10 EJ'Tet [Ge\j.]S -1 0 1 ﬁjet
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Prompt photons, forward jets and subjets at HERA 10
‘ Prompt'phOtonS + JetS (I I) I Prompt Photon plus Jet Cross Sections
_ o , g L H1 x;©>0.8 ? xi0>0.8 H1
e Variables describing s, =
the transverse correlation s [ Zrenoo =10
between the photon and § ] ! 1; :
the jet A® and p | S ? S 5
7 -
— sensitive to higher-order gluon emission ~ * 1~ — 7 e
o

e Phase space divided into regions dominated

by resolved/direct @>° < 0.8, 2 > 0.8)
— estimator momentum fraction parton from ~
+e ") /(2yE.)

= Significant fraction of events with a topology
which is NOT back-to-back

= Harder p, spectrum in resolved than in direct

~

xlO = EJ (e ™

Challenge to theory!

do / dAg [pb/deg]

g

///////%—i——I—

do/ dp_L[pb/GeV]
a1

|74

s ees
M —

= More decorrelation in the data than in theory "’}

é d
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. é«//////// e
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Prompt photons, forward jets and subjets at HERA 11
Parton evolution at low x
’ e DGLAP equations sum the leading powers oéx, log Q?
= in the region Q2 > k2. > ... > k2, > k2,
¥ haton C e Whenlog Q? < log1/x —> o, log 1/x become important;
) BFKL equations sum these terms=- no k+ ordering
" e Mueller and Navelet’s proposal: H1 forward jet data
forward (proton’s direction) 2 1000 —+H1
X, ke _ _ _ — E scale uncert
x, k, —p Jetproduction with x;/xas 3 %
Jet : < — NLO DISENT 1+8,,,p,
large as possible ander1 ~ Q © 0.54, (<M, <2H,;
proton _ _ _ _8 PDF uncert.

e Measurement of the differential cross sectiondo /dx B - LODISENT
for jet production with p: jer > 3.5 GeV, 7° < 0ot < 20°, 500 |- 1+3,, 5
0.5 < p7 je:/Q° < 2andxjet = Ejet/Ep > 0.035 .
intheregion10™%* < z < 4-10"23and5 < Q% < 85 GeV? g a)

e Strong rise towards lowx is observed

— NLO QCD (DGLAP) lies well below the data at low x oL

— big jump from LO to NLO =- Large theoretical uncertainties
(higher-orders) in pQCD calculations prevent firm conclusons!

0.001 0.002 0.003 0.004

XBj
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Prompt photons, forward jets and subjets at HERA 12

Azimuthal correlations between the scattered positron andorward jets I

et

. e : e Quark Parton Model:
virtual virtual virtual — A@ = T
photon & m— photon photon C

Jet < K

Jet

n Tn

e O(ay) corrections:

o — AP < 7 (decorrelation)
_U _' _‘ T Jet
proton proton proton ]
e BFKL-induced effects:
o - oy - o - — A® < 7 (stronger decorrelation)
- — stronger decorrelation as
Jet .
e Tjer/x INCreases
QPM O(asg) BFKL

e Jets are reconstructed using the inclusivé+ algorithm in the Breit frame and boosted
back into the LAB: 7° < 0je: < 20°, pt,jer > 6 GeVandxjer = Ejer/Ep >0.035

— kinematic region: 5 < Q% < 85GeV?,0.1 < y < 0.7,107* <z < 4-10"3

— suppression of DGLAP evolution:0.5 < p7 ;../Q° < 6

J Terr 6n (Madrid) Paris, ICHEP 2010 July 24th, 2010
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Azimuthal correlations between the scattered positron andorward jets I

Forward jet azimuthal correlations

o
-

e Measurement of the differential
+ i prefiminary | cross-sectiondo /dA¢ as a function of

0.08 | ------ CASCADE - =
L csseesnnenes RAPGAP

M | S A, the difference in azimuth between the
5 | scattered positron and the most forward jet

in three regions ofIn (et /)

(increasing lengths for BFKL evolution)

do/dAg (nb/rad)

% = 1o [ - - e Comparison to MC predictions:

§ W } e Sy — RAPGAP (DGLAP.evqution) |

< §0.75 Bl i i — CDM (no k1 ordering; BF.KL-Ilke)
CEDE 7 - CASCADE (CCFM evolution)
OO Ag(rad)

= A stronger decorrelation in A¢ asln (x;e:/x) increases is observed!

— The models predict similar shapes (!), all of them consistdrwith the data

— Significant differences in normalization between the modeal

= Comparison to higher-order QCD calculations needed to drawfirm conclusions
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Prompt photons, forward jets and subjets at HERA 14

‘ Subjets'

= Understanding jet substructure is becoming more and more rkevant for boosted systems
such ashadronic top decays, Higgs and supersymmetric final states ¢he LHC

The Jet

e Subjets are resolved within a jet by reapplyingthe k+ algorithm

on all the particles belonging to the jet until for every pair of / \

particles the distance betwen clusters is above \
deut = Yeut * (17)%:21;)2 .,'.:‘-:": @Q@
— all remaining clusters are calledsubjets My et G74 e e 1suer
— the subjet multiplicity depends upony . R
— the distributions of subjets are sensitive to the pattern ofarton radiation

JET JET
e Jets (and subjets) are reconstructed in the 55
laboratory frame since NLO QCD , ,
calculations are possible. Arei
3 e’ Laboratory rel
At O(a), u.p to 4 partohs an be | Frame Frame
in the same jet(not possible in the Breit frame) TET
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‘Three-Subjet Variables in NC DISI o 1

e The pattern of QCD radiation from a primary parton has been

studied by measuring normalised cross sections as functierof

the subjet variables ESY /E3€t | nsbi — piet | |psbi — gpiet|

and the angle32% in the n-¢ plane of the laboratory frame between )

the subjet with lowest E+ and the proton beam direction, as viewed from the jet centre

e Predicted cross section a® (a?) for three-subjet production (colour configurations)
Tep—3subjets = Cp0a + CrCa-op + CpTp-0oc + TrCa-op

e Since the couplingsggg and ggg have different spin structures, the color factors
give rise toa specific pattern of angular correlations between the subjs

2
CF CFCA CFTF TFCA ';n'3-3_""I""I""l""l""l""\'_5:‘\12 """""""" (-j Io(lxs) ------------------------
J— j— C = A
: a Emf ElE — %0
§0-6: WE 1 cD(o@
q = E F [ —o© Ofc2)
05 %08

2 F
=

=1
Y

9 ° ] -
q ° o3 — L 7 . ¥
; q 9 ¢ e ; ] B -l
o £ E T T = e R
g ¢ 02 E i —_ ERL— =
o S 1 et
F |+

=]
e

ETCPRPRR—T

- different behaVIOur In the dIStribUtlonS 0.: é_‘[]?'{,sx:\]@l]al-r:;pr#?t?lo{zl IIIIIIIIIIIIII ; o ﬂ"f:._-f‘.":m...[.]?T:}J'gf'ﬁj:w)f.x.’?,},,?ﬁ,,,|,,,, .
— Relative contributions predicted by SU(3): e TR P

A(C2): 54-57%, B(CrCa): 14-15%, C(CrTr): 21-23%, D(TrCa): 8-9%
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‘ Measurements of Three-Subjet Distributions in NC DIS (I)I

e Measurements of the normalised cross sections for three-Bjet production as functions
of ESP7 /B3t nsbi — piet and |¢5PF — ¢pdet|in NC DIS for Q2 > 125 GeV? for jets
with E3¢* > 14 GeV and —1 < ¢t < 2.5 and exactly THREE subjets aty.,; = 0.01

— L =299 pb~! = 80000 jets LO and NLO QCD calculations using NLOJET++
—_ e B LA A IS RS —_— A =P B B U B L B
BEw 30 s ZEUS (prel) 299 pb” 1% f‘%_
;EEH - FZ5H NLO O(c2) @ hadr] Tl !
“@ 25 b % ----- LO O(¢2) @hadr & 2 u
z N 1 £ 1} =
N 13 3
=) z L . = o8| % L5 ]
= o5 F ] ;-E- =

—
[
I

=

in
I

]

P A N N N I
1 0 02 0.4 06 03 1 12

07 038 shj o jet
shi_jet shj . jet 6™ - ™I (rad)
E /K, -

— Good description of the measured distributions inE:” / EZ¢* and b3 — niet by NLO
— Reasonable description of the measured distribution i — ¢7¢t| by NLO
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‘ Measurements of Three-Subjet Distributions in NC DIS (II)I

e Measurements of the normalised cross sections for three-Bjet production as functions
of 3%%9 and n’>? — niet vs LO and NLO QCD calculations
— Additional cut to “separate” lowest- Ex subjet: (Er_“”r’ffm q— Ei{’{ow) JE5 > 0.2

E ':I.T _l T T T I T T T T I T T T T I T T I T I I — TTT I LILLIL I TT T1T I LI I TTT |I LILLIL I TTTIT I LI I TTT |I TTT
[*] - et ==
[in ] B & 12 — . A
=] 0.6 — ] = I -1 1 ()
= 1 - @ ZEUS (prel.) 299 pb
o - & i LOWEST Ep
= - = 2 Ll EZ NLO Ot @ hadr - pa
— - m o
£ 05 L e | LO 0(¢2) ®hadr
- N E 08 —
0.4 - _’g i
- 2 oos L N JET ¥
0.3 — - ? — — E 3 CENTRE
0.2 7 04 - _
N ¥
0l I A 02 - — _
B =h| zh) o
- I:ET mld ET hw}fﬁﬂ} 02 EE 2l g =y EJ‘“"‘}- 02 n
- - T Id T] ul
0 ||||||||||| ] ] I A I A 0 | | | o i by bl
0 0.5 1 1.5 2 2.5 3 1 -']75 4]5 -1:'.25 1] '].25 05 075 1
bj .
B™ (rad) 5]"-1 -t
o

— Good description of the measured distributions by NLO QCD
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‘ Measurements of Three-Subjet Distributions in NC DIS (lI) I

e Measurements of the normalised cross sections for three-Bjet production as functions
of B33 and % — piet ys LO calculations assuming different gauge symmetry groum

low
72 YO0 ~ l4 e e e
B 1 T
e E— . = i :
T o6 3 | 1 = 12 [e ZEUS 299 (prel) pb™ : N
< o E [ O(c?) ohadr: 9
= os | e 3 122 4L SU(3) ~ ] LowEST
_E n ey = T U{l]ﬁ . Er
= - = i : i SUBJET
04 [ ] 'E" 0.5 _— """ b F:'] __
: = | :
03 - — 046 Y VRN SRS i LN I
- : 1= [ JET &
0z - - 0.4 N CENTRE
[ ¥ i
B shj st . i 4 i . . ,
- [ET,__'- ]3'.“#“;1.'l BE=02 0 S = : . [E:'u_ ] ET*’J.-' By 02
0 [T T T T N T T T T N T T AN N A (N AN N T 0 r | n >
1] 0.5 1 1.5 2 Z.g 3 -1 07505025 0 025 o.ssgjﬁ 1 n
sbij jet
[ (rad) M 10w -1

— The data disfavours the predictions based olC'r = 0
— U(1)3 vs SU(3): some differences are observed in th@°®7 distribution
— The predictions of SU(3) describe reasonably well the data
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‘ Summary: exploration of parton dynamics at lowa and in jet substructure'

dao/dAg (nb/rad)

e Measurements of prompt«y and prompt-~+jet in

approaches fail in some regions, particularly at lower | ..
and correlations in the transverse plane ‘

x®< 0.8 H1

5
g///////%

—+

do / dp_L[pb/GeV]

NC DIS and photoproduction — Theoretical

////////

1
o Q.5prrr727,
/////////

— Challenge to theory LR PO

Forward jet azimuthal correlations

positron and the most forward jet at low x

2
Ag(rad)

e Measurements ofthree-subjet production in NC DIS
for jets with Egﬁt > 14 GeV usingL = 299 pb—1
— the pattern of QCD radiation as implemented in the NLO
calculations reproduces the measuredubjet distributions
— the subjet distributions are sensitive to the colour configurations
and are found to be consistent with the predictions of SU(3)

do/dx (pb)

g o
o
o
o

000
4000
3000,
2000
1000,

—

et
=M
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e

shj
low

(1/c)do/d(n

7EUS
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[ E—— I

1.4
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I
)

o
-

=
=

L L L |
107 1072

e Measurements ofazimuthal correlations between the scattered

| — A Stronger decorrelation in A¢ asln (x;et/x) increases is observed

» CCFM, DGLAP and CDM predict similar shapes, all consistent wth
the data = higher-order QCD calculations needed!

Le ZEUS 299 (prel) pb™

O(cf) ®hadr:
L %50

&) i
------
== I

T MR My Er-02
L T

Tl il bl
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Backup
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‘ Extraction of the isolated-photon signal'

ZEUS ZEUS
wn 7\ T ‘ T T ‘ T T ‘ T T ‘ T T \7\ (7p] j FTTTTTT ‘ FTTT ‘ FT T ‘ FTTT ‘ FTTT ‘ FT T ‘ FT T ‘ P11 ‘ T 1:
+1000 =
s ! . ZEUS 320 pb't - §1200— =
if B L ST 000 -
800/ 1 D000 -
- Bl LL + QQ(xL.6) § - (0z) < 0.8 .
600! 7 [JLL +QQ(x1.6) + Background | 800[— ]
1 600 —
400 — - -
. 400 |
200 1 200] i
0 I R e eslaalaa | O:\H\‘HH-‘\ ! nedERENEN
0 0.2 0.4 0.6 0.8 1 1.2 1.4 O 01 02 03 04 05 06 07 08 09
8z frmax

\ o ® Variable (6z): width of the cluster in the barrel EMC (BEMC)
(0z) = > . Ei|Z; — Zcjuster|/ (Ween Y _; E;)  (in units of 5 cm)
120““ — Peaks due toy’s and w°’s clearly visible
o ® f..az. ratio of hottest BEMC-cell energy to candidate total-BEMC energy

MW

a1

e Extraction of signal by a x? fit to the (§z) distribution in each cross-section bin
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‘ Extraction of the prompt-photon signal I

e Photon candidates:compact EM clusters in calorimeter; no associated track.
e Jets are reconstructed applying thekr-cluster algorithm with D = 1 over all final-state
particles, including photon candidates— isolation condition: the jet containing the ~

e Probability density functions are defined and a discriminabr is formed

should fulfill E7./EY7°* > 0.9

—> Isolated-y signal extracted using shower shape

e A regularised unfolding procedure is used to determine the arrected variables and
the fractions of signal and background
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‘ InCIUS|Ve prOmpt-phOtOnS (”) I Inclusive Prompt Photon Cross Sections
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Prompt photons, forward jets and subjets at HERA 24

‘ Pfompt-phOtOHS + Jets (”I) I Prompt Photon plus Jet Cross Section
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e Measurement ofprompt photon+jet 9i sol tllHl Data cf,llsoo' "

production in the kinematic region definedg o L G Tact / glooo% |

by Q? < 1GeV? and0.1 < y < 0.7 E -

for photons with E./EY 7 > 0.9, N 500} %

6 < EL<15GeVand —1 < n) < 2.4 [ |
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e Estimators of the momentum fractions of the partons in the ircoming photon and proton:

— parton in the incoming photon: 29 = El(e=™" + e ") /(2yE.)

jet

— parton in the incoming proton: :1;50 = E}(e”" +e")/(2E),)

e LZ and FGH describe the data within errors
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‘ Measurements of Three-Subjet Distributions in NC DISI

e Measurements of the normalised cross sections in NC DIS fa@? > 125 GeV?:
— Jets with E2°* > 14 GeV and —1 < ni¢t < 2.5

— Selected sample of jets: jets witlexactly THREE subjets aty.,; = 0.01

— £ = 299 pb~1 = 80 000 jets
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