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w The D@ and CDF detectors

» Data taking efficiency (D@ & CDF) = 90%

» Multi purpose detectors with
broad particle ID capabilities

» Stable detectors and triggers

Preshowers

» Calorimeters (— jets, e, v): Fine
granularity and good energy resolution
D@: Anx A¢p ~ 0.1 x 0.1
CDF: An x A¢ ~ 0.1 x 0.26

SVXI+ISL | LN e |

» Central tracking systems (— charged particles) coT -\
Muen chambers/scintillaters

» Muon spectrometers (— muons)



Outline

* Jet Production

* a) Inclusive jets

* b) Dijets

°* () 3-jets

e Z/W + Jet(s)

* Photon Production (+ Jet)

* Double Parton
Interactions

* Diphotons
* Hadron Production
* Underlying Event
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CDE/DO  Inchusive jets n=<0.7
D0 Inchisive jets <3

Fixed Target Experiments:
CCER, NMC, BCDMS,

E665, SLAC
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largest high pT cross
section
at a hadron collider

antiproton

In the absence of new physics:

theory @NLO is reliable (£10%)
- Precision phenomenology

- sensitivity to PNDFs - high-x gluon
- sensitive to (v ¢

Unique sensitivity to new physics:
- new particles decaying to jets,

- quark compositeness,
- extra dimensions,

fractional contributions

(7).
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Inclusive jets

Production

Calorimeter-level jets
% y_ﬁ : ~ -IL
T LB Unfold measurements to
| Hadronic showers ’ . the hadron (particle) level
\‘ 5 EM show IS

Hadron- IeveI Jets

\
\ Hadronlzatlom
S L /

Correct parton-level theory
for non-perturbative effects
(hadronization & underlying event)

Jets are collimated spray of particles
originating from parton fragmentation.
- To be defined by an algorithm

Underlying event




* Inclusive jets w

Jet “Definitions” - Jet Algorithms

Midpoint cone-based algorithm Infrared unsafety:
] CLusterobjects based on their soft parton emission changes jet clustering

proximity in y-o space

[0 Starting from seeds (calorimeter
towers/particles above threshold),
find stable cones
(kinematic centroid = geometric center).
[0 Seeds necessary for speed, however source of infrared unsafety.

O Inrecent QCD studies, we use “Midpoint” algorithm, i.e. look for
stable cones from middle points between two adjacent cones

[0 Stable cones sometime overlap

- merge cones when p; overlap > 75%

More advanced algorithm(s) available now, but negligible effects on this measurement.



* Inclusive jets w

Jet “Definitions” - Jet Algorithms

kr algorithm
B Cluster objects in order of increasing their /‘,
relative transverse momentum (kr) , g B

. AR @ @ a
2 2 2
] dﬁ=13'T,i~ clij=11u11 (IJT,i"pT,j) o7 d({

e O

until all objects become part of jets
m D parameter controls merging termination and Ky jet Cone jet
characterizes size of resulting jets

B Noissue of splitting/merging. Infrared and
collinear safe to all orders of QCD.

m Everyobjectassigned to a jet: concerns about vacuuming up too
many particles.

B Successful at LEP & HERA, but relatively new at the hadron colliders
O More difficult environment (underlying event, multiple pp interactions...)



Inclusive jets , CDF
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Inclusive jets , CDF

Midpoint Cone vs KT algorithm: good agreement over a large range of
yand P T
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w Inclusive jets , DO

>10"E DG Run Il * |y|<0.4 (x32) Phys. Rev. Lett. 101, 062001 (2008)
105 E o 0.4<|y|<0.8 (x16)
F m  0.8<|y|<1.2 (x8) | ; : ;
1OEE o 1.2<lyl<1.6 (xd) 6 lyl intervals with 110 data points
-10*E s 16<lyl<2.0(x2) | *L=0.7 fb-1
10°F & 20<lyl<24 *FASTNLO(based on NLOJET++) and the

PDFs from the CTEQ6.5M are compared

to the data

*correction for nonpertubative effects (underling
events and hadronization) was done by PYTHIA

*8 orders of magnitude from PT=50 toPT>600GeV

1E (s =1.96 TeV
10'E L=0.70 fb"
102E R pne = 0.7
10°5 — NLO pQCD

10 +non-perturbative corrections

10°e CTEQ6.5M Mo=M_ =P,

-6 1 1 1 L1 | 1 1 1 | 1
10" 50 60 100 200 300 400 600 p; (GeV)
data/theory (CTEQ6.5M)
E DBRUNIl Rype=07 ¥ NLOPQCD p_=p_=p, I e Dam ; _
156 L =07010" %— +non- perturbatwe LN + Systematic uncertainty’ il = === CTEQ6.5 Uncerta|nty
B P Nt K 3 i | MRST2004 predictions
05k T ﬂ I t J|* factoriz. and renormaliz. scales

E |yl <0.4 T04<]|y|<08 T 08<lyl<1.2 ] .

S A e A RS S A R £ SN R i uncertanties ~10% --15%

E < scale uncertain o : i inti ] / ] . . .
WA i A it i | K 1| * the full systematic uncertainties
Rl el L T B5SRan il are similare in size to PDF

L ¢ L ] \ ]
0.5F = o T a ]

F1.2<|y[<16 F 1.6 < |y[<2.0 f20<|yl<24 : uncertanies.

0.0.'_1. SSS I\r 3 I\YYl , I__m 5 I;_mﬂ(\& 3

50 100 200 300 50 100 200 300 50 100 200 300 p (GeV)




Strong coupling constant from DO inclusive
jets data

previous CDF result from Run I[:
PRL88, 042001 (2002)

proton

antiproton

v

(Y 5 X 5

[Tpert(‘f-ls) — (Z (1:: “n) & fl (n's) & fﬂ ((15}

mn

Uthecry(ms(ﬂ{Z)) = Opert (&s(ﬁ'fZ)) * Cnon-pert



w Strong coupling constant from DO inclusive
jets data

22 (out of 110) inclusive jet . _Phys. Rev. D 80111107(R) (2009)
Xsection
data points at 50 < P_T < 145 GeV

. The only Run Il result on alfa_s
NLO + 2-loop threshold corrections . -

MSTW2008NNLO PDFs

From combined

HERA jet data: (M) =  0.1189 +/-
vJv . e 0.0032
“Wor oy 0.1184 +/-
average”: as(Mz) = 0.0007

DO: o (Mz) = 0116155040



SLrong coupiing constarnt irorm Vv Imnciusive jels

Review of Particle Physics 2008
- 0 (p7) from inclusive jet cross section — — . —
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Combined &Xs(Mz)

Based on 22 inclusive jet data points with x-test<0.15

‘ Combined Xs(Mz):

+0.0041
xs(Mz) =0.1161 55045 NLO + 2-loop threshold corrections
=0.1202" 00  NLO

ABLE I Convral values and aneertainties due to different sonrees for the nine o, (g ) results and for the combined e, (MW z
sult (hottom). All unecertainties are multiplied by a factor of 10°.
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d°c/dx, dy (pb)

ratio

Inclusive Jets: Tevatron vs. LHC

- Tevatron results will dominate high-x gluon for some years

inclusive jet production

of

Tevatron sgrt(s)=1.96 TeV “,
10_5E ==== |HC sqrt(s)=14 TeV A

300

Tevatron Run Il / LHC b
200 F-oo-- boededen e oo oo Ll

100 _ ................. .......... ....... ...... _
0.05 0.1 0.2 0.4
X1 = 2p{/sqri(s)

PDF sensitivity:

> co Aoare jet cross section at
fixe
= 2 p;/ sqrt(s)

Tevatron (ppbar)

>100x higher cross section @ all
Xt

>200x higher cross section @ X,
>0.5

LHC (pp)

need more than 2400 fb!
luminosity
to improve Tevatron@12 fb!

« more high-x gluon contributions

* but more steeply falling cross
sect.
at highest p; (=larger

uncertainties) 19



Dijet Mass Spectrum , CDF

Phys. Rev. D 79, 112002 (2009) W

central_dijet production |
y|<1

test pQCD predictions

—
=]
=4

= 107E .
+ sensitive to new Yo F Midpoint, R=0.7, [y™"%|<1,L,, = 1.13 b
particles S 100 | —e— Data
+ decaying into dijets: O . 2f % —o— NLO: NLOJET++, CTEQ6.1M
° excited quarks, Z', W', g g '.' corrected to hadron level
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g9 ’ . e - * . [ ] Systematic uncertainties
« color-octet, techni-rho, == 1F .
axigluons, colorons s F .
— 107 .
> 3 . S f e
S [ Midpoint, R=0.7, [y"*"%|<1, L, = 1.13 b < 1{]'2%— —
£ [ —e— Data/NLO (CTEQ6.1M, p=py®"(jet1,2)/2=p,, R,,.~1.3) aF .
- 2-5__ I:l Systematic uncertainties 10 g_ -
= s PDF uncertainty from CTEQ 104 |- ==
Q IRPEEPRRRRS (MRST2004) / o(CTEQSE.1M) = —
2 of2 x py) / olp,) 10°Ek-  CDF Run II Preliminary _T
: """"""""" GtWithOUt HS‘EP) ! G{R599=1h3:] 4| 10-5 E [ ISR T T AT SO TR TN AN TR TN TN AN NN SN TN AN TN NN T NN TN SN T A
150 200 400 600 800 1000 1200 1400
il M, [GeV/c']
|
B - data with Mjj > 1.2 TeV!
0.5~ CDF RunII - all described by NLO pQCD
E liﬁ % Iur‘r:inc:-sit{o,r unlcertainty Inot includtlad l l no IndlcatIOnS for resonances
0 1 1 L 1 Il L 1 Il L 1 Il L 1 Il L 1 Il L 1 Il o 0 0
200 400 600 800 1000 1200 1400 - set limits on new particles

M, [GeV/c’]



Dijet Mass Spectrum ,
CDF

FHYSICAL KEVIEW L) /Y, 1 1IUUZ (IUUY)

e COF RunliData (1.12) | | Phys. Rev. D 79, 112002(2009)
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Dijet Mass Spectrum , CDF

Phys. Rev. D 79, 112002 (2009) W

= 10
"E 10°E . % COF Run Il Data (1.13 /0 )
& = - 1{|i‘ samas Fi
[0 Test pQCD predictions 3% \:.\ et s (1= 1= 1= 1
by @ . o=
[0 Sensitive to new particles EP E.E;m.:;‘*-._
Ll L] L - E N-] i
decaying into dijets: excited I OGS Fiom,
. 1:. ?I][IGE'I.ITI:
quarks, heavy gluons, techni-p, © 1:: nmm\*-lv e
.1 -
E't.l.-. 1“1 l'll'rl]-:'.:l'l.l'
200 400 0D EQD 1000 '12EIEI 144
. . . m, [GeVic
Dijets with jets [y*'[<1  « Consistent with NLO pQCD
N T — « Most stringent limits on many new
£ L el heavy particles
=2 FOF uncaraimly kom STEQ 1!
E --------- afMASTAEM )/ o CTEQE. 1My E ) -‘“"-,I i B CL Wi [l AS 3 Tl
2 e e M, ECL ik [l e )
atwithcul B/ =l =15 — - .. Taptruhn
1.5 . b .:. ™ R — R G )
__,_4—-—'_' - eE A — Exrilad qpark
e S X i ™ . v haglenTenn
L I vty l__;* (= — N i‘* L "4, - Efciquk
0.5 CIF Han 11 ‘g E Hfl":— >
T lurmincaily wncariainty net incudend F— b -
| —

| - l L L L L L 3 .
200 i ]n ] 00 800 1000 1200 'Iﬂﬂ_‘lél 1o? s oy
M IGeVie™ 0 ol



Dijet mass spectrum , CDF

is sensitive to new particles decaying into dijets: exited quarks, Z', W’,
Randail-Sundrum gravitons, coler-octet, techni-rho,axigluons, colorons

Results: the most stringent lower mass limits available on excited
quark!, axigluon?, flavor-universal coloron?, E, diquark*, and color-
octet techni-p°.

z
- - W === ga C.L, ls
Excluded mass limits (GeV): : .
q* 260-870
axigluon, coloron 260-1250 g P
L] anm 1-
E. diquark 290-630 A
Prs 260-1100
w1ﬁ 280-84[] E i QRN O lembim
Z' 320-740 a S
PRD 42, 815 (1990).
2 Phys. Lett. B 190, 157 (1987); PRD 37, 1188 (1988). 2 I
3 Phys. Lett. B 380, 92 (1996); PRD 55, 1678 (1997). T g . )
1 Phys. Rept. 183, 193 (1989), @ I
TPRD 44, 2678 (1991); PRD 67, 115011 {2003). ' '
“Rev. Mod. Phys. 56, 579 (1984); Rev. Mod. Phys. 58, :

z " —— ]
= =3 = T 038 wang ]

1065 (1986). Mass [GeV/c®]
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Dijet mass spectrum , DO
arXiv: 1002 .4594v1 [ hep-ex] 24Feb 2010 |

E #20<ly|  <2.4 (x10°)
= -...-16<|y| x<2.0(x10ﬂ)
= 1.2 <| | < 1.6 (x10°) * — -
= i08< |§| < 1.2 (x10%) L =0.7 fb-1
L 0.4 < <0.8 (x10) i
o * 6 |y| - regions
EE —I::)?;\i\:t’i(:l(l{% NLO + non-perturbative >k O < |y| < 24
i_ = (pT,1+ pT,ZHZ
é— Extend QCD test to
; forward region
- NLOpQCD predictions
= (fastNLO, based on
_ NLOJET++ ) using
MSTW2008NLO
o Data with Mjj described by
f_ NLO pQCD + non-Perturbative
- D@ Preliminary corrections
?\]— - 1.96 TeV No indications for resonanses
- L=0.7 fb"’
= Rgone = 0.7
] | | [ | L L1 | L1 | L1 | L1 ‘ |
0.2 0.4 06 0.8 1 1.2 1.4 o4

M,, [TeV]



Ratio of data over theoretical
prediction

(NLO pQCD + non-Perturbative)
usung MSTW2008NLO PDFs

....... CTEQG6.6 prediction too high
----- PDF MSTW2008NLO uncertanty
----- scale uncertainty

Data are well described by NLO QCD
predictions using MSTW2008NLO in
all six rapidity regions.

w Dijet mass spectrum , DO

Data to Theory Ratio |
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* Dijet angular distribution , DO w

Phys. Rev. Lett. 103,191803 (2009)

1/c dcr/dxoIijet

0.14 f_ — Rutherford Scattering
- ---- QCD variabley :: . = exD(|y1 — Yo
otz i Ll i Flgeie Xdijet = exp(|y1 — ¥2])
01 :_ at Lr\ [ [ TR I By ri-l\i._--J.é.;..lng
R — COS
s - - ° Xdijet = 1—cos 6+
| — e — ———
006 = e E E e E T T PR R R L L
B |II | | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 I|
2 4 6 10 12 14 16 |°* flat for Rutherford scattering

* slightly shaped in QCD

- enhancements at low

I xduet exp |y1 y2|
-_—
| 4
R

=

small Ay Iarge Ay 26

* new physics, like
- quark compositeX e 3
- extra spatial dimensions

4



do

1
- normalized distribution— d
Xdijet

- reduced experimental
and theoretical uncertainties

Measurement for dijet masses
from 0.25 TeV to >1.1 TeV
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Dijet angular distribution , DO
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w Dijet angular distribution , DO

- normalized distributionl d

- reduced experimental

and theoretical uncertainties

do

Xdijet

Measurement for dijet masses j;'
from 0.25 TeV to >1.1 TeV %
©
é‘ﬁ
First time:

Rutherford experiment above 1TeV

= o
o © o ©
(8) - O (6 —L

o

—— DJ 0.7fb"
— Standard Model

- == Quark Compositeness
A=22TeV (n=+1)

------ ADD LED (GRW)
M, = 1.4 TeV

ey fon ngn mm nm o m
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w Dijet angular distribution , DO

TABLE I: Expected and observed 05% C.L. limits in units

of TeV on wvarious new physies (NP) models for different
Bavesian priors, and for the Av? eriterion.

Prior flat in Prior flat in Ay” = 3.84
NF Lagrang. NP x-section criterion
Model (parameter) Exp. Obs. Exp. Obs. Exp. Obs.
Quark comp. (A)
n—+1 291 306 276 284 280 2492
p——1 297 306 275 282 282 296
TeV~" ED (Me) 173 167 160 1.55 1.66 1.59
ADD LED (Ms5s)
GRW 1.53 167 147 150 149 1.66
HLZ n=13 1.81 198 1.7 180 177 1.97
HLZ n=4 1.3 167 147 159 149 1.66
HLZ n=5 1.3 151 133 143 135 1.50
HLZ n=26 1.28 140 124 134 125 1.39
HLZ n=T7 121 13 1.yy 1% 1318 132




. oo oo o) e e e
:E ) Mormalized to bin: -0.2 <In (k) <0.0 (N} Phys.Rev. Lett. 102 Q=E_, §,=136'0.5=68 GeV

f 1 Q=E,,, 0.=54"0.5=27 GeV 232002 (2009)
= S0 o —_
o “0 e
2 I 2,4 =
— . =
EI- (| - 10
= L+ . =,
= - MLLA =
2 | =
= = 2
z oo NHWLLA "

LIl = SN PRI TP P TP O Cc) b

|I'I[|-l'._r.|' [EB‘“F‘:J] i ﬂ=E|-|I A, =238°0.5=119 Gev |I'I[|'l'._r.l' [EH“!’II-EJ]

Conclusion: parton
shower dominates,
o hadronization

Modified Leading Log

Approximation MLLA +

local -hadron- parton
Duality (LPHD)

£
GD':'DG
- 0

1IN’ dNidink_/ (GeVic)]
¥

Jet “hardness” — effects are small
Q=E_jet x angle . Sl s
? Pertubative hard or - LPHD i1s supported'
non-perturbative soft w'p ¥ i sty o 15
hadronization domina - --- MLLA [MachetPerez-Ramos] NMLLA describes
te? Pytis nharges i data well over dijet
a (] Pythio partons
R cnececnccccanadlaecis mass range 66-737
=[5 ] 0.5 1 1.5 2 z.5 3

Infk, { (GeV/c)] GeV



w Exclusive Dijet Production, DO

DO Note 6042 - CONF (2010) I
sianal background background

i
<

y

3 P

Dijet Dijet Dijet

IP

p P X p —— ———————
Exclusive diffractive dijet Single diffractive
(EDP) (SDS) Inclusive double pomeron (IDP)
require 2 central jets, oo
study forward region s —
n=00 02 0.4 06 0.8 10

Study mechanism of EDP

production at high dijet
mass

Discriminant: A=

%exp(— > Er}+%exp(- Y Ep)

20< ietal <30 |ietal>30
designed to discriminate _
agalnst _ Discriminate against IDP
different bkgds simultaneously Discriminate against NDF

NDF=non-difractive



(DATA-BKG)/BKG

Exclusive Dijet Production, DO

- Data

D@ Preliminary, 30 pb”’|—= NDF

L

-

=]

- D@ Preliminary, 30 pb’

o

0.2

0.4

0.6

0.8

1
A

Events / 20 GeV

*Discriminant works well
*26 candidate events are
observed in A >.85 region,
* total bkgd prediction is of
4.2
5.4+, events

*4.10 evidence of EDP at high
dijet invariant mass Mjj > 100 GeV

15;_ 1 "'nﬂta
- D@ Preliminary, 30 pb” | NDF

14 SD

12F M IDP

10 —EDP
8- +

6
4
|

o 150 l?l:n::l 300 _
M, [GeV]

|



3-jet mass cross section , DO

DO Note 6043 --CONF (2010)

sections

First Measurement of three-jet cross section at the Tevatron
- First corrected 3-jet mass distribution
- First comparison to NLO pQCD calculations for 3-jet cross

Strategy:

Measure cross sect. vs. invariant
three-jet mass

 in different rapidity intervals
ly] < 0.8, 1.6, 2.4

For the largest rapidity interval

+ for different p; requirements

of the 3 jet
pet3> 40, 70, 100 GeV

Data Set:

0.7 fb-1 inclusive jet triggers

Require at least 3 reconstructed
jets passing data quality and jet id
criteria

« Jet1lp; > 150 GeV

« Jet 2, 3 p; > 40 GeV

« All jets separated by
AR > 1.4 = 2*R .

DO Three-jet Mass Results

distribution

+ First measurement at the Tevatron of corrected 3-jet mass

+ First comparison to NLO prediction for 3-jet cross-section




-""" EVT

e 1
AMysee L AMag, (Z

i=1

Vv

1
_1- 5 Cf.ll]:i INeaT
"_

Rapidity dependence

5‘1[]5 - R W L ST ) RN T B R CO S S I
Em., D@ Preliminary  p 5150 GeV, p, >40 GeV.
2. 3 *|y|<0.8

g aly|<1.6
=10° slyl<2.4 (x4)
510
2 {LNE = 1.96 TeV x

i L=0.7 fb’, R.,.=0-7

10 w

102 Systematic uncertainty

102k — NLO pQCD+non-perturbative

i cnrrectmns 1.1 _p _1I3 {p +p +p }

0.4 'I.'.l E ﬂ.B 1.D 1.2

M. ETev}

DO

N do/dM, ., (pb/TeV)
AT - s T
T

—h
=
& ro

3-jet Mass Cross Section

p°© dependence

T T T T T T T T T =

—
E D@ Preliminary ph:ﬂﬁﬂ GeV, |y|<2.47
AP, >40 GeV (x2)
H = pTEI}?D GEU :
g-rr"'-‘_'_‘-'-‘_._L.— g p' 3}1 Dﬂ GEHHF |
B l g
E \s=1.96TeV . :
= L=0.7 b, Ficm:fﬂ.? | I 5
- Systematic uncertainty : :
E —— NLO pQCD+non-perturbative E
: mrractmns by =B _1f3{p * P+ Py } :
E ! . H
4 L'I E ﬂ E 1.[} 1.2 4
MM (TeV)



Data/Theory

ol
o
i

I
O

218  p,>40GeV 3
1.4F
1.2F

3-jet mass cross section , DO

13 1 ) LS L LR TR (R T EEL T R P | ':

1.5 | 3 lyl<2.4 ]

4 ‘ Rapidity dependence
1.2 220

1.0 : _____

1
D@ Preliminary, L = 0.7 f5' -
p_=150 GeV, pm::-m GeV 2

— Scale dependence
= = MSTW2008 uncertainty
Syst. uncertainty

0'3.4 05 06 07 08 09 10 1.
1 B

- . . S
— — -
p—

D@ Preliminary, L = 0.7 ft’
pTI:-15EI GeaV, |y|<2.4

—Scale dt:a:endencc
= = MSTW2008 uncertainty

Syst. uncertainty B=103(p, +Pp, +Pry) >

G'S.q 06 08 10 1.2 14 4 0B 08 1.0 Ie 14 4 06 08 10 12 14
M, (TEV) (TeV) M, (TeV)

iE[

‘Well described by pQCD: 1*t test 3-jet NLO cross section!




w Ratios of Multi-Jet Cross Sections, R3/2,
DO

DO Note 6032--CONF (2010)

 Goal: test pQCD (and o) independent of PDFs ‘

| Y - - B
Conditional probability: E o, vl
R3)‘(2 = " LI

= P(3r jet | 2 jets)

e A, = - }
— > Bt oty g

« Probability to find a third jet in an inclusive dijet event
« Sensitive to o, (3-jets: o [/ 2-jets: a.?)
« (almost) independent of PDFs




w Ratios of Multi-Jet Cross Sections,
R32, DO

Measure as function of two momentum scales:
* Prmax - COMmon scale for both o, 4, and o3,
Prmin - SCale at which 3™ jet is resolved (o, only)

Sensitive to o, at the scale p,,.,
-~ probe running of a in Tevatron energy regime - up to 500 GeV

Details:
* inclusive n-jet samples (n=3,2) with n (or more) jets above p; .-
« |y|<2.4 for all nleading p; jets
ARetjer > 1.4 (insensitive to overlapping jet cones)
« study p;..., dependence for different p;.. of 50, 70, 90 GeV
- Measurement of R/, (Prmay s Prmin)




Ratios of Multi-Jet Cross Sections, R3/2, DO

e - L - —— SHERPA
o 02 | e - D@ preliminary |£ gy
S o i F ==== tuneA
E .15 | ' K M = tune DW
2 : : . R - -=-= tune BW
W orE 4 RS ,_{f---‘-h-”n
3 L, =071 : AN
o 0.05 |- ™ S =
I:-'Lrl'l"lll"l 50 Gev E ' mem ?D GEU E - pT.nm ED GE‘V
| i | | i
O “J00 200 300 500 100 200 300 500 100 200 300 500
meax (GEV}

SHERPA: good description (default version w/ MSTW2008LO PDFs)
PYTHIA: huge dependence on tune

« Reasonable description by tune BW
« Popular tunes A, DW - totally off

DO Multijet Ratios R;,, Results

» High precision test of pQCD

» Comparisons to NLO prediction underway
« Can be extended to other ratios (R,,,, R43, €tc) & extraction of as.




d°a/dx, dy (pb}

rato

13 & inclusive el production
10 %
107
10°
10
10
14
1I'.'|_E
10_3
10, =— Tevatron sgriis)=1.96 TeV
10 f ==== LHC sqr(s)=14 TeV "
10 i X
T 1
300 :
Tevatron Run [l / LHC
200 :
100 R —
0.05 0.1 0.2 0.4

¥ = 2psqri(s)

PDF sensitivity:

= compare jet cross section at fixed
%71 = 2 pr / sqri(s)

Tevatron (ppbar)

>100x higher cross section @ all x;

>200x higher cross section @ x;=0.5

LHC (pp)

» need more than 2400 fb! luminosity
to improve Tevatron@12 fb’

« more high-x gluon contributions
«  but more steeply falling cross sect.
at highest p; (=larger uncertainties)

« Relatively high JES uncertainty in early
data impact (5-10% for jets below 1TeV)
might seriously limit the physics potential
of the data (D. Clements, DIS 2007).

- Tevatron results will dominate high-x gluon for some years




1

Fixed-order: NLO
LO + Parton Shower
Backgrounds to New Physics

40



Vector Boson + Jets (Njet =1, 2, 3 ...) w

e+ oo 7

T ? ;;. . - q

| g
Ve 7 N,

antiproton ™

* relevant to other high-multiplicity processes
* background to Higgs

Provide detailed measurements of p; and angular distributions

of vector boson and jet
- test perturbative QCD calculations
= testing and tuning of phenomenological models

41



Ziy* (2 nrw)

65 < M, < 115 GeV,

- D@ Run Il, L=1.0 f5" —4 Data

—— NLO pQCD + corr.
£ S = M, & |:l‘I
CTEQE.6M POF

- =+ ALPGEN
'E1EI'1 "-H="-,_=”.:'=FF'£,
F CTEDE. 1M FDF
102 E
- iyt ) +jet + X
65 < M_= 115 GeV, |y =17
[ L
102 - Reom=05, p, >20GeV, |y |<2.8 |
2 2 6F 4= Data | ALPGEN == SHERPA | ALPGEN
2 4F = NLO pOCD | ALPGEN  «eveee PYTHIA | ALPGEN
E-E_E’QSMIE and PDF unc.
2__
1.8F

18 D ow vt 7 T 0
1.4F W W T P
-
& (b)
1_ LLL LT T
0.8
0.6 , . . |
20 &0 100 ) 200
= (GeV)
Pt- jet
dependence

Ratio

DO

pirrerential Z/gamma + ljet+ X Cross section ,

L= 1 fb-1 I Phys.Lett. B, 669, 278 (2008)

jet
yul < 1.7, PF(R=0.5) > 20 GeV, |yje| < 2.8
D 14FD@Run I, L=1.0 15" == Data
5 —— MNLO pQCD + corr.
o 12— L =x =M, & p
=] EoOF = T
"_E L CTEQE.EM POF
10
N s Al PGEN
al- r.H=r.'_=M£E“.-p‘I
e, CTEQS.1M POF
E_ -
L {a)
4

Lip™— woc) + jat + X

*a

-
a
*a

o BE =M, =115 GaV, |¥|=17
- R..=05 p >200GeV, |y"| =28
i | | i i i

| <4 Data / ALPGEN = = SHERPFA / ALPGEN
L — WLO pOCD [ ALPGEN  eeeee PYTHIA [ ALPGEN

25 }Q‘ Scale and PDF unc.

Jet- rapidity
dependence

NLO pQCD: MCFM v5.4
PDF: CTEQB6.6M
.“E — r”? — ME: + P?r..»:

PYTHIA 6.323,
ALPGEN 2.05,
SHERPA 1.1.1,
PDF: CTEQ6.1M

NLO pQCD prediction
5% below measured cross
section.

For p:(Z)<30 Gev predic-
tion sensitive to underly-
ing event

Total cross section pre-
diction of ALPGEN and
PY THIA significantly be-

low data



pirrerential Z/gamma + ljet+ A Cross

section, DO

o(z/7*(— pp)+jet+ X) = 18.7+0.2(stat.) + 0.8(syst.) £0.9(muon) + 1.1(lumi.) pb

;S:'f 1 D@ Run II, L=1.0 f5’ —— Data ) 20
= - — MLC pQC0 + corr. E
E_ ’:.1=’:L=M;$F|T §1B
o | CTEGEGMPDF | = 16
Emd_— : . === A PGEN 14
’ _ _ 4
* £ = =M B 12

CTEQE.1M PDF

10
8
1D-.E“_— [ﬂ]‘ E
T D= ] + el + X
B5 <M,,< 115 GeV, |y] <17 =@ : 4
- R, =05 p">20Gev, |y'|<28 2R
EEI.I..I.I.II..I.II.I..II.I..I.I.I..I.I.I l:ll..
-% I == Data ! ALPGEN — = SHERPA | ALPGEN -% 2.4
o — NLO pQCD { ALPGEN  ssusun PYTHIA f ALPGEN o 25

9| #5 Scale and PDF unc.

| D@ Run I, L=1.0 fi’

Tl — o) + ot + X
BS <M, < 115 GaV. |y|<1.7
=0.5, g"' > 20 GaV, |y"| <28

| <= Data | ALPGEN — = SHERPA / ALPGEN

- MLD plQCD { ALPGEN  sesias

Y
.--__‘I..‘|
-
-
]

" #% Scale and PDF unc.

—— Data
— MNLD pQCD + corr.

= = MJ 35 p:
3 F T
CTEQG.EM PDF

«=ss ALPGEN

iH.=’-r=h'l1-*“:|::|:ll

CTEQE.1M PDF

(a)

PYTHIA f ALPGEM

1]
L o5
ﬂ.%' i PR B PR B T PR iail | i
20 40 &0 &0 100 120 140 180 180 200 0
pZ (GeV)
Pt- Z
dependence

Z- rapidity
dependence

1.The shapes are
well described
by NLOpQCD
2.Cross section
at lower Pt-Z
is dominated by
non -perturbative

process.




gt Differential Z/gamma + 1ljet+ X angular distributions,
mg DO

L= 1 fb-1 Phys.Lett. B, 682, 370 (2010)

ZIy* (=2 utw) + jets: angular correlations

+ Normalized diff. cross section in A¢(Z,leading jet), p+2 > 25 GeV

il D3, L=1.0 b . < | & Daa — PYTHIA Parugia®
,Ei i e ’ D 3 =« HERWIGH IMMY = = PYTHIA Tune QW _
= = NLO pZ0 + oorr. %
ﬂh - SHERPA a 2t
[=]
& 10% H
g L SHERPA
x F,
14 L
o R - fa) 1= .
2 10 : is preferred
-
» - 0.7 -
4 =M, =115GaV |
1U4= h‘“|-=:1.?:|::i:=-25 GaV ast ic) by data
£ PRoe=0.5, B =20 GaV, ™| <28 I SHERPA scala unc. '
1 P | i 1 L i iL 1 1 i 1
=< # [ata = & Data = ALP+PY Parugia®
e et sl el K 3 - = ALP+HER - = ALP+PY Tune QW
% - Boak & POF unc. - - Bcale & POF une. %
a z : 2 2
2 $ ot 2 * ;
[31] i 5]
o ] . i [ »
2 : ")
1 e 1T __.ré
C s [ RS Std
07k a7l @0 mem==eadll-
0.5k f its) 0.5 id)
SHERPA scale unc. ' K SHERPA scale unc. :
poa B e a Lo s s g B o s b a1 s s g 1.g on g b oe g o g g oo a1l s g a1 s g o o b g 5 3 |
u] 0.5 1 1.5 2 2.5 3 a 0.5 1 1.5 2 2.5 |

Ad(Z, jet) (rad) A(Z, jat) (rad)



o B Differential Z/gamma + 1jet+ X angular distributions,
m; DO

ZW*(=utw) + jets: rapidity correlations

+ Normalized diff. cross section in Ay(Z,leading jet) , p¢ > 25 GeV

= 10 D@, L=1.0 f&! < ® Data — PYTHIA Perugia®
5 . & Data T =« HERWIG-+J IMWY = = PYT HIA Tuna QW
& s L R0 + O, % 2t y-
o ‘__'F
BT - BHERPA 2 o
Hq _% i
!-\-‘é i £ ‘1-17_!"..] i‘ §
1 it -
- 1—"'- e
- 65 < M, < 118 GeV \ B
I |_-,H‘|-:-_1.1':[:1_;:=-2:|Ge‘u" = | ()
| Pg=05, g =20 GaV, |Y¥| <28 BE EHERPA scale unc.
'] Il L i 1 '] il I - Ly IL 1 1 'l I [} 1
@ [ata & [ata = Al F+PY Parugla
— NLOpOCD - - Lo poxCD

== Al P+HER = = A P4+PY Tuna OW
Zcale & POF une. = = Bcalk & POF unc. g

Ratlo to SHERPA
[

Ratlo 1o SHERFA
I

B SHERPA scale unc. (&) a.ry SHERPA =cale unc. (d)
s alaa o lia i e lasaald i gl eeslaa il iwlsgas ba il i el eaaal i i leesala i il i saleaaali i
a 0.5 1 1.5 2 25 K| 4.5 4 45 a 0.5 1 1.5 2 25 K | 35 4 45
Iay(Z, jat)| lay(Z, jat)|

* NLO pQCD is preferred by data S



Inclusive Jet Cross Sections in
Z/gamma(>e+e-) + jets+ X Production , CDF

L= 1.7 fb-1 [
W Phys. Rev. Lett. , 100, 102001 (2008)

10°

E o COFDutz L=17M"
—_— : Cals
L L 2 —e"e’) + =1 jet inclusive (+20) [_] Systematic uncertainties E i
> 10': -» &~ NLO MCFM CTEQS. 1M E = —e— CDF Data L=1.7 b’
L] E ++=Q= Corrected to hadron level = C Systematic uncertainties
3 10°} S =M +pr2)L R, =18 B b —&~ NLO MCFM CTEQS.1M
= = - e W= 2 U= (2 ‘o 10° — corrected to hadron level
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L= 6.0 fb-1

Inclusive Jet Cross Sections

Z/gamma(=> Ji+]i-

66 < Mmumu <116

Zi"(— 1) + =2 jets inclusive  CDF Run Il Preliminary

Zi(— w'p) + =1 jet inclusive  CDF Run Il Preliminary

) + jets+ X Production,

CDF note 10216, July 10, 2010
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= -"]2=_ B T ;
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10°

[fb/(GeV/c)]
3,

jet
.

—

o

do/dp
2

Data / Theory
Qo o -l
N O a M

Inclusive Jet Cross Sections

Z/gamma(=>» Iti- ) + jets+ X Production

CDF Run Il Preliminary CDF Run Il Preliminary
= —e— CDF Data L = 6.03fb" = 10° —e— CDF Data L= 6.03 1"
- [ Sytematic uncentainties 2 = [] Sytematic uncertainties
R —e— MLO MCFM CTEQS.1M ﬁ e —o— NLO MCFM CTEQ6.1M
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— —— Hy = + priZ), Ryyp=1.3 D 10 i Hy = Mg + Pr(d), Ry=1.3
B — S Y- TR T TW- -l = . o W= 2 i = P2
b L e PDF uncentainties 5. F ----- PDF uncertainties
E —i— '_"n — I#:
= = B
r s B 1L
o E
2 W'i) + =1 jet inclusive T Ziy(— ) + 22 jets inclusive
| pr 230GeVic, [Y" <21 107 pF' =30 Gevic, [Y™|< 2.1
B I B 1 1 1 1 1 1 1 1 1
= > 1.4F
- o 1-2F
- @ 1k
e = =
& = 0.8
- i E
= L L L TR L 1 E 0'6 :l_ i I 1 I 1 P T | 1 I
100 200‘et © 30 100 200 )
F [GeVic] @ pr [GeV/c]

0 decrease by more than 3 orders of magnitude

W




* Jets Multiplicity in
Z/gamma(=>» pt+p-) + jets+ X Production, CDF

CDF Run Il Preliminary

10° =
Ty - —e— CDFData L= 6.03 o’
- —~ [ Sytematic uncertainties
B . —— LO MCFM CTEQ6.1M
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= PDF uncertainties
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10%
= The measurements
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o - corrections which are
— = . .
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4y} o . .
® 1 MC simulation
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DO

Measurement of 1st, 2nd and 3rd jet p; in Z events:
->normalize to inclusive Z production (cancel some

uncertainties)

compare to pQCD @ LO / NLO

Leading jet in Z + jet +

X

d Sy
Idp.(17 jet)

x

To, |

[1/GeV]

T

Ratio to MCFM NLO

- Eoo Run II, L=1.04 fy —#= Data at particle level
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Cross Section for Z/gamma + jets (1,2,3) + X,

FERMILAB-PUB-09-066-E
arXiv:0903.1748v2 [hep-ex]
4Aug 2009

Second jet in Z + 2jet + XThird jet in Z + 3jet +

E DO Run I, L=1.04 fb'| == Data at particle level
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Cross Section for Z/gamma + jets (1,2,3) + X

Ratios of data and different MC generators > favor ALPGEN +PYTHIA w/ low scale
For “ALPGEN + PYTHA” (- --) scales (factoriz. and renorm.) can be chosen so that
a good, simultaneous agreement with data is achieved for all three leading jets .

Ratio to MCFM NLO

Ratio to MCFM NLO

Leading jet in Z + Second jet in Z + 2jet + XThird jet in Z + 3jet +
=_ . (V4 \V4
=+ Data == PYTHIA SO =+ Data == PYTHIA SO =+ Data == PYTHIA SO
== HERWIG+JIMMY == HERWIG+JIMMY == HERWIG+JIMMY
20 = PYTHIA QW = PYTHIA QW === PYTHIA QW
£ (©) Q 25F (o) Q
- zZ 20 g
15 =
E =15 L
10 S10F o
| - 0 =
L - B o
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[ BaE- 1
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=+ Data SHERPA =+ Data === SHERPA =4 Data SHERPA
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20 = —-Scale unc. | ——Scale unc. —=Scale unc.
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- il 20F =
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w Ratio of Cross Sections Z + b-jet/Z+jet, DO

Ifﬂl — "N E' I:'I:!' . - ;.-l_"
I

o (Z + b-jet) /o (Z +jet) = 0.021 + 0.005

DO:
Phys. Rev. Lett,,

94, 161801 (2005)

O (Z+ b-jet)/ O (Z +jet)

=0.208 - 0.0033(stat.) 0.0034(syst.

L= 2.0 fb-1

CDF : Phys. Rev., D, 79, 052008 (2009) w




w Ratio of Cross Sections Z + b-jet/Z+jet, DO

DO Note 6053--CONF (2010)

L= 4.2 fb-1 l

o(Z+b)/o(Z+jet) ratio measurement

+ Event Selection * Inputs for NN tagging algorithm
* Dilepton mass 70=sM=<110 GeV - Decay length significance of sec. vitx
* =1 jet: pr>20 GeV, Inl<1.1 - No. of tracks associated to sec. vtx.

- Mass of the sec. vertex
Before tagging - (reduced) Jet Lifetime Probability,
= DO Run Il Preliminary rJLIP: confidence level that all tracks
gm'*; __ Pz in a jet originate from primary vertex
o | = L] - etc., 9 in total
% ) = gig Displaced
| ttbar Ers
10°| Diboson
: M Multijet T

Vertex

Primary
Vertex

20 40 60 80 100 120 140
Leading jet P; (GeV)




w Ratio of Cross Sections Z + b-jet/Z+jet , DO

Separation of light, c and b jets

- Apply Neural Network tagging
algorithm on jets to enrich b content

« Use rJLIP variable to discriminate
between light, c and b jets

« Light jet template is derived from
“Negatively Tagged” (NT) data

— Jets are formed from tracks that have
negative values for some of the inputs
for the NN algorithm

« Use Alpgen+Pythia for b and c jet
templates

+ Use log likelihood fit to extract Z+b
fraction from the preselected sample

e D0 Run Il Preliminary
A
=04~
5|
q . "
' -- Zolight jot MC
0.3 meeee Fag bl MOC
0.1}
1.t 4 B l rll,'
.r ' I H__‘_'”-—.-.;Tl_n—F
] e T — e
0 02 04 O . |
MM nutnut
E D0 Run Il Preliminary
003
[
=l
=== NT dafa
I jet MC
| E - ¢ jet MC
0.2 " b e
0.1 IL
..‘ ——
o 5 10 =



Ratio of Cross Sections Z + b-jet/Z+jet

o(Z+b)/a(Z+jet): preliminary results

o e ' = 800
S s DO Run Il Preliminary a DO Run Il Preliminary
i :'3 !
—a— Data "EE{IU- B ey Data
— b+e+NT dala 2 - b+l
NT data w I jet
c jet MC i J c jet
— b jetMC 00l — bt
200 "7 T'iL__L‘
20 40 60 BD 100
rdLIP Jet P; (GeV)
Z+b fraction 0.191 £ 0.030
Z+c fraction 0.384 £ 0.072
Z+light jet fraction 0.424 + 0.054
o(Z+b)/o(Z+jet) 0.0176 + 0.0024 (stat) + 0.0023 (syst)
NLO/MCFM 0.0184 + 0.0022




Ratio of Cross Sections Z + b-jet/Z+jet,
DO

] —— AL F ] (dl
r oo Z

Q@
q —-—remwf 0 q Q

d

()] ——prnSE

g sora——I(_)

DO: Phys. Rev. Lett.,
L= 180 pb-1 | 94, 161801 (2005)

0 (Z + b-jet) /0 (Z +jet) = 0.021 + 0.005

T (Z + b-jet) / T (Z +jet)= 0.0208 = 0.0033(stat.) = 0.0034(syst.)

- CDF : Phys. Rev., D,
DO: L=4.2 fb-1 79, 052008 (2009)
L= 2.0 fb-1

o(Z+b)/o(Z+jet) | 0.0176 = 0.0024 (stat) + 0.0023 (syst)
NLO/MCFM 0.0184 + 0.0022

=




* Cross Section for W + jets+ X Production, CDF

Phys.Rev. D 77, 011108(R) (2008) I

{)\“' wacas @\LM L= 320 pb-1 ]

Measure o at hadron level as function
of EJ¢t cf. LO, NLO predictions

EEDDD : W(—ev)+z=1jet
N 7000 ;H « CDFI
£ 6000 ;g [ Combined
UE.j 5000 % gz Wiiet
4000 § lmulh—jet
I [Mm leptonic
i

0 10 20 30 40 50 ED?D B0 90 100
Missing Transverse Energy (GeV)

Phys. Rev. D 77, 011108(R) (2008)

NLO: MCFM (W + 1 and 2 jet available)

LO: ME+PS + nonpQCD correction:
SMPR: Madgmph, CTEQEL, P'j’thla, 5. Mrenna and

P. Richardson; J. High Energy Phys. 03 (2004} 0440.

MLM: Alpgen, CTEQSL, Herwig, 7. riwai1 er a1,

arivz=070e.2564.
Agreement with NLO good.
LO low.

COF I/ MLM  =2xMLM uncertainty
COF Il / SMPR -+ SMPR uncertainty
COF Il / MCFM

= ]

%

= w  MCEM PDF uncerdanty
©  MCFM Scale uncertainty

a COFIl

3 e, Y

.
s SMPR sa4a #

=

EITI AT IRTTRaATINg! IlI 11 IlI AHN

=
—
F'l"ll'l"l'lr'l"ll'r'l"|lr1"r ] I [l |

0 1 2 3 4
Inclusive Jet Multiplicity (n)



* Cross Section for W + b-jet + X Production, CDF

L= 1.9 fb-1 } Phys.Rev. Lett. 104, 131801 (2010)

;

pTI = 20 GeV, |Npjec| < 2.0, (Reone =0.4), pk > 20 GeV, || < 1.1, p¥ > 25 GeV

Vertex Mass Fit

20

10

b-jets

o Np tags - fojers — N
%gn__ || GDF‘Ru;:l:rulimlnaq--LEI‘fh - t']'( W{—}E'L-':I + b) — tagsﬁ HJ‘EAE}{ - bkg
(¥ - T — battom contribution
Srot ]m R Major b-jet backgrounds:
- EER -+===+ Summed contribution —
%ﬁnf ll| :|- b= 713+ 4.7(=tat) + §.4{syst) % tt (do% Gf tatal baCkgrDund]

L TR single top (30%)

-I[I: l_i TE K% Prob = 848 % Fake W (15%]

m:— ! WZ (5%)

Measured cross section larger than
ALPGEN and NLO predictions (~ 3a)

L] 0.5 1 1.5 Z 2.5 3 3.5 4 45 6§

M (GeVic?)

O b-jets (W+b-jets) - BR(W - | v) = 2.74 + 0.27 (stat) + 0.42(syst) pb

NLO prediction (J. Campbell et al.): o(W;_,;.  + b) = 1.2 £ 0.14 pb
LO prediction (ALPGEN): a(W_,;,y + b) = 0.78 pb



w Ratio of the W+c-jet+X Cross Section to the
W +jets+X Cross Section, DO

FERMILAB-PUB-08/062-E
arXiv:0803.2259v1 [hep-ex]

0.2 14 Mar 2008
0.18] bo 2 70k
. — _ -t -
: L=1fb" £ 70F bo
0.16 > 60 (b) L=1fb"
= _ 014} ——--- Alpgen (v2.05) + Pythia (v6.323) e 503_
2|8 - 9 —— data
O -_%’.0.12 — o 40 | ‘
% 3 5 @ L W+c-jet
MT O —h— 8 o \WHlight-jet
2(120.08 [ 20
°1%0.06 10 ‘J‘— oo Wb
0.04 :_ ----------- - - 0:- -?-":":I:IE.:I:I:I.'E.n.mm.mmﬂ'm'ﬂ----'!1-!vﬂ-ﬂ:i:mw ------
0.02 A0
3 | 0 1 2 3 4 5
0 1 1 1 I L1 1
10 10° Muon p;e' [GeV]
jet P [GeV]
Ratio is close to the prediction Relative transverse momentum of the jet-muon i
of Alpgen + PYTHIA with respect to the jet axis, PT~{rel}, shows the

consistency between data and the c-jet expectation.




w Ratio of the W+c-jet+X Cross Section to the
W +jets+X Cross Section, DO

The measured W +c-jet fractions integrated over pp >
20 GeV and |n| < 2.5 are

oW (— ev) + c-jet]
oW (— ev) + jets]

o (W (= w) + cjet] 0.015
= 0.075 % 0.031(stat.) " 12 (syst.).
o [W (— pv) + jets] (stat.)Tq 07 (syst.)

+0.012

= 0.073 £ 0.023(stat.) "y 11 (syst.).

Since the W — ev and W — pur measurements are
consistent with one another, and statistical uncertain-
ties dominate, the two lepton channels are combined to

yield

o [W + c-jet]
o [W + jets]

+0.012

= 0.074 £ 0.019(stat.) " ;514 (syst.).
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test theory
fixed order: NLO
resummation
PDFs
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fractional contribution

Direct Photon Production

g

4 v gl 4
— Y g
9 I Q00|

direct photons emerge unaltered from the hard subprocess
- direct probe of the hard scattering dynamics
- sensitivity to PDFs (gluon!) ...but only if theory works

inclusive photon cross section
partonic subprocesses

1
D.2
D.8
0.7
0.6
0.5
0.4
0.2
0.2
0.1

8]

D<|n<0.2

ag

|

(all quark/anti-quarl

99

qaq

/N

a0

100

150

200

250 200
pr/ GeV

also fragmentation contributions:

suppress by isolation criterion
- observable: isolated photons
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Inclusive Isolated Photons

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

.

CDF Run Il Preliminary

%‘@ —e— CDF data, L=2.5 b’ E i L =380 pb” D@
- ss systematic uncertainty -d:) 14
E —=— NLO pQCD JETPHOX - "L
E - C'I'_ECZ:GJE.-IfBFG I "‘; :
Eg *—9’— - - Efr:gg:;ﬁ:m uncertainties g 1.2 B J_'___
_g =9==9= ----- scale dependence L L’ J ---------------------------------- }l ____________________
E —-— n=0.5p% and p=2p% : o I 4» |
= —— i ] e os T ——
| iEEEE= o
= osf- I[[177] TTi I .
C  Il=1.0 and iso<2.0 GeV, R=0.4 . i + 4»
?Il e 0_6__+ratioofdatatotheory
= i CTEQ6.1M PDF uncertainty
zr. [— scale dependegme )
st =t AT S PAE L MeemsOteradEe)
E T TTTTTTT eI e 0 50 100 150 200 250 300
= o V)
Lyt [ |

50 100 150 200 250 300 350 \Ad0 pTV (GeV)

« CDF and DO measurements: 20< p; <400GeV > agreement

« data/theory: difference in low p; shape

* experimental and theory uncertainties > PDF uncertainty

- no PDF sensitivity yet
* first: need to understand discrepancies in shape



In DO 2006 publication on the prompt photons production the
deviations from the corresponding pQCD predictions, previously
founded in Runl data, are observed in a more wide kinematical
region and with higher statistics. This result was confirmed by
CDF measurement in 2009 (DIS09, Madrid).

DO (2006) ratio data /

QCD_NLO CDF (2009) ratio data /
QCD NLO
. CDF Run Il Preliminary
s [ L= 380 pb' D& g' 185 |=p5p! —e— RatiotopQCDNLO JETPHOX
- 14 g C systematic uncertainty
- § 160 (theory corrected for UE contributions)
= 1.9 - - - ===:=:=e CTEQS6.1M PDF uncertainties
a l.e| . . - B P scale dependence
i | ' ' k 145 w=0.5E; and p=2E;
1 L
: ll| L4 + i I I 120
0.8 | | TT | i $ ]l " 11_ .,
0.6 — —®— ratio of data to theory | C -
- CTEQE.1M PDF uncertainty 08—
= scale dependence . T I'|<1.0 and is0<2.0 GeV, R=0.4
04— i“f“f"fﬂ 51:!.'; and EF}} 0.6 |"I| I anl S | ° I | | |
B , , | , , , . . , , , | , , \ \ | \ , \ \ | \ \ | | I_I | L1 11 L1 11 Ll 1 1 L1 1 I L1 11 L1 11 L1 1 1
0 50 100 150 200 250 300 50 100 150 200 250 300 350 400

Pl (GeV) Er [GeV]



Inclusive photon+jet production

d’c DO Collab., Phys. Lett. B 666, 2435 (2008) | = 1 fb-!
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: gg — yg

» Various rapidity regions = various parton x and gg fractions.

y | 0< 'l <1 e |yi::| <0.8, y" r::-u
19l as @ 1™ g5 15 Gev " <08, y'y" <0

3 | ey @ e 1_5{'??“::2-5, Yr-y'{al::ﬂ

s | '\ 1.5<ly™ <25, y'y* <0
25 F | SE

0.5

[T,

=] L

| =

S L

©

f

L

- PYTHIA 6.3, CTEQ6.5M
. s . .
30 100 200

pl (GeV)



w Inclusive Isolated Photon + Jet
Phys. Rev. Lett. 102, 192002 (2009) —‘

investigate source for disagreement % ED@, L, =1f" yl<1, p*>15GeV
' . (©) 3 je ie
in data/theory incl. photon pT shape: 51 E ® Iy 1<08 y'y">0
g - (x5.0) y*1 <08, y"y* <0
g 10 A 15<y| <25 vy y*ts0
. . - jet Y jet
measure more differential: 5 ok . ¥ li5aly"|=25 gty-=0
. = (x0.1) A
- tag photon and jet 5 1 :"‘03) — NLOGQCD
. . © = £
> reconstruct full event kinematics © ' g** JetPhoX
«C L CTEQ 6.5M
o107 £
* measure in 4 regions of yv / yiet 10_2;
- photon: central
- jet: central / forward 10° = .
. . . - —_— - ®
- same side / opposite side al. L=1fb
= v
" . N N . - i | | | | | | | | 1 |
« different PDF sensitivity in 10° 30 100 200
different p; (GeV)

yY / yiet regions

- look at ratios for quantitative statement ... -




Inclusive Isolated Photon + Jet

Difference between data and QCD predictions for cross sections (left)
and their ratios (right) in 4 different rapidity (y) regions

Data over theory comparison
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w |Isolated Photon + HF Jet

Phys. Rev. Lett. 102, 192002 (2009)
blc /4 % - D@, L =1.0f" o yy's0
g g 10 =Yy <0
'E_ Ey+c+X
= L m e ~-NLO QCD
Photon + (b/c) jet + X - w e CTE? 6.6M
Photon p;: 30-150 GeV g0 g Hor™ Py
~ 107 F .
B, PR TR
0.01<x<0.3 >b,c gluonPDF ‘& | ST
- . T 10%F L . W (x3.0)
- test gluon splitting contribution T -
e L LI “ (x1.0)
; hot diet - 10-3 - |y| <1.0 i
Y < 1.0 <08 g pf > 15GeV ® (x0.1)
:I L1 | L1 1 | L1 1 I L1 1 | L1 1 I L1 1 | L1 1 I |

o

20 40 60 80 100 120 140
- triple differential p! (GeV)
E

d°c /(dp7.dy”dy ")



- photon+b:
agreement over full
pT range: 30-150 GeV
- no PDF sensitivity

- photon+c:
- agree only at pT<50GeV

- disagreement increases
with photon p;

- using PDF including
intrinsic charm (IC)

improves the theory
p; dependence

|Isolated Photon + HF Jet

%‘1.3'—DEL 10" |;H 1<08 F y¥"<o0
E16F vy >0 |y|-r::5UGU E Y+b+X
51_4 - Y+b+X p' . .
1F +!* -n+= -.-.*u--: susfemema- - '.:ﬁ%":_r':ml.;- AT s
.D_B :_ F S B LIRS T TR
06 - —e— dala/ theory 3
£ - CTEQE.6M PDF uncertainty [
| 1 p—— IC BHPS / CTEQS.6M - _ 1
0.2 b = IC sea-like / CTEQ6.6M 3 L=1fb
E Scaleunwrtalnty 2 0 o 5 o | 4 » o B 5 o o | 4 9 4 0 4 o o B
i 'E_ yr}rjel g Y&'}FJH <0
: Y+C+ K . Y+C+ X 1
3 3 .
25F ¥ |
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fi§ b e %’_‘,:.’Ii‘.‘.‘.‘-"ﬂ el R St
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Isolated Photon + b-Jet Xsection, CDF

L= 0.5 fb-1

Phys. Rev. D. 81, 052006 (2010) I

m Isolated y's (XE{?"04 - E;¥< 2 GeV)
with E¥ > 20 GeV and |y?| < 1.1
selected from 0.5 fb! of data

COF Kan 01

.

- Duta, 08 &'

I:l-] RLD LD = -__|'\-- = 1], all arrors

iy HLO OCD, scalm erors only

[

m Background photons subtracted using
CPR and CES data

dely + bjetidE (pb'GeV)

20 40 60 Photon E, (GeV)

(=]

m Central (|y*'| < 1.5) jets with EJ®' > 20
GeV selected, b jets identified using
secondary vertex displacement

-
[oH ]

j—ry
I|III|III|I

ratio data/MNLO

m v+LF jet background subtracted by
fitting Pythia y+HF jet and v+LF jet
templates to the data

0.8

20 40 80 Photen E, (GeV)

m Main source of systematic uncertainty = The dat:a are well described by NLO
in the data (~17%) is the b jet purity calculations [PRD 79, 054017 (2009)]



Double Parton Scattering

Signal DP background

|



Double Parton Scattering in y+3 jet events

Phys. Rev. D, 81, 052012 (2010) |

+ 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.

f Selections: 60 < photon pT < 80 GeV,
# lead. jet pT > 25, other 2 jets with pT > 15 GeV
xA < j‘ H%/’“\
ﬁ Main Background: Single Parton scattering
e,/ K-i 15

AJ—.%“

— o
Opp =M : 04" 5=

oA, 05, cross sections of processes A, B
.. characterising size of effective interaction region
o /206 prob. of 2"d interaction, given 15" one

(m = 2(1) when A and B are (not) distinguishable)



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 gr-:: in 4-jet sample: 2
0pp =

ZUEE

o Measure oce 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

/s (GeV) final state p7*" (GeV/c) nrange  Result
AFS, 1086 (63 jets  prt > P <1 aup¢ ~5mb
UA2, 1991 630 Yjets  pr > 15 7 <2 oepp > 8.3 mb (95% C.L.)
CDF, 1993|| 1800 Yjets  pr' > 25 I < 3.5 geps = l?.liéi’r mb
CDF, 1997|1800  ~+ 3jets ps' > 6 | < 3.5
po > 16 1" <09 ooy = 1452107557 mb




w Double parton cross sections, DO

Different to CDF(1997) this analysis was done:

1. basing on higher Runll statistics :

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

2. D0(2009) used “gamma + 3jets” events (Purity_gamma~60%)

CDF(1997) used “gamma/pi0 + 3jets” events .

3. D0(2009) measured at 3 high PT*{Z2nd-jet} > 15 GeV regions

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



w Double parton events selection, DO

Calculated for the pair that gives

the minimum value of S:

1/N dN/d AS

1.5

0.5

AS =49 (p”", p

jeti,jety \
! J

25

DO Preliminary

®* AS,y+3jets, IFSR=ON, MPI|=OFF

A ASy+3jets, IFSR=0OFF, Tune A-CR

PYTHIA 6.4

L |

1 h'iJr,m::r',r’]'Zidcb:.f,ki-"f
N xEII.', aeply, 1) \aplj. k)|

T Y- i = ) -Il
5 1_1.| Priy.dll . Prij.k)
V2V Py iy (6P k)|
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Double parton cross sections, DO

Measurement of gex

i i | T 1
o | i1
a’ o

At two hard scattering events: szz
kgham’. ,Uham‘l
" b £ G.}'I' UJ‘;‘
The number of DI events: =
NDJ_EU N (2)Api€p €
hard {Ihard
At one hard interaction: oVl || g!/
PDP:
T hard |\ Ter
Then the number of DP events: oV ol |
an‘:g A NC(I}ADFEDPEIW
hard ‘reﬁ'
Therefore one can extract:
ND;‘ NC{]') ADP EDP Eln.rtx

TN AN A, B e P

Di o 2vitx




Double parton cross sections, DO

% 06- DD, L, =101’
E i 5:_ ' - arXiv:0912.5104 [hep-ax]
a ™ @ 2 DL =10f
2 ' £ 25- ol
S 0.4 £
c o -
2 o3 . 20- | l
8 f @ i T |
& 0.2 @ fromAS, 15 l ®
- [ from AS, : |
el from .&Sp. L u':—
074618 20 22 24 26 28 30 5
p"”’ (GeV) :
- 1 L
Fraction of DP events decreases as expected. i 20 2 pet2 [Gev:;u
T

ooy =16.4+0.3(stat)+2.3(syst)mb

Effective cross section is approximately constant across

pT bins, and it is in agreement with previous CDF
measurement.

» 14.5+1.775 7 mb

Phys. Rev. Lett. 79, 584
Phys. Rev. D 56, 3811



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 UAZ2 and two CDF measurements.



Direct Photon Pair (DPP) Production

At the Tevatron DPP is strongly dominated (at high M _gam-
gam) by ggbar, while at the LHC gg and gg will give the
main contribution

B R I

qq —> ¥ gq = 179 Bg. ik
annihilation Compton scattering fusion
gqg = Vg =¥V g A

Compton scattering + 1 fragmentation  fusion + 2 fragmentations
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Direct Photon Pair Production, CDF

CDF note 10160, May 17, 2010 1

L= 5.4 fb-1 ﬂ

rF 1‘};”'ll”Ill“Ill”IIII.1IIll”Illl“ll”lllllllll”;
m Isolated photons (ZE;R04 -~ Eyr< £ Eoimamman —— Data E
2 GeV) with E11 > 17 GeV, Ep2> & [ jreepmace -
15 GeV and |y*| < 1 selected from & ¢ & - RESBOS CTEQEM 3
5.4 fb-1 of data S T jaﬁ o PYTHIA scaled x2
_%_10“ ;—f i =
[} — ) 3
m Diphoton background subtracted © ¥ %H'# ]
with a 4x4 matrix technique using 1071 "'5;*& E
the track isolation (XpR=04 — p,¥) 16 "5 .
L2 o -
as the discriminant between 1031 i . B
signal and background photons : o ]
H BPEES S ]
: 107 |- L T
m Data are compared with E | ‘ E
calculations from Pythia, Diphox H 5 ]
""5'III|IIII|IIIIIIIIIIIIII|IIII|IIII|IIIIIIIIIlIIII

and Resbos 10750 100 150 200 250 300 350 400 450 500

+y Mass (GeV/c')



Direct Photon Pair Production, CDF

: LI I LI I LI I L | I I I | rri I LI I LI | rri I LI i‘i -1 1T T 1 I | I | I | | I I i1 I e I Frr I [

L CDF Il Diphoton 54 b o . ® " CDF Il Diphoton 5.4 fb" D .

2 10 = E=15,17 GV, |n|<1.8, i Lala =4 B OB, >15,17 GeV, q[<1.8, . A ]
8 A R4, Imped GeY CHPHOX CTEQGN E - L R0, EesE Gal DIFHCE CTEQEWM

E Preliminary D=, = =2 E ;  Preliminary M =i, = =M 2 )

& 44 - - RESBOS CTEQEM _=| % 102:— -- RESBOS CTEQSM
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=B ! ] - u T
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S107'- e | i -
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2l e I - S
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E D TNe 3 B ot s

- ey Py § - i ]
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10°L . P N L |

E =+ 5 PR ++ ++ z
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1“‘5 Ll I Ll 1 I Lll I Ll 1 I Ll I Ll l I | I Ll AL L UL S :I [ I 1| |||I|:I I B I I I R I T T | I [ I N I I:
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m No model describes the data well over the full kinematic ranges, in particular at
low M, (<60 GeV/c?) and low A¢,, (< 1.7 rad) where gluon scattering and
fragmentatmns surviving the isolation cut are expected to contribute strongly



(pb/rad)
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differential
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dO /dx
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RESBOS (- - - -) shows the
best agreement with data

High PT_gam-gam and
low D _phi data discrepances




Direct Photon Pair Double Differential
Xsections
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Direct Photon Pair Double Differential Xsections

$10'E Do, a2 " (@) T [opoe2m (b) E: [ D@, 42 b ()
§ + 80 GeV < M,, = 350 GeV = . | 80GeV <M, <350 Gev 5 80 GeV < M,, < 350 GeV
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None of the theoretical predictions considered is able to describe
the DPP data well in all kinematical regions of 4 variables. May be
NNLO corrections to RESBOS will improve the description of the
high PT_gam-gam (low D phi) spectrum at low M_gam-gam?



Exclusive Photon Pair Production in ppbar,

CDF
L= 532 pb-1 W Phys. Rev. Lett. 99, 242002 (2007) \
P e = p
‘ﬁ% v The process is closely relatede to
exclusive Higgs boson production
atthe LHC p+p=2>p+H+p (g9
"y fusion through a top quark loop)

P - >P

Two electromagnetic showers with Three candidate events for exclusive

E t>5GeVand|y| <1.0 with no gamma-gamma, pi0-pi0, or NN

other particles detected in the event production are observed with the

in the range |y| <7.4. expected bkgd of 0.09 +/- 0.04 events




Exclusive J/Psi, Psi(2S) and Production in
ppbar collisions, CDF

=1481-1 || arXiv: 0902.1271, (2010)

— Exclusive production (EP) is a search channel for new physics / Higgs Boson.
— Observed EP in the dijet, dielectron and charmonium channels.

p— »p P Sl D
(b)) g I (@) gF
p O p——<>—p
PHYSICAL REVIEW LETTERS 102, 242001 (2009)

T mf ™
sof- Tn . i

f § i g ] =

g &0 E.::-"’_,—"'T-._E_l_-_-_-_"T—hl_ :a

o - B :' ¥ J -

S sof IR ' =

e - i P>

E- 30 ] ET] E

£ e e [

] =%

& zof | =
10 |

ok

a 31 32 33 34 35 38 37 3B 39 4
M7} (GeVie )

Analogous to HERA observations in ep,
first time in hadron -hadron collisions.

3 — p P— p
o . T Sty g
| - i T
I|.+ = :_'J-"
P =5 i = "jy _
P—al p p = _ p
v PHYSICAL REVIEW LETTERS 102, 222002 (2009) 1
2 = data Not observed., but
g1 L =G limits do not
exclude SM
2 -'_' —_— S e :
i calculation.
0 IO . R ] Lo s
40 &l 80 100

M, (GeVic’)

Cross sections dsigma/dy/ y=0 are measured
for the first time in hadron -hadron collisions.




Differential Cross Section in elastic
ppbar Scattering
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w Differential cross section of ppbar elastic Xsection

L= 30 nb-1 I DO note 6056--Conf, April, 2010/

* do/dltl where Itl 4-momentum transfer squared

- 0.25 <ltl<0.6 GeV* and 0.6<Itl1.2GeV*

« Fit to form do/dItI=C exp(-bltl) in range 0.25 <ItI<0.6 GeV*

- b=16.54+0.10(stat)+0.80(syst) GeV"

;i . “ D@ Run Il Preliminary, L= 30 nb’
. > - 101
14.3% l‘ummmlf:y | § . .
uncertainty not included in E e Seaplhil)
1 z % My b=16.5+0.1+ 0.8 GeV
plots 3 s
. . 107}
» Other important systematic
., . 1
detector positions and 102 F T 1 | 1
efficiencies, beam ‘
divergence, analysis o i W SR R

*Systematic error dominated by rigger
: efficiency correction
fu nctlﬂn Second biggest uncenainty (alignment )
=+ 0.3 GeV?

tl(GeV?)



w Differential cross section of ppbar elastic
Xsection

« Comparison to other experiments

- Slope parameters consistent with similar Vs

— Position of first diffraction mimnimum moves to lower values of It
with increased collision energy

g WJE DO Run Il Preliminary, L= 30 nb’ E'EE D@ Run Il Preliminary, L=30 nb’
E 10° —— D@ (1.96 TeV) EID’E
Bk —+— E710 (1.8 TeV) E Y —— D (1.86 TeV)
= + CDF (1.8 TeV) = E . A4 (0348 Te¥)
- s £
. F Tt
10 hﬂ’i 1n—1|E Tif
2 i i !

; -jfmif E AARREN

107 107

== ﬂ_.li Iﬂ.l-ll 08 I Iﬁ.lil = ‘Il S B 10" Iﬂ_.lil L'I.Iﬂ I U_IE I {_lli i s 1.2 & 7 s

. 1.4
[tl(GeV?) It (GeV?)



* Hadron
Production




Differential cross section of ppbar elastic
Xsection

— Strange particle production can reveal mechanisms from the collision.

CDF Rumn 1T Preliminary

i
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- | 3 F e pr 3 0.3 Gelifc
= 1w £
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E 10 E (o M, <10 -
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— Cross sections are also measured

— Cross sections are measured in pT bins, in different multiplicity regions.

accessing previously unexplored high pT regions.




Underlying Event

il

MC Generator Tuning
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Underlying Event Studies

goal: improve understanding and modeling of high energy collider events
: : : #1 Di i

define 3 regions in an event, Jet rection

based on the leading jet

- “toward”

° 7 a Way" “Toward”

e ‘“transverse”

Away Region

Transverse
Region

“Transverse”’ “Transverse”

Toward Region

“transverse” region

Transverse

- very sensitive to underlying event Region
study (in all regions) e
* charged particle density There should be a
* Py sum density much higher professional

« E; sum density talk on UE of R. Field (CDF) o




Underlying Event in Drell-Yan and Jet Production

- charged p; sum density

Comparison Of three regions in DY Tran:verse Region Charged p; Sum Density: dp /dnd}
- “away” region: p; density increases = | COF R 2 Prelminary L~2.7/b°
with Iepton pair p; Q35 Pr- 0.5 GeV/c and In| <1
it " stoward” regi 2 | o pmnma e an
° ransverse |, owar regions: 2 3 ¢ Loading Jat PYTHIA Tune A
p; density flat with lepton pair p; g F 7V Cadinggetata
s 25 70< M, < 110 Gev/d
E 2
3 =
= -
e 15
All Three Regions Charged p; Sum Density: dp/dndo % 15 % % } }
— 12 D - . SN S B P LT
§ L CDF Run 2 Preliminary L~-2.71b g . * ¥ =y $ud iil L) =3
S [ pr>05 GeVieand In| <1 [ o 0.5 _—r-".-iw“uL
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[ Away: PYTHIA Tune AW %
E B i Away: Data Fo1
w L . . —~ ¢ 2 ¥y
70 <M, < 110 GeV/c I .
g or ' comparison of “transverse”
c B o .
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" B a . . .
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Summary

* New high precision results
 Consistency between experiments

There are many things to do in the nearest future
Now we have the results with up to 4 fb—1!
Next year we expect about 12 fb-1
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Backup



|Isolated Photon + et

d

Fraction of qg — qy process
o
o

T

0<ly'l<t ., |y |<08 y' y':: >0
pf>15Gev T yT1<08, y'y<0
15<|y‘3t|<25 y*yje‘>0

15< |y <25, y'y*<0

PYTHIA 6.3, CTEQ6.5M

Il 1 L 1 1 1 1 I 1 1

30 100 200

Py (GeV)

quark-gluon subprocess fraction in
different rapidity regions versus pT
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