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Double parton interactions in + 3 jet events
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Fermilab Tevatron Run I w

sen = T

Run Il started in March 2001
p -* Peak luminosity:3:5 10%2 cm 2s 1
— - Delivered:> 6:4fb 1 (Run 1:0.16 fb 1)
Boos\fer =D it 8-9 fb 1 expected by end of 2010
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Thanks to all colleagues at the Tevatron and D for their conbutions to this talk
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Run Ilb, D detector and Layer Zero upgrade

SMT L Solenoid Magnet
Z Muon Scintillators
I MuonIChamberS\ /
protons Sh ieldinﬁ
—

\\ Excellent noise performance:

SIN =18
10% gain in IP resolutlonf[(pT)]
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)

Direct photons come unaltered from the hard subproc
) direct probe of the hard scattering dynamics

Energy calibration of photons is better than for jets
Large statistics
Direct photons are important background to many physics @eses

Multi-jet production dominates:
Understanding QCD production mechanism is indispensable
in search for new physics
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Photon identi cation w

EM calorimeter

EM shower in calorimeter
Electro- -: ! candidate

Magnetic Shower pro le
Isolation criteria (geometrical):
detection -DeneR=" ( )?+( )2
- lsol = Ewot(R=0:4) Eeu(R=02) . .07
Preshower Eem(R=0:2) _
Very low energy in hadronic calorimet:

No associated track
R( ; Jet) > 0:7 (cone jets,R =0:7)

Background estimation

Origins: Neutral mesons: 0.

+ Instrumental: EM jets
Shower shape (loviT )
Multi photon preshower hits
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Inclusive isolated photon production

D Collab., Phys. Lett. B 639, 151 (2006) L =380 pb 1!

1c

pp! + X: Event selection 2ok
pr > 23 GeV(up to 300 GeV),j j< 09 §osf
Isok 0:10, fracEM) > 0:95, Oy > 0.5 o7t
Er < 0:7p; (cosmics,W! e ) a3
Main background: jets with large EM fraction ij
%S 0.5; Dé e DataZ® ee o 03? e Extracted purity
% [ L=380pb” o MCZ®ee ? o ;ittat. uncertainty
zg 0A4:— 0'1? —— Total uncertainty
| % 50 10010 200 250 300
03F P (GeV)
b ) Neural Net is trained to discriminate
02r * photons from EM jets
Cut onOny > 05 EM shower shape + traclpr input to NN
0.1 .
s O Tested onZ ! ee
R I T 7 L purity obtained from t of NN output
o S = e for MC signal and EM jets to data
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Inclusive isolated photon production

Double di erential photon cross section g I L =380 pt* Dé
Plotted: p, -weighted bin centres F A ‘
g [
Largep, range from 23 to 300 GeV 812 4 rrrrr
BFG photon fragmentation functions F rH """"""""" * """ Jf """"""""""
1 ||jwm [ ]
Compared to JetPhoX (NLO QCD) P -il,‘ﬁuﬂjm,f_i ,,,,,,, .%}L ,,,,,,,,,
e o LT T
3 e d A r
3 10 § — NT_IS QCD De 06 [ —=— ratio of data to theory
35_ r o T CTEQ6.1M PDF uncertainty
= 10° E (me=m=m=p?) Fo scale dependence
5 CTEQ6.1M 04 (m=m=m=0.5p and 2p)
¥ r PRI BN BN RSN AATAE R
_é—_ 10 E 0 50 100 150 200 250 300
7 F P} (GeV)
° o1F Data over theory comparison
10-1; Results consistent with theory
10 7 Systematics (triggers) dominate at lowes;
Variation/Shape similar to former observation
(Tl S P E N I S | (UA2, CDF)
0 50 100 150 200 250 300

pd(Gev) ) Suggests more detailed check
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Prompt photon + jet production

q

Also fragmentation:

Inclusive photon + jet cross section

Fraction ofqg! q+ production ) )
Dominant production at lowp; (. 120 GeV;

| 0<hi<t  — 1<08, yoy">0 through Compton scatteringgg! q+
pe'> 15 Gev Iy*1<0.8, y3y* <0
L k< y*<25, y%>0

jet,

T 15<ly* <25, y%'<0

[

Probe PDF's at lowx (down tox ' 0:007)
- where quarks are constrained by HERA de
) sensitive to gluon density

Test of NLO pQCD
- soft gluon resummation
- models of gluon radiation

Fractionof qg ® qg process
o
o
T

r PYTHIA 6.3, CTEQ6.5M
L L e

30 100 200
ps (GeV)
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Inclusive photon + jet production

D Collab., Phys. Lett. B 666, 435 (2008) L=10f !

pp! +jet+ X: Event selection
p; > 30 GeV(up to 400 GeV),jy j < 1.0
Isok 0:07, fracEM) > 0:96, Oyn > 0:7 0.9
Er < 125 GeV +(0:36p; (cosmics W! e ) 0.7
P > 15 Gev os
jyietj < 0:8 (central), 1:5 < jyietj < 2:5 (forward) 04
4 regions:y yi®t 7 0, central and forward jets 0.2

Dé, L, =1fb*

Iy% <1.0
|ylEl| <08, ygxylel >0

jet

Pt > 15 Gev

[, D&, L,=1m" -+

* Data
—gtjet, Simulation
-~ dijet, Simulation

LNAN/AO,,
o
.

o
w

Cut onOpy > 0:7

jet 9, et

ly"1<0.8, yxy= <0

12

|
30 100 200

Oy
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Inclusive photon + jet production

S EDé Ly=1fb? bi<1, p*>15Gev
Q10 o <08 vy >0
= feso = y¥<08, yhy™ <0
s 100 A 15<y¥| <25, y% >0
F v15< <25,y <0
°_ 10
Z T E(x0.1) 4
ch»— E — NLO QCD
T 103 JetPhoX
o F CTEQ 6.5M
- 10 E
10°
10°
E °
10 & . n
E \4
sL ‘ Ll ‘
10 30 100 200
p$ (GeV)

Theory: NLO QCD from JETPHOX with CTEQ 6.5M PDF's and, =

fly )=

q_
z(L+exp( 2y)),

y =3y
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Triple di erential cross section

Plotted: p; -weighted bin centre:

Analytical unfolding for
detector resolution

Cross section results shown wit
stat. + sys. uncertainties

F= t=pr f(y)

yiet) suggested scale choice by JetPhoX authors
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Inclusive photon + jet production

[N
N s o

[

=g
=)

Ratio of cross sections: Data/Theory
o
S &

0.4

0.2

Data over theory comparison

I Dé

:
Y'<08, y% >0 r
Wi<1 T + |

Pt > 15 GeV

15<|y®|<25, y%/ >0

0.8

0.6[

W

[ 7.8%is overall normalization uncertainty
|

|<08, y™y" <0

9 et jet

15<y

|<25 y™®y" <0

J —+ —* ratio of data to theory (JETPHOX)
theor. scale uncertainty
CTEQS6.5M PDF uncertainty
ratio of MRST04 to CTEQ6.5M
r ratio of Alekhin02 to CTEQ6.5M 1
- "~ ratio of ZEUSO05 to CTI:TQG.SM .

0, fet

? i {‘

Theory does not
describe shape of data
in whole measured rang

Deviation for central
jets at p; > 100 GeV

Deviatio_n for forward
jets(y y*€'>0)
at p; < 50 GeV
Structure similar to

previous observations
of UA2, CDF and D

"¢

30

100 200 30
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Inclusive photon + jet production

Ratio of differential cross sections

10

__ Cross section ratios of di erent regions
Dé D

(1 <08 v <0)
L, =116 D(y*| < 0.8, y%'>0)

D5 <y <25 y&* <0
D5<ly™ <25, y& >0)

10F

Cross section ratio v
p; : reduced systematic

Shapes of measured
Cross section ratios
in data qualitatively
reproducedby theory
in general

But quantitative
disagreemenfor some
kinematic regions,
in particular central jets
over same rapidity side
forward jets
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— 5 —4— J —
E y T ; 1
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4 + e
. T .
Pt 1 e
e e
¢ |
4 '
s
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4 v
L i 1 /,E i
A S
el e
et R | ® data ]
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—--- theory, mF 2.0y
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Inclusive photon + heavy avour jet production

D Collab., accepted PRL, FERMILAB-PUB-08-582-E | =1:0 fb !

b;c Outgoing = incoming quark avour Dominates
QCD Compton dominates fob (c) at large py
uptop; 120 (90) GeV . b;c
) Constraints on HF PDF's X )&
b:c b:c
g w0 D¢, L, =10f" pp! + b;c jet: Event selection
@ 3000 o daa p; > 30 GeV(up to 150 GeV),jy j < 10
C | | ets
ssol- s ciots Isok 0:07, fracEM) > 0:96, Onn( ) > 0:7
g light j )
soof Hk',g+tc'it7ight jets Er < 0:7p; (cosmics,W! e)
: ‘ P! > 15 GeV jy®j < 0:8, (Rets = 0:5)
150 50 < p? < 70 GeV T
B Leading jet:Nack 2, Onn(HF) > 0:85
100} 2 regions:y y€t>0, y yet<Q
SOf Q
05 e iy, - Fitting Purjer =  In = ; Prob,q templates of
2 4 6 8 10 12 b, ¢ (MC) and light jets (data) to shape of dat
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Inclusive photon + heavy avour jet production

Triple di erential cross section Data over theory comparison
3 . 218D L =10 |yj<o0s8 F <0
Plotted: p -weighted bin centres  § ;S"e‘m; . I;”QL o8 |y
. . ST > 15Gev [
Pur jet tin each bin S1af 9+b+X P
O12F
For +b+ X and +c+ X i3
i jet s 08f
In Ui regl-glnsy y 0 06i —e— data/ theory
andy y®<o0 OF CTEQ6.6M PDF uncertainty |
< E = - R IC BHPS / CTEQ6.6M
> F Dé, L. = 1.0fb ° ygyJEI >0 - IC sea-like / CTEQ6.6M
8 10 n . ygyjel <0 F - Scale uncertainty o ) )
3 Fgresx ® asf YY" >0 Eoyy<o
~ [ e NLO QCD TF gtc+X g+c+X
~ LF . CTEQ6.6M| 3 3
3 E =9 3
£ 10tk o . Mhei” Pr 25¢ 3
z E gtb+X o » ‘
caQ:— C ] [ ]
T 10%F LY W (x3.0)
a E
] L (x1.0)
o 1g%LF vl <10 °
E et E L L L L L L L L L L L L
F If |<0.8 * (x0.3) 40 60 80 100 120 140 40 60 80 100 120 140
10%£ P >15Gev " (x0.1) Py (GeV,
o b b b b b b o Iy
0 20 40 60 80 100 120 140 No agreement for + c jet at p; > 70 GeV
g
p; (GeV)
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uble on scattering int 3 jet events

New: D Collab., prelim., D note 5910-CONF L=10f !

Complementary information about proton structure: Spdtiistribution of partons
) Possible parton-parton correlations. Impact on PDF's?

Background in signal events (important for rare processes)

Especially important at high luminosities (additionpp interactions)

Main background

Event selection - .
- Single parton scattering

60< p; < 80 GeV
Isolated

protiet > 25 Gev
p_IZ_nd, 3rd jet > 15 GeV

DP Type | DP Type Il DP Type Ill

pp=M A 3 2 Signal

A; B: Cross sections of processAs B Double

e . Characterising size of e ective interaction regi‘)'barton

=2 ¢ : prob. of 29 interaction, given % one scattering
(m =2(1) when A andB are (not) distinguishable)
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Double parton scattering in+ 3 jet events

Discriminating variables
r

. 2 . 2
_ (i) (j:k)
S =5 G0 N (F3

r
. N 2 . N 2
_ iPT ()i iPT (5K)j
S = %5 e v S
S = (pT jet; !'l?ti,jetk)

Computed for pair with minimunt
, PYTHIA S prediction

- [ Dé Preliminary
S [
T 250
z
3 [
2C .
L ¢ D5g+3jets, IFSR=ON, MPI=OFF
15[ 4 D5g+3jets, IFSR=OFF, Tune A-CR

25 3
DS (rad)

15 2

Measurements in three bins of®jet pr:
15-20, 20-25 and 25-30 GeV
Using data driven techniques (di pr spectra)

<) Dé Preliminary, L, =1.0fb" (@) @ [ DéPreliminary, L, =101  (b)
S 2nd jet = 2nd jet
2 4 15<p" % 20 Z [20<p"f 25
z i g1y 7
— . —
*™M  Dp enriched *"M  pp depleted
r +D, ps D,
A il
05 o8-
A e A
o-ree" ey o
————a— . Fﬁ—ﬁ'
% 05 1 15 2 25 3 % o5 1 15 2 25 3
DS, DS,
0.
<) Dé Preliminary, L, =10 fb" (c) g Dé Preliminary, L, =1.0fb" (d)
3 S 25
025 o i i
E DP prediction g [SP prediction
z | z 2
O MK M, = 4%
f — 15- L4
015 LDy KD, gﬁ&
. 2
ot 1 +
0.05-——&———4— 05
o L
% o5 1 3 % o5 1 15 2 25 3
Ds; DS,
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Double parton scattering in+ 3 jet even

0.7 . 5 25
g [ Dé Preliminary, L, =1.0fb £ r Dé Preliminary, L, =1.0fb *
Q06 s L
) 3 © 200
o b I [
QO 05F ° L
N F @ F L]
o r s [
E 040 15: ‘ .
g f 8 ¥ .
- 0310 10F
E é [
i
0.2 e from DS, [
o fromDS 50
0.1F Pr [
[ fromDSp. [
0’HHHuﬂumumumumu OT\Hm‘H\H‘\H‘mumumu
16 18 20 22 24 26 28 30

16 18 20 22 24 26 28 30
pr? (Gev) P (Gev)

Measured DP fractions drop from:47 0:04 at 15< p2"* < 20

to 0:23 0:03 at 25< p2"@ ' < 30

E ective cross section varies for same bins from26 2:8 mb to 115 4.7 mb

and agree for all jepr bins within uncertainties

Negligible bin-to-bin correlations

Average over thre@r bins:< ¢ >=15:1 1.9 mb

Good agreement with previous CDF measurementd jet and + 3 jet events
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Tevatron and D are performing well (CDF too)

Inclusive photon production measured
Double di erential cross sectlow

Data/theory variation/shape starts to emerge

Photon plus jet production measured

Triple di erential cross sectlogW in 4 regions and ratios

Deviation from theory, structure similar to previous obagons
of UA2, CDF, D

+ HF jet production measured
+ b production in agreement with theory
+ ¢ production does not agree with theory@t > 70 GeV

Double parton interactions in + 3 jet events measured
In threep?™ ™ bins,< . >=15:1 1.9 mb
Good agreement with previous CDF measurements
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Inclusive photon + jet production

Dé, L, =1fb*

Iy’ <10

Y 1<08, yy™ >0 15<y"|<25, yy* >0

—— Fit1-exp(a+b p:)

Systematic uncertainty
- - — Total uncertainty

0.3 jet g jet
0.2
0.1

0

g et

15< ™| <25, y'xy® <0

ly <08, yxy <0

) 30 1‘00 ) 200 30 ) 1‘00 p? (GeV;
Purity of the selectecop! + jet + X sample as a function of '
p; for each measured constellation of photon and jet rapiditie
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Inclusive photon + jet production

_o2s Dé — Total
9\1 """""" Purity
] ~ 7 Photon selection efficiency
QL 02
£
8
@ 0.15
o
c
=
£ 01
©
(S
L
23 0.05
(9]
0 ! L !
30 100 200
(¢]
p; (GeV)

Total and main sources of systematic uncertainty for the €s0
section measured in thg//®'j < 0:8,y  y/® rapidity region
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Inclusive photon + jet production

s C
E JetPhoX 1™ JetPhox
@ 11 s T
= r a I
S EOT
a,a_ - g 0.9 j
E T 3 |
e s [
L 5 L
- P S 0.8 . .
<1 Iy*| < 0.8, y%/* >0 g %L i<t — ¥ <08, Py*>0
o, Y| <08, y/* <0 S | esaiscev Y <08, Yy <0
09F Pf'>15Gev 15< <25 y >0 & | pr > 15 Gev 15< ¥ <25, ¥y >0
i T 1<y <25, vy <0 L T 1B <Y <25, Yyt <0
C L L L M| n n " " | " "
30 100 200 0.7 30 100 200
p¢ (GeV) P (GeV)
. . . ... Ratios of predictedpp ! +jet+ X cross
Ratio of prdicted cross s_ectlons with section with just direct (non-fragmentation)
rRieif = Prf(y ) to those with gr:pf =  contribution to total (direct + fragmenta-
pr in each measured region tion) contribution in each measured region
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Double parton scattering in+ 3 jet events

5, 03[ .
=k . 2 P
2 [ DéPreliminary =02 Dé Preliminary
05 4, 5 PYTHIA, Tune AC-R
z I Z [ e e )
S ak PYTHIA, Tune AC-R Fogsl - Mg+ 3jets
. B . D pflz, g+3jets re h, Dijets ', s
0.15[ A el " L L] £
: P, Dijets 01f 3 R
0.1:7 $ r [ )
[ ¢ 0.05 [~ . .
0.05[ ¢ ° [ .
i ‘e, Lo [
I I LY 17 L ! | gt el L L L | | | | Lo
10 20 30 40 50 60 70 80 4 -3 -2 -1 0 1 2 3 4
P (Gev) et

Dierence inpy (left) and (right) spectra between the second jet in+ jet events (black circles)
and the rst jet in the dijet events (red triangles), generad with Tune AC-R MPI model, initial
and nal state radiation switched o .
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on scattering int 3

04F
%) = . - _ -1
= £ Deé Preliminary, L, =1.0fb
©035F
> |-
©] C
o 03fF
S r
c0.25F
2 L
8 02F
S
0.15F
£ e fromDS;
0.1F o fromDS, s
L T
r fromDSp. I
0.05F N
r© fromjet CPF
L e T

16 18 20 22 24 26 28 30
pr? (Gev)

Fractions of DP events found with S, §,; and Syo variables in the threepﬁ"d ®intervals.
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