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Study of Multiple Interactions in
photoproduction at HERA

The sample of quasi-real H1lprelim-08-036

photoproduction ( QZ ~0)
events, having two dijets
with  PT_ jet> 5GeV,
is analysed .

Lcading Jet
The two jets define in 180°
azumuth angle phi a (I)
Toward region (Leading
jet) and an

Away region
(2-nd jet) and two

Transverse regions
between them.

The charged particle multiplicity
is measured in these regions
as the function of the Figure 1: Toward, away and transverse regions defined. In the toward region the leading jet is
X_gamma a nd PT leading jet . always at o = 180" and is the reference to define the other regions.
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Luminosity =48 pbA(-1) ; E_e = 26.7 GeV ;| E_p =920 GeV; E_c.m.=318 GeV .

Selection criteria:
1. Signal in the electron tagger (it has acceptance in the inelasticity

range 0.3 <y < 0.65, which results in QZ <0.01GeV);
2. Reconstructed primary vertex position (z-vert) within 35cm of the
nominal one.

Jets are selected with the inclusive k;-jet algorithm using as input combined objects, i.e.
four-vectors objects, where information from track and/or cluster 1s combined. At least two
jets are required with Py "~ 5 GeV within a pseudorapidity range in the laboratory frame of
—1.5 < M < 1.5. The jet wﬂh the highest J’”” defines the leading jet, .Jef,. From the jets the
value x. 1s calculated:
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Tracks are selected having a Piree* = 150 MeV within || < 1.5. The difference in az-
imuthal angle A¢ = ¢y, — @; with i running over all charged particles satisfying the above
cuts, 1s calculated, with the leading jet set to @ = 180",

Four different regions in azimuth with respect to the leading jet are defined, see Fig. 1:

e the toward region (including the leading jet) with 120% < Ag < 240
e the away region with 300° < Ag < 60°

e the transverse region with 60° < Adg < 1207 and 240° < Ag < 300°



In quasi-real photoproduction ( Q° ~0 ) the photon has a
point-like as well as a hadronic (i.e., resolved component).

Multi-parton interactions are expected within the PYTHIA
model (6.2 and 6.4 versions) for X_gamma<1 !

But not for the point-like photons which have X_gamma ~1.

Multi-parton interactions take place when the density of partons in a collision
(resolved component of photon contribution !!!) is large enough that more

than one interaction happens within one collision.

The data are compared with PYTHIA predictions with multi-parton interactions
switched on and off.

For the photoproduction case only a simple version of this model is available.
(The proton pdf was CTEQ6L and the photon pdf was SaS1D.)

All generated events are passed through the full simulation of the H1 apparatus

and are reconstructed using the same program chain as for the data.



MI: Multiple Interactions

are switched on!
in PYTHIA simulation

NMI--> No Multiple Inter.
Leading jet at phi ~180
Away jet --> at ~ 0, 360
3-rd jet: 240< phi <340
Clearly seen that in left,

resolved photon case,
switching on M|

Il improves !!

the description of data

{Ncharged )

The average track multiplicity as a function of
azimuth angle difference Dphi in
two X _gamima _regions
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Figure 2: Charged particle multiplicity for x., < (.7 (left) and for x., > (.7 (right). The leading
jet axis is by definition at 180°. Data is compared to PYTHIA with and without MPL.



The average track multipli-
city rises with increasing
PT* (Jet_1) of the leading
jet from ~ 4-5 particles at
PTA (Jet_1) ~5GeV

to~ 6-7 particles at

PTA (Jet_1) > 15GeV

also depending on

X gamma.

It is clearly seen that in the
resolved photon case (lefft,
X gamma < 0.7)) in both

Toward and Award regions
inclusion of Ml leads to a

better agreement of data

and theory predictions.

The dependence of average track multiplicity

on PTA{Jet{1}} in Toward and Away regions
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The dependence of average track multiplicity on
PTA{Jet {11} in the Transverse regions

resolved photon enriched point-like photon enriched

region (X gamma < 0.7) region (X gamma=>0.7)
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D

Different choice of the upper
scale for the initial and final
state parton shower simula-
tion with PYTHIA was done
to get as a very approximate
estimation of the impact
of higher order QCD
radiation on PTA{Jet_{1}}
spectrum in the Transverse
region for the NMI case

(i.e. Multiple Interactions of
partons were not switched
while a simulation).

. = =
No sizable changes were ~ ?

found in both High and Low
activity Transverse regions
for resolved and poiint-like
photon enriched regions.

Study of higher order QCD radiation influence on

PTA{Jet {1}} spectrum in Transverse regions

resolved photon enriched point-like photon enriched

region (x_gamma < 0.7)
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Since the particle

multiplicity is sensitive n

to the color structure
of the final state, the
effect of choosing
short or long string
configuration was
also studied in the
Transverse region.

The results of PYTHIA ~-
simulation with inclusi-

on of Multiple Interacti- £ 2f

on show that the use
of long string configu-
ration can lead to a
better agreement with
data.

-

Study of color structure of the final effect on

PTA{
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Summary

1. The averaged charged particle multiplicity in quasi-real
photoproduction of dijet events has been measured.
Its spectra were used to find out the effects which may
be caused by Multiple Interaction of partons which
appear as a part of hadronic component in “resolved
photons”.

2. The analysis has shown that inclusion of effects
predicted by PYTHIA models of Multiple Parton
Interaction allows one to reach a better agreement
between data and theory.

3. To my mind the started work is very promising as it
is differs from the traditional search for MPI in hadron-
hadron collisions.



Double Parton Scattering in y+3 jet events

DO note 5910 - CONF (2009)

Basing on previouse measurements of direct photons
production at DO in Runll:

1. Inclusive isolated photon production

DO Collab., Phys. Lett. B 639, 151 (2006)

2. Inclusive photon+jet production

DO Collab., Phys. Lett. B 666, 2435 (2008)
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Inclusive isolated photon production

DO Collab., Phys. Lett. B 639, 151 (2006)

» Plotted: p* weighted bin centers

» Large range: 23 — 300 GeV

» QCD test at >5 orders of magnitude
of cross section variation

» Compared to JetPhoX (NLO QCD)

» BFG photon fragmentation functions
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Data-to-theory comparison
» Results are consistent with theory
» Variation/Shape similar to former
observations (UA2, CDF)
= suggests more detailed check
=>Recent CDF result (2009) agrees
with DO Data/Theory plot.



Inclusive isolated photon production

DO Collab., Phys. Lett. B 639, 151 (2006)

Main selection criteria:

L = 380 pb!

—t

« p>23GeVand|n| <0.9

* Isol < 0.10, EM frac > 0.95, On > 0.5
* Missing Et < 0.7 pyT(cosmics, W - ev)
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¢ Neural Net (NN) is trained to discriminate
photons from EM jets
*EM shower shape + track pT sum is input to NN
¢Tested on Z — ee in data/MC
¢ Photon purity obtained from fit of NN output
for MC signal and EM jets to data



Inclusive photon+jet production

d’c DO Collab., Phys. Lett. B 666, 2435 (2008) | = 1 fp-t
dp; dn” dn™

» Tag photon and jet, = full control of the 2-body kinematics in the final state

» Measurement done in the four photon-jet rapidity regions

> Photons: 30 < p»<400 GeV with [n]|< 1.0

» Jets (cone with R=0.7): pT > 15 GeV and |n|<0.8 or 1.5<|n|<2.5

» Dominant production at p< 120 GeV is through Compton scattering: qg - yq

» Various rapidity regions = various parton x and gg fractions.
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Inclusive photon+jet production

» Cross section is directly proportional to PDFs in a given (x,Qz)

» Probe PDFs in the range

0.007< x < 0.7 and 900 < Q° < (0.4 — 1.0)x10° GeV?

3
2 10°
Triple differential cross section o
» Cross section results are shown with B
stat.+syst. uncertainties i;. 10
» Analytical unfolding is applied to s 1
remove detector resolution effects >
o 10
> Theory: JetPhoX (NLO QCD) with o
CTEQ6.5M and u=us=pur= py;(y*) 10
10°
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Ratio of differential cross sections

Inclusive photon+jet production

Cross section ratios between different regions
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Double Parton Scattering in y+3 jet events

DO note 5910 - CONF (2009)

+ Complementary information about proton structure: Spatial distribution of partons
= Possible parton-parton correlations. Impact on PDFs?

+Needed for understanding many signal events and correct estimating backgrounds

to many rare processes.
¢ Especially important at high luminosities due to additional pp(bar) interactions.

Selections: 60 < photon pT < 80 GeV,
lead. jet pT > 25, other 2 jets with pT > 15 GeV

Main Background: Single Parton scattering

OB

Opp = M*0p " 57—
oTA,08. Cross sections of processes A, B
7. characterising size of effective interaction region

0g/20ef: prob. of 2" interaction, given 15 one
(m = 2(1) when A and B are (not) distinguishable)

16




Effective cross section

OB
ZJEE

Opp =M 04

Factor 2 is due to Poisson statistcs
m is combinatorial factor
m=2 (1) when A and B are (not) distinguishable

02,05 - Cross sections of any processes A,B.
o-tr - a factor characterizing a size of effective interaction region, i.e. contains

information on the spatial distribution of partons.
o:/20.= - probability of 2" interaction B with A already happened.

Uniform parton distribution

— Oerr 1s large and Opp 1s small

Clumpy parton distribution

— Oerr 1s small and Opr 1is large

Parton-parton luminosity as a function of impact N
parameter A and proton spatial density D(r)

Q€D meeting, 23-Jdune-2009




History of measurements

¢ Theoretical discussion on DPS continues for many years (~ beginning of 1980's)
¢ Experimental problem is extracting DP signal from more probable double bremstr.

background.
Typical experiments choose 4-jet sample motivated by a large di-jet
cross section. Measuring Oez: in 4-jet sample: 0%
Opp =
20f

= Measure ooe but need then QCD calculations of 035 to get Oes:
And MC signal & background modeling.

CDF 1997: photon+3jet events. A new, data-driven, method developed:
~ Use of Double interaction (two separate ppbar collisions) and DPS rates from

a single ppbar collision rates to extract 0.::, — reduce dependence on MC

Vs (GeV) final state p7*™ (GeV/c) nrange  Result

AFS, 1986 63 djets p,jift >4 7 <1 0epf ~5mb

UA2,1991| 630 djets  pr' > 15 W <2 oeps > 8.3 mb (95% C.L.)
CDF, 1993|1800 djets Pt > 25 e < 3.5 oepp = 12.171%" mb
CDF, 1997|| 1800  ~+ 3jets ps' > 6 7’| < 3.5

pr > 16 n'| <09 oepr =145+177,% mb




Selections

Vertex: |Z|<60cm, Ntrk>=3.

Jets:

- Midpoint Cone algo with R=0.7

- |n|<3.0

- #jets = 3

- pT of any jet > 15 GeV

- pT of leading jet > 25 GeV

- pT of 2" jete(15,20), (20,25), (25,30) GeV.

Photons:

- photons with |n|<1.0 and 1.5<|n|< 2.5

- 60< pT< 80 GeV (good separation of lead. jet from 2 other jets)
- Shower shape cuts

- Calo isolation (0.2< dR< 0.4) < 0.07

- Track isolation (0.05< dR <0.4)< 1.5 GeV

- Track matching probability < 0.001

- AdR(any objects pair)>0.7

Q€D meeting, 23-Jdune-2009



Different to CDF(1997) this analysis was done:

1. basing on higher Runll statistics :

[ icoF 1997} = 16 pbA-1} ==> L_{D0_2009} = 1.0 fbA{-1}

2. DO(2009) used “gamma + 3jets” events (Purity_gamma~60%)

CDF(1997) used “gammay/piO + 3jets” events .

3. DO(2009) measured at 3 high PT*{Znd-jet} > 15 GeV regions

CDF(1997) meas. at 1 low PT region 5< PTA{2nd-jet} < 7 GeV



Measurement of Oes

At two hard scattering events:

The number of DI events:

At one hard interaction:

Then the number of DP events:

Therefore one can extract:
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Discriminating variables
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— Measurement is done in three bins of 2" jet pT:
15-20, 20-25 and 25-30 GeV
— Data-driven technique: since dijet pT spectrum is
steeper than that for radiation jets the DP fractions
should drop for larger jet pT.
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y+3 jets events topology: DP and DI events

P}

e DI Type 2 DI Type 3
X 4 p:

Q€D meeting, 23-Jdune-2009

B: Single Parton (SP) 1PV production:
single hard scattering with bremsstrahlung
radiation in 1vtx events.

S: Double Parton (DP) production:

1% process produces photon-jet pair, while 2"
produces dijet pair or photon plus 2 jets from 1*
interaction plus 1 observed jet from dijet pair.

B: Single Parton (SP) 2PV production:
Single hard scattering in 1vtx with
bremsstrahlung radiation.

S: Double Interaction (DI) production:
two separate collisions within
the same beam crossing.




“NS—-family” wvariables

— azlimuthal angles between pT-vectors of
the pailirs that give minimum S value.

. v, jet; jetj,jety
AS = Ag (pg 9", pi ™)

> For “y+3jets” events from the single parton interactions we expect AS

to peak at Pi, while it should be flat for “ideal” double parton interaction
when both, 2™ and 3" jets in the “y+3jets” system are from 2™ (dijet)

interaction.

> In reality, one of the dijet jets can be replaced by a radiation jet with
a larger pT what makes AS distribution less flat with a bump closer to Pi.

Q€D meeting, 23-Jdune-2009



Dataset 1: Photon pT: 60-80 GeV, 2" jet pT: 20-25 GeV
Dataset 2: Photon pT: 60-80 GeV, 2™ jet pT: 25-30 GeV
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AS distribution for y+3jets events for pure SP events
(Pythia, particle distribution smeared with detector resolution)
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To be compared with bottom right plots from the previous 2 slides.
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Fractions of DP events
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Fractions of DI events
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Calculation of o::
We sum up all together and calculate cef in the three bins of 2™ jet pT:
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26
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28 30
(GeV)

(
Toff

T eEr.

=151+ 1.9 mb.

TABLE 1V: Effective cross section oeg (mb) found in the three pi$*? intervals (GeV).

ger | 15—20 [ 20-—25 25 — 30
pe? 116.2+28 | 13.8+3.1 | 11.5+4.7

TABLE V: Systematic and statistical uncertainties (in %) for oug.

jfjfu (GeV)| for for |epi/epp| JES R, - 0hara |Syst. Total |Stat. Total [Exp. Total
15 — 20 8.8 11.5 6.5 5.5 2.0 16.9 2.8 17.1
20 — 25 6.9 20.0 6.5 2.0 2.0 22.3 2.3 22.5
25 — 30 11.4 38.2 6.5 3.0 2.0 40.6 2.5 40.6




Summary

In the current analysis we have measured:

- DP fractions in three jet pT intervals: 15-20; 20-25; 25-30 GeV..

It drops from 0.46 at 15<pT <20 GeV to 0.22 at 25<pT <30 GeV.

» Effective cross section O eff has been measured in the same jet pT

bins and found to be stable within uncertainties.

« Results are consistent with previous UA2 and two CDF measurements.






Summary

Tevatron and DO are performing well

Inclusive photon production cross section dza/dpidny Published
In agreement with theory
— Data/Theory shape is similar to UA2 and CDF (Run I);
still needs to be understood

Photon+jet production cross section d3(f/dpydnydnj” Published
— Four y-jet rapidity regions o

— Ratios of cross section between regions

— Some deviations from theory predictions observed

Photon+HF jet production cross section Published
— y+b cross section is in agreement with theory
— y+c cross section does not agree with theory at p;70 GeV

Double parton interactions in y+3 jet events . Preliminary
— Measured DP fractions in three bins of e
— Measured effective cross section in the same bins

— Good agreement with CDF (Run |) measurements.
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DP fractions and effective cross section
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» The measured DP fractions drop from 0.47 + 0.04 at 15 < 2" jet pT < 20 GeV
to 0.23 + 0.03 at 25 < 2"jet pT < 30 GeV.

» Effective cross section is varied for the same bins as 16.2 + 2.8 mbto 11.5 + 4.7 mb
and agree for all jet pT bins within uncertainties. Systematic uncertainties have negligible
bin-to-bin correlations. Averaging over pT bins gives

=151+ 19mb
«

» Good agreement with two previous Run | measurements by CDF
«“A 2 . +1.7 149 1 b _ +1.7
(“4 jets”, o =12.177mb and “y+3jets”, 5 =145+1.7"7mb)
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