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~ _AVIOTIVATION TO STUDY DP EVENTS

e New and complementary information about proton structure:
- spatial distribution of the partons within proton;
- possible parton-parton correlations.
e Needed for an understanding of nature of signal events and correct estimating of
background to many rare processes especially with multi-jet final state, for example SM
Higgs and SUSY productions.
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Each Higgs production
channel can be accompanied
by Double Parton background
event!

Some of them can be
significant even after current
signal selections.

Same 1s true for many
other rare processes!



o pp - Double Parton cross section
for processes A and B.

04 , Op  _cross section of any processes A, B.

O g / O-Qﬁ - probability of 22 interaction B with process A has already happened.

O - factor characterizing size of the effective interaction region.

O o contains information about the parton spatial density distribution:
€

Uniform parton distribution: 0 off is large and O, 1s small;

Clumpy parton distribution: O .t is small and O pp is large.

14 APRIL 2011 Alexander Verkheev 4



__#BRHISTORY OF THE MEASUREMENTS

Experiment /s (GeV) Final state p7'" (GeV)

11 range Oeff
AFS (pp), 1986 63 4jets  prt >4 7t < 1 ~ 5 mb
UA2 (pp). 1991 630 4iets  pit > 15 7| < 2 > 8.3 mb (95% C.L.)
CDF (pp), 1993 1800 djets pit > 25 7t < 3.5 12.17;%" mb
CDF (pp), 1997 1800  ~+3jets pp > 6 et < 3.5
pp > 16 7 <09 14.5+1.775% mb
DO (pp), 2010 1960 vy +3jets 60 <p). <80 [y [<1.0]
15 < pi? <30 1.5 < n7] < 2.5
\ 7’ < 3.0 0orp = 16.440.3(stat)£2.3(syst) mb

DO, Phys. Rev. D81, 052012(2010)
AFS'86, UA2'91 and CDF'93

choose 4-jets sample motivated by a large dijet cross section.

CDFE’97, D010
v+3jets events, data-driven method:

use rates of Double Interaction (two separate ppbar collisions) and Double Parton

(single ppbar collision) to extract O g from their ratio.

It reduces dependence on Monte-Carlo and NLO QCD theory predictions.
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-TON EVENTS TOPOLOGY

3

5 i gp Signal
Double Parton (DP) 1-vtx production: 1st

g . .
$ H parton process produces y-jet pair; 2nd
§

process produces dijet pair.
jet3 Background

Single Parton (SP) 1-vtx production: single
hard y-jet scattering with 2 radiation jets.

MOTIVATION OF CHOOSING 2™ JET pT BINNING

Jet pT from dyjets falls much faster than that for
radiation jets, 1.e.

= Fraction of dijet (Double Parton) events should
drop with increasing jet pT.

Measurement is done in three bins of P :
15-20, 20-25, 25-30 GeV (serves as a pT scale of
the 2" parton interaction).
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__ABNDOUBLE PARTON MODEL

DOUBLE PARTON MODEL built from DO data.
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A: v+ >1 jets from 1-vertex y + jets data events;

B: >1 jets from 1-vertex dijet events.

- A & B samples have been (randomly) mixed;

- jets have been re-arranged (in pT decreasing order).

- Events should satisfy y + >3 jets requirement.

- AR(any objects pair)>0.7

Two scatterings are independent by construction.

Type 1 Type 11

Alexander Verkheev

One jet from dijets can
be not reconstructed or
beyond the kinematics

region.

Type II 1s dominated in
our measurement.



__aBDISCRIMINATING VARIABLES

AS variable:

AS = A¢ (pr(v,1), prd.k)) P ¥

A@- an azimuthal angle between
two pT-balanced pairs.
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In Single Parton events AS 1s expected to peak at &
due to the pT conservation in an event, while 1n
Double Parton events it should be flat due to the
independence of two parton interactions.

In practice, 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 7.
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__#BNTHETWO DATASETS METHOD

bin 15-20 GeV
Dataset 2 - “DP-poor”, bin 20-25 GeV

o | _ E o |
ﬁ“EE—E _=1.0"(a) 218} (b)
=1.6- —® Data =1.6p & Data —&-
z1.4f DP model, xf, 1 =14f DP model, xf,
T1.2¢ SP, x(1-f) T1.2r SP, x(1-f,)
3 iz 1t pi2
0.8} 15-=.'.p_|_ < 20 GeV 0.8} Eﬂf.:p_l_ < 25 GeV
0.6 - 0.6} *
0.4°¢ - 0.4F .
02F - 0.2f -
= —8— S _m——
D D5 1 15 2 25 3 D 05 1 15 2 25 3
AS, AS,
‘g " Data vs. DP model (c) 325 - Data prediction for (d)
= ol prediction = . SP events
z | ® Data z | 58 15<p; <20 GeV
- DP model Tasl i
: 18 ED:pJEEc:EE GeV
0.1F + _+_ + 1
- — 0.5F +‘lr
h i ﬁ_t-ég:%'
D D5 1 18 2 25 3 D 05 15 2 25
S'IJ 'IJ

Dataset 1

Data are corrected to

- “DP-rich”,

remove the SP contribution
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Each distribution can be expressed as a
sum of DP and SP.

D, f,xDP, +(1— f,)x SP,

D, = f,xDP,+(1— f,)x SP,

Fraction of Double Parton 1n bin 15-
20 GeV ( £,) 1s the only unknown
-> get from minimization.

a) Distributions for the 1st dataset:
data, DP model weighted by found
fraction f, and SP contribution.

b) Distributions for the 2nd dataset:
data, DP model weighted by fraction
and SP contribution.

c) Residuals of the two dataset
distributions of Data and DP model
prediction in two datasets.

d) Extracted SP distributions in the
two datasets, obtained by subtracting
the DP contribution from the Data
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Fractions drop from ~46-48% at 15< p” %20 GeV to ~22-23% at 25<p/**<30 GeV
with relative uncertainties ~7-12%.

CDF Run I: 53+3% at 5-7 GeV of (uncorr.) jet pT
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__#BNCALCULTAION OF g,

5 [ Dol -10f 0 o4 values in different p/* bins agree with
[ " Tint ' C g . .
e 255 cach other within their uncertainties
° 2f | | (also compatible with a slow decrease with pT).
- L .. .
3 l 3 Uncertainties have very small correlations
: | ¢ between p;'* bins.
10;_ One can calculate the average (weighted by
5 uncertainties) values over p2"~ bins:
T R T S—T) ave _ b
| — + = m
e Gevy O 16.4 = 0.3(star )= 2.3(syst )
CDFRunl: g 4 is 14.5+1.7°57 mb
Main systematic and statistical uncertaimties (in %) for 0 i
p',j;tz Systematic uncertainty sources Osyst Ostat Ototal
(GeV) fpop fo1 epp/epr JES  Reonara (%) (%) (%)
15 —-20 7.9 17.1 5.6 9.0 2.0 20.5 3.1 20.7
20 —-25 6.0 20.9 6.2 2.0 2.0 22.8 2.5 229
256 — 30 109 29.4 6.5 3.0 2.0 32.2 2.7 32.3

14 APRIL 2011 Alexander Verkheev 11



__*BNNTUNING MPI MODELS

Motivations:
By measuring differential cross sections vs. the azimuthal angles in y+3(2) jet events

we can better tune (or even exclude some) MPI models in events with high pT jets.

Differentiation in jet pT increases sensitivity to the models even further.

—=>Y

Y y p.l.

Four normalized differential cross sections are measured
- AS(y+jetl, jet2+jet3) for pj’ft ? 15-30 GeV (larger for stat. reasons but still has good
, sensitivity to MPI models)
Jet

- AD (y+jetl, jet2) in 3 bins of p;" " 15-20, 20-25 and 25-30 GeV
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__ NN CROSS SECTION

wn C _ E
@ [oeL,-iob
B [ @ pa: 50 < p’ <90 GeV
L) A Pythia, tune A e BT'O GeV
=T Pyhia, tuneDw 1 7 U0 .
had Pytia, une S0 19 <p <30 GsV *
@ 1E A PyhiauneP0 P> 15 Gev .
L) - < Sherpa, with MPI
- | O Pythig, no MPI §
s Sherpa, no MPI o
| 1.7 Total uncertainty 3
A O
107 = ¢
E A ; ; a
i + o
l - 0
I L ‘ 1
o -
8 1.-¢'I-E
I'E L & L LU L L L L b S f
-~ 1B A & A A LT
E 08 ST e e B...ooeecERe ‘ 5
m C .
O p.6 - A
0-4:_| ”‘I T L | ' | P
0 05 1 15 2 2.5 3
AS (rad)

DO, Ph

Data / Theory

(1/6.y) do, ,/dA

10

107

10°

2 b o -
O I R U

ys. Rev. D 83,052008 (2011)

« MPI models substantially differ from any SP prediction.
» Large difference between SP models and data are confirm presence of DP events 1n

the sample.
» Data are close to Perugia0 (P0), SO and Sherpa MPI tunes.

The conclusion 1s valid for both the considered variables and all pT intervals!
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~ _ABOUBLE PARTON FRACTIONS

e In y+2 jet events in which 2™ jet is produced in additional independent parton
interaction, A (y+jetl, jet2) distribution should be flat.
e Using this fact and also Single Parton prediction for Ag (y +jetl, jet2) we can get
Double Parton fraction from fit to data.
e Sources of uncertainties: (a) syst+stat (~10-20% ) for data cross sections and

(b) SP models (~10-15%, Sherpa and Pythia).

DP fit for 15 <P < 20 GeV

TE PP T
DP fdp + 5SP(1 -fdp]

§ - DAL _=10fo" 15{pr:2[} GeV s
:;'?T 1¢ ® Data .
i + DP model 4

5‘ - = SP model s

E £y)=0.116+0.010
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DP fractions and uncertainties 1n vy +2 jets

pujjz‘jtz (pj;m) gﬁj Uncertainties (in %)

(GGV) (GGV) (%) Fit 51;01; SP model

15 — 20 176 11.6 1.4 5.2 8.3 6.7
20 — 25 22.3 5.0+ 1.2 4.0 20.3  11.0
25 — 30 27.3 22+0.8 278 21.0 179

CDF Run I: 14f§ % at jet pT > 8 GeV and
photon pT > 16 GeV
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~ SBOUBLE PARTON FRACTIONS

e Double Parton fractions should depend on A¢ (y+jetl, jet2) intervals:
the smaller A® angle the larger DP fraction.

e We can find this dependence by repeating the same fits in smaller A¢regions.

DP fit for 15 < p/?< 20 GeV DP fractions as a function of the upper
0 <APp<2.15 limit on A¢ for 3 bins of p.°
1 n 0.9 - )
Ea - . ga;ta Ny 15<pffz{20 GeV E D.BE—D@ Liy=1.010 s 15 -:p’fL2 < 20 GeV
g 1f T : o | o 20 <p? <25 GeV
= - ® SP model O o7 Ltz
X DF 1, + SP(14,) R S 25 <p" <30 GeV
= ¢ o 0.6
o i | ;
- 041
o . 3 }
_ ! +
g 021 b .
£,, — 0.450 + 0.024 01 v -.-
o |
I R 6 18 2z 22 24 26 28 5

Ad (rad) Ay (rad)

Fractions of Double Parton events increase toward to smaller angles and smaller jet PT.

14 APRIL 2011 Alexander Verkheev 15



N SUMMARY

In the y+3jets analysis we have measured:

» Fraction of Double Parton events in three p/ intervals: 15-20, 20-25, 25-30 GeV.
It varies from about 47% at 15-20 GeV to 23% at 25-30 GeV.

= Effective Cross section (scale parameter, defines rate of Double Parton events) o off n
the same p.*' *bins with average value:

0, =164 +£0.3 (stat)+2.3 (syst) mb

The found O .4 1s in the range of those found in CDF measurements it might indicate a
stable behaviour w.r.t. the energy scales in the parton scatterings.

* Normalized differential cross sections for AS(y+jetl, jet2+jet3) and A (y+jetl, jet2).

Data prefer the Sherpa and Pythia MPI models (PO, PO-X, PO-hard) with pT-ordered
showers.

* Fraction of Double Parton events 1 y+2jets: 11.6% at 15-20 GeV to 2.2% at 25-30 GeV.

* Fraction of Triple Parton events in y+3jets: 5.5% at 15-20 GeV to 0.9% at 25-30 GeV.
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THANKS FOR YOUR ATTENTION!
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BACK-UP SLIDES
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-UREMENT OF o,

At two hard scattering events:

The number of DI events:

At one hard interaction:

Then the number of DP events:

Therefore one can extract:

O-hard O-hard

0-75] O-J]

N, =2

O-hard O-hard

O O
Frp = [ ]
O-hard O-ejj”

W

O-l]

Npp = Ne¢ (I)ADPEDPEIWX

O-hard O-e]j‘"

Ne¢ (Q)AD18D182vtx

N C (1) ADP Spp Clvx

0- ar
2NC(2) Apr epp Ex o

14 APRIL 2011

Alexander Verkheev

19



__#BNNSELECTION CRITERIA

VERTEX:
- |Z|<60cm,
- Ntrk>=3

JETS (pT corrected):

- 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" jet: (15,20), (20,25), (25,30) GeV.

PHOTONS:

- photons with n1|<1.0 and 1.5<n|< 2.5

- 60< pT< 80 GeV (good separation of 1% and 2" parton interactions)
- Shower shape cuts

- Calo 1solation (0.2< dR <0.4) < 0.07

- Track 1solation (0.05< dR <0.4) < 1.5 GeV

- Track matching probability < 0.001
- AR(any objects pair)>0.7
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20



__ .~ SOME FORMULAS

1. “S-family” variables:

14 APRIL 2011

2. Data-driven method:
D, = ﬂMl+(1_ﬁ)Bl
Dz szer(l_fz)Bz

D, - KD, = f.M,—;KCf.M,

From SP MC From MixDP
;{:i K = (l_fl) C_Q
Bz (l_fz) fi

We assume that MIXDP sample models correctly
properties of DP events

B f2 B N 2DP NIDATA B Nﬁ;/HXDP NIDATA
C= f1 B NzDATA NIDP a N;)ATA NIMIXDP

F =D, - fiM, - KD, + JKf.M,|/ o
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~ SOUBEE PPBAR INTERACTION MODEL

Built from DO data by analogy to Double Parton model with the only
difference: ingredient events (y+jets and dijets) are 2-vertex events.

In case of 2 jets, both jets are required to originate from the same
vertex using jet track mformation.

Main difference of Double Parton and Double Interaction signal events
and corresponding SP backgrounds: different amount of soft unclustered
energy 1n 1-vertex vs. 2-vertex events

— different photon and jet ID efficiencies.
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UBLE PPBAR INTERACTIONS

To calculate 0,5 We alsoneed N, = f,, *N, .
use AS shapes and get f; by fitting DI signal and background distributions to 2-vertex data.

0

% 1.4;— L =1.0fb"
g 1.2] ® 2Vix data
— 11_ Prediction for 2Vix data
=  DImodel
0.8 -
- 15<p" <20 GeV
0.6 ®

e
=
II|II

®

0.2\ ok
B [ ]

o 05 1 15 2 25 3
AS,

Total sum of DI signal+bkgd, weighted
with DI fractions, 1s in agreement with data
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0.1 rg
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L Lo | | | | |
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Main uncertainties in DI fractions are from
building DI signal and background models
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__JGRBGUEATION OF Ne(n) AND 0,

Total number of ppbar events with 1 and 2 hard collisions, Nc(1) and Nc(2)
are calculated from the expected average number of hard interactions
at a given instantaneous luminosity /. . :

n = (Linst /fO )O-hard

using Poisson statistics.

/, is a frequency of the beam crossings at the Tevatron in RunlI.
0., 18 hard (non-elastic, non-diffractive) ppbar cross section.
It 1s 44.7+2.9 mb : from Run I — Run II extrapolation.

RC ~ NC (1) O-hard
2 Ne (2)

= 52.3 mb

Variation of 0, , within uncertainty (2.9 mb) gives the uncertainty for Rc of
just about 1.0 mb: increase of O, ; leads to decrease of Nc(1)/N¢(2) and vice versa.
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S SECTION
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__sBNTRIPLE PARTON FRACTIONS

v+3;jet final state also can be produced by Tripple Parton interaction (TP).

In y+3jet events all 3 jets should stem from three different parton scatterings.
To estimate the TP fraction the we used results on DP+TP fractions and
fractions of Typel(1l) events found 1n our previous measurement.

TP 1n y+3jet data 1s calculated as:

f?’3J fdp+tp fdyp3itp
The fraction of TP in MixDP can be found as:

ot 5 ) Type | Type Il
ftpp p_FtypeU ' dprJrFWpeI °fd£ » .1\
f dy;iq, - measured in previous DP analysis; .o #,
Jiv dp - estimated using dijet cross section; ) )
(a) (b)
72]
Sy - measured;
etz (GEV) f"‘f 37 "‘f 3}/ V37
Fiuper (1) - found from the model (MixDP). (GeV) (%) (%)
Probabili d h : 15 — 20 5.5 = 1.1 13.5 + 3.0
robability to produce another parto?l scattermg 20 — 95 91 +06 6.6+ 2.0
1s proportional to R = / the f,”’ . ratio 25 — 30 09+03 38+1.4
r3j
should be proportional to ﬁ i
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__aBBARTON'SPATIAL DENSITY AND .,

Double Parton
Cross section

g

Double Parton
scattering
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0120
Odp = Z/ 12 34Dp(561,3:3)D15($2,:E4)d$1d:t:gda:3d$4

Effective cross section 0 .4 is directly related with
parton spatial density:

O';f{]c = [d?B[F(3)] 2 B 1s impact parameter

F(3) = [[b)f(b — 3)d%,

where f(b) 1s the density of partons in transverse space.

=> Having 0, measured we can estimate f(b)
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