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Hard QCD Processes

high p; = hard partonic scattering \

kinematic plane
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Fixed Target Experiments:
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Sensitive to:

dynamics of interaction

- validity of approximations (NLO, LLA, ...)
- QCD vs. new physical phenomena

proton’s parton content

—> unique sensitivity to high-x gluon

strong coupling constant




Physics Objects

Jets

(all flavors)

Heavy Flavor



Physics Objects

Jets Photons

(all flavors)

W/Z Bosons Heavy Flavor



Physics Objects

A

Jets Photons

(all flavors)

Multi-Parton Interactions / Underlying Event



e Photon Production (+ Jet)
e Vector Boson + Jet(s)

e Event Shapes

e Jet Production

e Determination of o,




EE Fermilab Tevatron — Run II

Te"at“’"/ Two more days running!!

pp at 1.96 TeV

= = g
ed Luminosity (pb')

e 36x36 bunches

e bunch crossing 396 ns m ”F“

e Run II: March 2001 — Sept 2011 m“'lulllllnu il

e Peak Luminosity: 4.2x10%> cm sec* | “.uanIHI\II\H MM |
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Eg Fermilab Tevatron — Records

Integrated Luminosity in One Store: 12150.17+ 12048.1 [1/nb],

April 17, 2010, Store #7748. For CDF and DO, respectively
Integrated Luminosity in a Week: 73.070 [1/pb],

April 13 - April 20 2009. Average integrated Luminosity of CDF and DO.
Integrated Luminosity in a Month to CDF: 273.423 [1/pb],

March 2010. DO also set a record this month (avg 272.720 1/pb)
Maximum number of PBars at Low Beta: 3326E9 ,

February 10, 2008, Store #5899. From the Recycler
Maximum number of Protons at Low Beta: 18236. E9 ,

July 14, 2002, Store #1526.
Store Duration: 53.75 Hours, 29-31 July 2006, Store #4862 R sy
Integrated Luminosity in a Floating Week: 81.98 [1/pb], s
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Run II Detectors

Multi-purpose Detectors

® Solenoid Coil

m EM calorimeter sl
m Hadronic
calorimeter
n=0
hduon Scintilfabors
— T

[ Muon Chambers

Shielding .:_=hé.__i{" ] :
e vertexing IS
e precision tracking i H H i

m Steel shielding

e calorimetry

Torod

e muon system -
e (hermetic - missing ET) — N —
|




]

test theory
fixed order: NLO
resummation

PDF constraints?
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Direct Photon Production

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 D< |n|<0.9
partonic subprocesses

1 . . .
0.9 also fragmentation contributions:
0.a
0.7
0.6
0.5
0.4
0.3

0z qag

01 lag . . .
0 b— suppress by isolation criterion

a0 100 150 200 250 200

b/ GeV - observable: isolated photons

qq
(all quark/anti-quark
subprocesses)

fractional contribution
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« CDF and DO measurements: 20< pr <400GeV - agreement
« theory vs. data: disagreement in low p; shape

« experimental and theory uncertainties > PDF uncertainty
- no PDF sensitivity yet

 first: need to understand discrepancies in shape 12




Isolated Photon + Jet

Phys. Lett. B 666, 2435 (2008)

investigate source for disagreement

- v, jet: same side / opposite side s} PN IE: T

] ) central jet forward jet
->measure more differential: P ] , D J _
- ' DO Y| <08, y"y* >0 + 15<ly| <25 y Y >0 1
- tag photon and jet Bl e iy i {l ¥l <25, y _:
- reconstruct full event kinematics’ .. ’ TH | } R
g HH i‘Hf “11“ ______ == *Hf ,,,, I]
« measure in 4 regions of yr /yjet g% ’*M | | ]
- photon: central _04 ~ . | v, jet: same side
- jet: central / forward srrL=1 fb ; ~

-—h
-
L |

te sides ||

1.25— T jet: OPPOSi lll :
e i s |=.,t._1-___Jf | O—
C 1 : i i 2
: Yo f I ‘"'if‘"h'+-'-f-~+--+-++ T l”*i ?T
discrepancies in data/theory o8- Hit J ¥ I
- figure out what is missing... = R = oo scaleuoramy | 3
. . 0.4 7 el ratio of MRST04 to CTEQ6.5M 7
* higher orders, resummation, ... ? 1| 7:8% s overal nomazaton unceramy | T o Aledngz o CTEGe sk 3
. 30 1I00 200 30 1(IJO

pr (GeV)
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Isolated Photon + HF Jet

Phys. Rev. Lett. 102, 192002 (2009)

> DY L=10f" o yy* >0

© 10¢ . my'y <0

| F X

= L .o -~ NLO QCD
Photon + (b/c) jet + X g . o ETE(_Q E"'SM
Photon p;: 30-150 GeV 5 1L L ARt 1

> 107¢ e .

-UI- - T+b+X ‘e W ¢
0.01<x<0.3 > b, gluonPDF T 42l W e e W 060)
~ test gluon splitting contribution T (x1.0)

) ' .

T 13 V1 <10 S
tag photon and jet | " Iy"| <08 e e (03)
Rapidities: |’yﬁ’ | < 1.0 |yJet | < 0.8 q1¢* 3 pft > 15 GeV - 50.1)

:I L1 | | | L1 1 I | | 1 1 I L1 1 | 1 1 I |
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- triple differential dga / (dp} dyﬂ’ dyJet) T



- Isolated Photon + HF Jet

Phys. Rev. Lett. 102, 192002 (2009)

> oF A : T, e
31|.a—[:u2iL -1.0fb |3H| 0.8 -y <0

9 ph0t0n+b: |-1E_— }r}rlﬂ}ﬂ hrﬂll{-:g(aeu _ T+b+X

agreement over full gH;- ¥+b+ X Py >
o, range: 30-150 GeV | 12 4 et } lllll +_{_ } |

> 1o PDF sensitivity 5 -%*#’ +" |

- —e— dala/ theory

06 CTEQS.6M PDF uncertainty [ L=1fbl
0.4 ----- |CBHPS/CTEQ6.6M -
> phot0n+c: u.z;— T &:ﬁaﬁuﬁ artﬂgoa &M _
- agree only at p; <50GeV a5k yrylet 0 o P
- disagreement increases £ Tt | TR0 ;
with photon p; — 25 I
- using PDF including : - *
intrinsic charm (IC) i O il S B
improves the theory AR e
pr dependence 03¢ -

40 60 Eh 100 12[} 14{1 4ﬂ Eﬂ 80 1DI] 12!‘.] 1=I-'[]

Consistent with CDF “photon + b-jet” in Phys. Rev. D81 (2010) 052006 PTV (GEV)




e Di-Photon final state: one of main discovery channels for Higgs at the LHC
e Possible signatures of new physics, such as large Extra Dimensions

Leading order diagram:
dominant at
high di-photon mass

(Higgs background at LHC)

Next-to-next-to leading
order contribution
- suppressed by

factor alphas?
But important at low mass
- large gluon density

Y
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= ResBos:

- NLO prompt di-photons

- LO fragmentation contribution

- Resummed initial state gluon
radiation (important for qT)

= DIPHOX:

\- NLO prompt di-photons

i
i

- NLO fragmentation (1 or 2 vy)

/ - NNLO gg—>yy diagram

= PYTHIA

= SHERPA
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Phys. Lett. B 690, 108 (2010)
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- agreement between CDF and DO data
- theory describes data at high mass (> 50 GeV)
- at low mass: theory too high
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arXiv:1106.5123 - submitted to Phys. Rev. Lett. and Phys Rev. D
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- between 20-50 GeV: theory does not describe data
- RESBOS (resummed gluon contributions) describes pT < 20 GeV
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- no theory describes data over whole A¢ range
- RESBOS (resummed gluon contributions) describes A¢p—>n
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JE DO
Vector Boson + Jets

]

Fixed-order: NLO
LO + Parton Shower

Matched Tree-Level + PS
Backgrounds to New Physics
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antiproton ™

* relevant to other high-multiplicity processes
 background to Higgs
« test "matched” predictions - critical to Tevatron / LHC physics

Provide detailed measurements of p; and angular distributions
of vector boson and jet

- test perturbative QCD calculations

- testing and tuning of phenomenological models

21



Z + jets - p;—jet

Measurement of 1st, 2nd and 3rd jet p; in Z events:
—>normalize to inclusive Z production (cancel some uncertainties)
compare to pQCD @ LO / NLO Phys. Lett. B 669, 278 (2008)

Leading jetinZ + jet + X Second jetin Z + 2jet + X ThirdjetinZ + 3jet + X

DO Run II, L=1.04 | == Data at particle level E DO Run I, L=1.04 fty| —#= Data at particle level

= 2 = = E DO Run I, L=1.04 fly'| == Data at particle level
o 10 | MCFM NLO v | m— MCFM NLO o C == MCFM LO
o ° 10'F o ]
= 10° = F (a) = otk (@) s‘~~
Z Z 10* = s
1= 12" E 3 S §
A 10% R 3 N ~.
ol » . b | B . , o B 4 : b
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< Incl. in p? /y°| X e Mnelin oy F nclingt/y
€ 0% Rione =05, 1y"| <25 & F Rame=051y" <25 & | Rem=051y" <25
B Py ; i 10 2. e G % o i 10% =
=+ Data =+ Data =+ Data
== MCFM NLO == MCFM LO === MCFM NLO == MCFM LO == MCFM LO
20 | — Scale unc. —— Scale unc. 0 B Scale unc. ——Scale unc. o —= Scale unc.
o b SooED S 30F (b)
z15F =" = 20F
5t g zF R  —
%10'_ 1%; i e 210 91.0:— --------------
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NLO describes data within scale range LO not too bad 22




Z + jets (angular distrib.) [ 2 %]

Angular variables: A¢(Z,jet) |AY|(Z,jet) |Yboost| (Z,J€t)
5 FDeLl=ton? R D2, L=1.0fb” — D3, L=10 0"
= iy Daia - ® Data 2 . e Data
< = —NLO pQCD = corr. | " == NLO pQCD + corr. ﬁ 1[r‘:— = NLO pQCD + cor.
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i @) L@ @
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=PRI N S [ T S RS M S Ll o lboe o b bero b b b A P TR I I I I P N P
E e Data g o [Data E e Data
o 3 s NLO pQCD = =0 paCch 5 m NLO pQCD = = O pQCD o w NLO pOCD = = L0 pQacD
& — Scale & PDF unc. — - Scale & PDFunc. | L 21 — Scale &PDF unc. — - Scale & PDF unc. % 5| — Seale & PDF unc. — - Scale & PDF unc.
a 2t 2 g
[=] o ]
= = - - =
o ] - —_ - _i m _— _— - — _—— =
: $ N L E %584 4 $
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[ 1~ = Tt
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Ad(Z, jet) (rad) lay(Z, jet)l 1Y, o ZHiEDN

Overall: decent agreement 23




new preliminary CDF result (8.2fb1)

Z(=2) + njets  n=1-4, |=e,u

CDF Run Il Preliminary

= —e— CDF Data L= 823 f4'
=

104 = I:l Sytematic uncertainties
& —_——— —— LO BLACKHAT+SHERPA

—=— NLO BLACKHAT+SHERPA

10° MSTW2008 PDF
C | . -
—_— !-l,:,:%HT:%(EiDIT +E)
—_——
102
l—!—i

105—

ZIy*(— I'T) + =N jets inclusive

Measure comprehensive set of
differential distributions

- detailed test of LO / NLO pQCD
predictions (Blackhat+SHERPA)

—->NLO for n=1-3
—>LO for n=4

l=e,n f
1 E st jet —_r
= p{f =30 GeVlie, |Y |=21 I
| | | | |
1 2 3 4
=N.

Here: cross section vs. jet multiplicity

- described for n=1,2,3 (NLO)
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brandnew preliminary CDF result (8.2fb1) Z(=>Il) + njets n=1-4, |=e,u

doldp’” [fb/ (GeVic)]

Here: pr; distributions for jet #1, 2, 3

CDF Run Il Preliminary CDF Run Il Preliminary CDF Run Il Preliminary
B . L — A
10° = —e— CDFData L= 823" —*— CDF Data L= 8.23fli —*— CDF Data L= 823f5
E 100 = Sytematic uncertainties
C I:‘ Sytematic uncertainties E |:| Sytematic uncertainties 10 l:l :
L e C : —— LO BLACKHAT+SHERPA
e —=— NLO BLACKHAT+SHERPA B —#— MLO BLACKHAT+SHERPA r
102 S - - —=— NLO BLACKHAT+SHERPA
: *.* MSTW2008 PDE - MSTW2008 PDF i MSTW2008 PDF
r ——
r *.-.- u.:=%H'T=%(Eip‘T+E$ZI 105_ —— !l:=%FL=%iE.D-+E$i- [ — u.:=%H'T=%(Eip‘T+E%J
10 = Fo
E —— - i T
F L — [
- Ny L 1 +
1 1 —— C —_—
C - i .
B C L by
7
10 r |:$:| - - PR+ 23 rd : *
E ZIy'(— ') + 21 jet T leading ZipH{— I'T) + 22 jets 2" leading ZI*(— T'T) + =3 jets 3 leading
F l=e,u ¢ 10— I=enp l=e,n .
= . i = jet - et
L P =30 GeVic, Y™ <21 E P 230 GeVie, Y™ £ 2.1 |01 Py 230GeVic, [Y <24
I L I I L E_ | | I Lo i L L L
30 40 50 60 100 200 300 400 30 40 50 60 70 80 50100 30 40 50 .. .60

Priets (GEV/C) Priet2 (GEV/C) Priets (GEV/C)

- good agreement for jets #1, #2




brandnew preliminary CDF result (8.2fb™!)

Z(=>1) + njets

n=1-4, |=e,u

Here: rapidity distributions for jet #1, 2, 3

CDF Run Il Preliminary

CDF Run Il Preliminary

C 600
=y B —*— CDF Data L= 8.23fif’ B —%— CDFData L= 823
B 3000__ D Sytematic uncertainties : |:| Sytematic uncertainties
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L —— 1 _1 __}——ij { 1 _1 z
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500_III|III|III|III|IIIIIIIIIIIIIII|II||||||||| 100_II||||||||||III|III|III|III|III|III|III|I||
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80— —— CDF Data L= 8.23 fif’
C I:l Sytematic uncertainties
70— —— LO BLACKHAT+SHERPA
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50— +
i G S
40_— I
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s | T — i
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C ——
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0 02 12 14 16 1.8 2 2-2e1

- good agreement for jet #1, reasonable for #2, poor for #3 (large k-factor)
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Z+ b jet

Discriminant distribution

w600
105 c o L .
E D0, 4.21b" - DO, 4.2 fb" P Do, 4.2 fb™
o | (@u L (Blee 2 a |
E ‘Ill" 3 ] Eh-.;-b E B — Data
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- i (w - C ]
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" 200~ | &
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| I T
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alZ + bjet)

= 0.0193 £ 0.0022(stat) £ 0.0015(svst) NLO MOFM
0.0192 = 0.0022

prediction decreases by 3.6% when the effects from de-

tector response, resolution as well as hadronization and 97
underlying event are taken mto account.

a4 + jet)



Priet distributions for jet #1, 2, 3,4 >  test NLO (n=1,2,3) LO (n=4)
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pz=15 Gew T]E =1. II mI ILHZIl GeV,p =20 [Je‘u’ a 30 a0 = B0 00 0

20 30 40 10° 2><‘IUI2
n" jet p_(GeV)

NLO describes 15t jet well — 31 jet less well

Third jet p._(GeV) (njets>=3)
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% Event Shapes

]

Successfully used in e+e- collisions

- first tests at hadron colliders
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Theory: A. Banfi, G. Salam and G. Zanderighi J. High Energy Phys. 1006, 038 (2010).

5
-

10

Leading Jet E; = 200 GeV

— NLO+NLL

------- Tune A Hadron
........... Tune A + CDF Sim.
== Data

10" T

Leading Jet E; = 200 GeV

= NLO+NLL
v Tune A Hadron
Tune A + CDF Sim.

102 ks —

o
o
[
=
=
o
[=2]

New CDF measurement of transverse thrust and thrust minor

(show uncorrected data)
- Large underlying event corrections




Event Shapes

0.04
Define new variable an,mf_ —@— NLO+NLL
“thrust glifferential” 0.036] it Tune A Hadron
as a weighted sum of T,,and t 0.034F- v Data (Unfolded)

I}({T} -{I;nin}] — ?ﬁf(?[fﬁ{lznén} — 3 ﬂr}) lﬂ32§-

0.03F
- Insensitive to underlying event 0.028-

0.026

n.u24f—

0.022F-

0.02E T

1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
100 150 200 250 - 300
E_Iread. jet {GEV]

Present (corrected) average values of <D> as a function of E'eadingjet
—->Compared to PYTHIA (tune A)
—>and to analytical NLO+NLL calculation (parton-level) in CEASAR

A. Banfi, G. P. Salam and G. Zanderighi, J. High Energy Phys. 0408, 062 (2004).

31

-> See also recent CMS result: events shapes based on jets




D
®

SM production well-understood

- use data for SM and NP phenomenology
- quantitative results
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Jet Production

largest high pT cross section
at a hadron collider

- highest energy reach

jet

antiproton =

jet

In the absence of new physics:

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

- sensitivity to PDFs - high-x gluon
- sensitive to

Unique sensitivity to new physics:
- new particles decaying to jets,
- quark compositeness,
- extra dimensions,
-...(?7)...
0.05 0.1 E%E

1 T T =T
E inclusive jets: Tevatron Run Il

XT

0.4

2 E
S 08 [ yI<0.4
a : ]
S o[ qq — jets |
o i
&) [ .
T 04 gq — Jets
S
9 02 .
£ - gg — jets

D 1 1 1 | 1 1

50 100 200 400

pr (GeV) 33
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= 10°E —— CDF data (1.13 o) g 10"E D@ Run Il ’ g”:O";i ((’;3:)()(16)
Py — _ _ 9] 6 A< |y|<0.
'g % 1010:: [ ] systematic uncertainty ] 105 s 0.8<|y|<1.2 (x8)
O b —=— NLO pQCD — 10 o 1.2<|y|<1.6 (x4)
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benefit from: steeply falling p; spectrum:
* high luminosity in Run II 1% error in jet energy calibration
» increased Run II cm energy - high p; - 5—10% (10—25%)
 hard work on jet energy calibration central (forward) x-section




o o o 32: | y]<0.1 : 1j4mu; gl PO 1.1<|y]<1.6 |
 high precision results W
2 L
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. S5F JE L L L L
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5L ) ) ) ) ) ) . ) i ) ) )
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- Redo the Rutherford Experiment

. | | _ 1l4cosB”
Xdijet = exp(|y1 — Y2|) = T=cosd
B C
-3 0.14 | — Rutherford Scattering
S F. ---- QCD
© 0.12 =g e New Physics
b 01f
0.08 [ *.
006 :_ ‘-___'.}--'E.-.-..?.-. ..... ﬁ .......
L Illlll]lllll}llllllllllllll1}
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Measurement for dijet masses
from 0.25 TeV to >1.1 TeV

- First time:
Rutherford experiment above 1 TeV
- Data described by Standard Model

Constrain models of Spatial Extra

Dimensions and quark compositeness:

* Quark Compositeness A > 2.9TeV
« ADD LED (GRW) Ms > 1.6 TeV
« TeV1ED Mc > 1.6 TeV

- Most stringent pre-LHC limits

1/6 5y AO/AY g4

o o
O'.D o_o
6)) -+ O 8) —

-

—— DJ 0.710"
—— Standard Model

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

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

--=- TeV'ED

v
3
To<M/Tev<11 |5
i E
< e
 MyTev > 1.1
5 10 15

xd”et exp(|y1 y2|)



central dijet production |y|<1

o test pQCD predictions

e sensitive to new particles decaying
into dijets: excited quarks, Z', W/,
Randall-Sundrum gravitons, color-
octet, techni-rho, axigluons, colorons g

I

6/ dM, [pb/(GeV/c))]

= 10k

800

1000 I 1200
[Gewc’]

39



central dijet production |y|<1

test pQCD predictions

sensitive to new particles decaying
into dijets: excited quarks, Z', W/,
Randall-Sundrum gravitons, color-
octet, techni-rho, axigluons, colorons

-l —
=
N

do / dM, [pb/(GeV/c?)]
D - B

Phys. Rev. D 79, 112002

Midpoint, R=0.7, [y~

—e— Data
‘. —a— NLO: NLOJET++, CTEQB.1M
> corrected to hadron level
- L= pr="(jet1,2)/2, Fisep=1 3
'_, [ ] Systematic uncertainties

-1
<1, L, =1.131b

CDF Run II Preliminary I

1 | 1 L 1 | 1 L 1 | 1
200 400 600 800 1000 1200 1400
M, [GeV/c]

40




Data / Theory

central dijet production |y|<1
test pQCD predictions
sensitive to new particles decaying
into dijets: excited quarks, Z', W/,
Randall-Sundrum gravitons, color-
3octet, techni-rho, axigluons, colorons
[ Midpoint, R=0.7, [y"™"¥|<1, L, = 1.13 b
B —e—— Data/NLO (CTEQSE.1M, p=pT="{jet1 2)2=pg, R, =1.3)
25__ I:l Systematic uncertainties
= PDF uncertainty from CTEQ
[ e S(MRST2004) / o(CTEQB.1M)
21~ o2 x ) / oliy)
B a(without R} / o(R,.=1.3)
1.5
-
0-5:— CDF Run II
i 16 % luminosity uncertainty not included
0_ | | | | | | |

800 1000 1200 14020
Mij [GeVic]

200 400 600

Phys. Rev. D 79, 112002

— 10* ,
Yo 4 Midpoint, B=0.7, [y “|<1, L, = 1.13 fb”
; 10 - —e— Data
o 102 - —&— NLO: NLOJET++, CTEQB.1M
9‘:" ... corrected to hadron level
.g_ 10 . u=pr="(jet1.2)2, R_=1.3
'—_'_ '_, D Systematic uncertainties
= 1 F
- -
~ 107 >
o) ++
©10? —
3 —n—
10 .
10 ==
——
105 CDF Run II I
10'5 1 | 1 L 1 | 1 L 1 | 1 L 1 | L L 1 | 1 L 1 | 1 L 1 | 1
200 400 600 800 1000 1200 1400

M, [GeV/c]

- data with M, > 1.2 TeV'!
—> all described by NLO pQCD

no indications for resonances
—> set limits on new particles




Dijet Mass Spectrum

Phys. Lett. B 693, 531 (2010)

10"
Q

DG, L=0.7 fb! 220<ly <24 (x10%
13 s16<ly| <20 (x10%
%_1 07F(s=1.96TeV .1»< Iyl <16 (x10°)
p— = =08<|yl _ <1.2(x10°)
1 01 1e- Reone = 0.7 00.4<|y| <0.8(x10)
E 9 e Iylmax <04
= 10
'Ug 107
= 5
T 10
©
S 3
© 10
105 -NLO pQCD
+non-perturbative
-1 correctlons
1 0 F - pT1 * pT2
10-3 | | Ll
0.2 0.4 0.6 0.8 1 1 .2 1 4
M,, [TeV]

- First measurement of rapidity

dependence of dijet mass spectrum

in SiX |Y|max F€gions
0 < |Ylmax <2.4
- extend QCD test to forward region
2> up to M, > 1.2 TeV

- good agreement with
Standard Model predictions

no hints for:

- dijet mass bumps
(resonances, decaying into dijets)

- excess at high masses

(indications of new physics
at higher energies)
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Dijet Mass Spectrum

s Phys. Lett. B 693, 531 (2010) - First measurement of rapidity
> 10 DO, L =0.7fb" #20<M,, <24 (xi0) FIependence of Fll]et mass spectrum
S 10"F (5 - 1.95 TeV 1:<:§:<fg g;gsg In SiX |Y|max regions
S 10" Raone=0.7 202 <M 112000 0 < ¥lmay <24
2109 olyl,, <04 - extend QCD test to forward region
> > up to M, > 1.2 TeV

107
B
© 103
—> PDF sensitivity at large |y| ] :
« MSTW2008 consistent w/ data ;‘ine‘_"g;e" + » I
(but correlation of experimental o<l ;5'0 _1,'_;:_',‘,"2'_'3';"'“' <aar

and PDF uncertainties!)

e e e

» CTEQS.6 prediction too high ;:f\;
. e 0 . 3 __
(how significant? - CTEQ paper) 48 o : DR
[OSystematic Uncertainty f = MSTW2008 w,r Uncertalnty' _u W variatio

- theory uncertainty at large |y|max | “Zssissssiisisroassos 15T "o‘é'aA'd'é'd'é"i"1"-;»"‘1'3}"

M, [TeV]




- 3-jet Mass Spectrum

accepted by Phys. Lett. B (2011)

105;— - =
. - E ly| < 2.4 (x4)|E ® p..>40GeV (x4)
2-jet cross section: S 10%F D@ m |y <16 L o p:>70 GeV (x2)
O(Otsz) X PDF? g 10 3§ A =08 = ¥ Prg> 10066V
F= 3 3
. F p 40 GeV ly| < 2.4
(correlation of cand | = 42 o i )
gluon density) = 10| L
S - (@) = (b
s 1 ¥ E
- . | F — NLOpQCD
3']Et cross section: | 10 E ES 017'95)_]-6\/ E  plus non-perturbative corrections
3 2 _2;— e [ W == (Pry + P2+ Pry)f3
O(a3) x PDF T e ST Sl bl
04 05 06 08 1012 15 04 05 0.6 08 1012 15
analyze 2-jet and Wi (TEV) Wi (TEV)
3-jet cross sections: First Run II measurement of 3-jet cross section vs.
> decomsiatere || apy ] (e
" PDgF fite ty * pr3 requirement (right)

2 up to M3 > 1.2 TeV
> extend QCD tests to O(a3) processes




M;_ .. data/theory

Accepted by Phys. Lett. B (2011)

- ® Data/Theory (MSTW2008)
] i Range of u, ; variations
—; PDF uncertainty 68%CL

1 4= CT10/MSTW2008

- M=M= (Pry+ P2+ Pr3)/3
] | | | I I |

Data / Theory

yl<24 p,>70GeV 4F |y|<24 pr,>100GeV -
I I ] ] ] | ] J10C ] ] I ] | | ]

04 0506 08 1012 04 0506 08 1012 04 0506 08 1.01.2
M, . (TeV)

3jet

similar to dijet mass result:

- MSTW2008: slightly higher than data at all M5 (but consistent)
- CT10 agrees at low Ms;,, - different shape: too high at high M3
- CT10, MSTW2008 68% CL uncertainty bands: no overlap at high M., [45




- M;_.. data/thy (other PDFs)

Data / Theory

1.4
1.2

0.8
0.6
0.4

1.4
1.2

0.8
0.6
0.4

Accepted by Phys. Lett. B (2011)

Prg > 40 GeV

L 1 1 |

—| ® Data/Theory (MSTW2008)
4 --- CT10/MSTW2008

4 --- NNPDF2.1/MSTW2008
i Y HERA1.0 / MSTW2008
41— ABKMO09 / MSTW2008

= Me=Hy=(Pry + Prp+ Pr3) /3

|y|<24

T T T |

pT3

Vv
N
o
Q)
D)

<

Illll]ll\l\llllllll I|III|III|\I\|III|I\I‘I

T T [

I|III‘II\|\II|III|I
IllllJIILllIIlIIIlI

|y|<24 pT3>7OGer |y|<24 pT3>1OOGeV—

04 0506 038 1012 04 0506 08 1.01.2 04 0506

0.8 1.01.2

M, . (TeV)

3jet

compare all recent PDFs (MSTW2008, CT10, ABKM09, HERA1.0)
NNPDF2.1 very similar to MSTW2008

ABKMO09 very similar to HERAPDF1.0 (5-20% lower than MSTW)
« CT10 has strong increase for M3 > 0.6 TeV (x> 0.3)
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M;_ .. detailed analysis

Agreement between theory and data depends on

« PDF

« Choice of a (M) — especially since o5 is of O(a®)
 Choice of scales g, e

Comments
- Different PDF fits have different preferred o,(M,) values

 Different PDF fits use a different scale for inclusive Tevatron jets:

- CT10: pg, pe = pr/2
- other groups : ug, 1 = pr (better behaved at large |y|

which gives strong constraints for high-x PDFs)

For a fair comparison: study theory(PDF)/data agreement
« versus o (M)
- for different scales pg, ur = ny, Mo/2, 24

with py = (Pr1 + P2+ Pr3) / 3
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- M;_ .. detailed analysis

Accepted by Phys. Lett. B (2011)

xz (for 49 data points)

150

100

50

i D@ L=0.7fo"

Ho = (Pr1+P7otPr3) / 3

T l Tl | 1T T 1 l

—e MSTW2008
.=+A NNPDFv2.1
---¥ CT10

- e {1 HERAPDFv1.0
O ABKMOSNLO

I | 1 | | I | I I I I I I |

]
i
I
[ |

% :l
Yoy
™

0.12
05 (My)

Find that previous conclusions are
independent of ug, u-and a(M,) choices

Best agreement for MSTW2008/NNPDF for
Ur, U = Y and o(M,) = world average
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Strong Coupling Constant

inclusive jet cross section is sensitive to (¥ ¢

antiproton

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



o, and the RGE

0.22 N\ the running of the strong coupling . OLS(},LR): depends on
0.2 & renormalization scale
0.18 p o (M) =0.1184 £ 0.006 - predicted by "RGE”
3 016 |
<" 014 F  Values a(u) are not predicted
012 .+ a () € RGE > a(M,)
01 [
008 b « Agreement: compare o(M,)
g T |QCDtest(2aspects):
%095 Bl e | Determine ag(My)
= Sl = check process independence
10 10 10 . -
" (GeV) Test RGE - running o (R)
Oev. (2 5. o.(M,) extraction at large p+ requires
RGE: | 7 “a( ) _ .-f(” {()QJ) .s( 7) . ge pr req e
()2 high (experimental & theory) precision

Blo(@%)) = —3002(Q%) = 5103(Q%) = 0l (Q%) — B3al(Q%) + O(af) >0



0.2

0.1

Knowledge of o,

S. Bethke, arXiv:0908.1135

Renormalization Group Equation
has been tested for momenta
up to 209 GeV

(LEP ete data)

- But not yet for larger scales

il Tuly 2009 |
[
||I|I
"-".'-, s & Deep Inelastic Scattering
I||I 1 . -
5 ' ce e'e Annililation
[ 08 Heavy Quarkonia
Il:'.:h-l -
'Q::hi
.._\;;;1‘.
LY
ﬁi‘x
=QCD o (Mz)=0.1184+ 00007
100

Y Q[GeV]
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Basic principle

Perturbative cross section formula:

prEr.t_[:HS:] — Z {1?(“?1 fl{nS] & fg[:ng}

"N A7

« pQCD matrix elements: explicit o, dependence
- f;, f, (PDFs): implicit o, dependence

! parametrisation
Determine o, from data: do
1 4 NLO QCD

« Vary o, until sigma-theory agrees measured

with sigma-experiment +"a'”e --------------------- :
- chi2 minimizaton | | Lo 7l

For a single bin > ’

—> Procedure requires PDFs as external input ‘ g (VPP

value



PDFs and input data

MSTW2008 paper (Fig 52. / see also Figs. 51, 53
paper (Fig 52./ 2 ) Currently:

Gluon distribution at @ = 10* GeV? Main constraints on high-x
3 E ' — 7 7 " 3 | gluon density come from
O 14E y 3 | Tevatron jet data
X 13 ' —=
& .E =
o E 2 | Goal:
z "B 2 | Minimize correlations
g T 2 | between data and
g SR No Tevatron jets — 3 | PDF uncertainties
;| p— Fit only Run | jets ~3
B ot Fit CDFII(kT) + D2l jets .3 . _
= E e Same withu, =L, =p;-/2 . 3 | =2 Restrict o, analysis to
o 06 ~TCC - Fit CDFll{Midpoint) + D-,r:’bl_l jets 3 . ) .
< F Fit Run | + CDFII(kT) + DZIl jets \_3 | kinematic regions where
s 03 0.2 03 04 05 06 o708 |impact of Tevatron data for
® X | PDFs is small.

- Tevatron jet data don't affect gluon for x < 0.2 - 0.3
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Incl. Jets: x-sensitivity

Jet cross section has access to x-values of: (in LO kinematics)

f'yl _|_ .ryl’ f_yj _|_ f_yj ‘t] 21;}.1—
Ty =T . Iy, =T with rp =
Lq = IT 5 Ly = I 5 LT /s
What is the x-value for a given incl. jet data point @(py, |y|) ?

- Not completely constrained — unknown kinematics since we
integrate over other jet(s)

- Construct “test-variable” (treat as if other jet was at y=0):

— a7 - (elY +1)/2

- Apply cut on this test-variable to restrict accessible x-range

- Find: requirement x-test < 0.15
removes most of the contributions with x > 0.2 — 0.3

- 22 (of 110) data points remaining at 50 < p; < 145 GeV

KI?
e A/
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Every analysis bin - one plot
Each plot: x-min/x-max distributions

Cut on test-variable x-test < 0.15
- 22 (of 110) data points remain

These have small contributions from
x>0.2-0.3

cross section /bin (arbitrary scale)

parton momentum fraction

< Only data points above green
line are used

N B B W .q:-.-lr

TN




d°c/dp_dy (pb/GeV)

T

Data Sample

l¥|<0.4 (x32)
0.4<|y|<0.8 (x16)
0.8<|y|<1.2 (x8)
1.2<|y|<1.6 (x4)
1.6<|y|<2.0 (x2)
2.0<|y|<2.4

s = 1.96 TeV

22(out of 110) inclusive jet
cross section data points
at 50 < py < 145 GeV

- Input in o analysis

L=0.70fb' >
Rcune =0.7 0
— NLO pQCD - *
+non-perturbative corrections
CTEQE}.EMl no=p_=p
50 60 100 200 300 400 600

p, (GeV)
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Strong Coupling Const. -

- Use best theory prediction:
NLO + 2-loop threshold corrections
(Kidonakis/Owens) 02
with MSTW2008NNLO PDFs

(XS(]\/_[Z) —_ 0.1161_00048 5;':- 0.15

o(p7) from inclusive jet cross section
in hadron-induced processes

O H1
A ZEUS
e DU

i

+0.0041

> Most precise result == ?S;MZFZ_”E:_JD.OMS
i combined fi
from a hadron collider — A i
; 0.14 - J} | + # )
012 & d] A | L |
: : ~ T BARALA I
- Consistent with HERA results S 01E IT'? | ?l lt.r. N
and world average 2
g 10 10
All uncertainties are multiplied by a factor of 10* Pr (GeV)
Total Experimental Experimental Nonperturb. PDF [hr f
uncertainty  uncorrelated correlated correction uncertainty variation

0.1161 Tis +0.1 t3s 1% Y 3 >




Theoretical Precision

Main result: use best theory predictions
NLO + 2-loop threshold corrections

: : Use only NLO
T IO | oo por
AT\ — +0.0041 +0.0072

« Larger value of "NLO-only” result:
- due to missing O(a*) contributions

« Larger uncertainty of “NLO-only” result:
- due to increased scale dependence (main effect)
- and increased PDF uncertainty (minor effect)

All uncertainties are multiplied by a factor of 10°

Total Experimental Experimental Nonperturb. PDF [hr f

uncertainty  uncorrelated correlated correction uncertainty variation
o 4.1 3.4 1.0 1.1 2.5
0.1161 My +0.1 33 Tl AR T3
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Running of o (?)

0.2 KX effects of extra spacetime dimensions
0175 E “Non the running of the strong coupling
015 | n: No. of extra dimensions
0125 E 1, = 200 GeV
= =
~» 0.1 |
= - |
0.075 | < D@Runll n=1
005 E from inclusive jets \
0.025 E_ K. Dienes, E. Dudas, T. Ghergetta ‘. :
' = arxiv-hep-ph/9803466 N=3"_ ™
0 ] Lol Ll
2 3
10 10 10
1, (GeV)

- so far tested
up to u, = 209 GeV (LEP)

Could be modified
for scales p, > p,
e.g. by extra dimensions

- dmmmmm  here: i, = 200 GeV

and n=1,2,3 extra dim.
(n=0 -> Standard Model)

But: o, extraction from inclusive jets uses PDFs which were
derived assuming the RGE

- We cannot use the inclusive jets to test the RGE in yet untested region




Going further ...

... towards testing in the RGE
in novel energy regimes

= Cannot rely on PDF information
(PDF parametrizations already assume
RGE in DGLAP evolution)
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Cancelling PDFs: Ratios

Goal: test pQCD (and o) independent of PDFs

Conditional probability:

R3/
= P(3rjet | 2 jets)

O 3-jet/ O 2_jet

antiproton

» Probability to find a third jet in an inclusive dijet event
« Sensitive to o, (3-jets: a3 / 2-jets: a?)
« (almost) independent of PDFs 61




R3/2= 03 et | Oz jer

Measure as a function of two momentum scales:
Prmax - COMmon scale for both o, and o3
Prmin : SCale at which 31 jet is resolved (o3 ONly)

Sensitive to o, at the scale pr., = probe running of o (Prmax)

Details:
 inclusive r-jet samples (17=3,2) with n (or more) jets above prin
« |yl <2.4 forall nleading p; jets
ARjetier > 1.4 (insensitive to overlapping jet cones)
« study pr. dependence for different p;.,, of 50, 70, 90 GeV
- Measurement of  R3/5(Prmax 7 Prmin)
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R;,, vs. NLO pQCD

Using R;, to test NLO matrix elements

- NLO pQCD + non-pert.
015 DG prellmmary  —— MSTW2008NLO
L. =07f" |[ ==== CTIO0
L e NNPDF v2.1
0.1 - : — - =.= ABKMO9NLO
- all for a(M,) =0.118
=Wl =pP Z AR
0.05 - f— T max B B
| Prmin = 50 GeV : Prmin = 70 GeV|r Prmin = 90 GeV
D 1 I | I N B | i | T I T | | I I .
100 200 300 500 100 200 300 500 100 200 300 500

meax {:GEV)

- NLO results for MSTW2008NLO, NNPDF v2.1, ABKMOSNLO agree
- CT10 slightly higher at high p;

For a given o,(M;) = 0.118:
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fastNLO Collab., arXiv: 1109.1310

Theory-data comparison
for jet cross section data

in processes with €102
initial-state hadrons E

©
« RHIC T 10

« HERA1, 2
(high Q2 only)

« Tevatron Run I, II 1
(central rapidities only)

e First LHC results ]

(central rapidities only) |

“FVs=300Gey
- s =318 GeV s .

E s = 546 GeV

L s = 630 GeV | gy 3 1 L
s » DO cone 00<m| <05 [} e

I Vs =18 TeV

Inclusive jet production fastNLO

* in hadron-induced processes
|

TR
R

Vs = 200 GeV pp

* S5TAR cone 02<=n|=028

LR (% 500)

emsv H1 k. Q from 150 to 5000 GeV*
oece ZEUS k. @ from 125 to 5000 GeV*
:"I'-"-_ (= 200)

emiavo HY

ky Q7 from 150 to 5000 Ge\*
oaes ZEUS k. Q% from 125 to 5000 GeV*

(= 80)
COF cone 0.1<|n =07 pp_bar

-

COF cone 0.1<|n|=

0.
o D@ cone 00<|n =0

5
[ s =1.96 TeV
+ COF k. 01<ly=07
o COF cone 0.1= |{-|| =07 pp
o D& cone 0.0=|y| =04 L Ll b _ |
C Vs =7 TeV R I e L +E+FH+++#$_T_
o ATLAS antik, R=06 |y|=0.3 (x1)
v ATLAS antik; R=04 |y| <023
« CM3 antik. R=05 [y|=05

all pQCD calculations using MLOJET++ with fasthNLO:
o (Mz)=0118 | MSTW2002 PDFs | p,=w=pg jek
MLO plus non-perturbative corrections | pp, pp- incl. threshold corregtians (2-loop)

nEpoiprojects. haplonge orgfasini .;;
:

=== = W

J- ORIy WO, pRUIELgD B0 UED 8NEY S} JO UOIISBA

Highest pT reach by LHC data

2 3
10 10

pr (GeVlic)

10

ojuise) G0 sbioyd ey el d)



Overview: Xx:dependence

fastNLO Collab., arXiv: 1109.1310 10
hadron-hadron collisions only
102
plot vs. Xy = 2p;/sqrt(s) | _
S
@
- =
Interpretation: <10
1]
for y;=y,=0 2> X=X |3

demonstrate PDF sensitivity

highest x-reach by
Tevatron data

10

3_

E s = 546 GeV

COF 01 =|n|=07

- s = 630 GeV

e D@ Inl=05
vs= 1.8 TeV

COF cone 0.1<|n| =07
* D@ cone 00=|n =05

Inclusive jet production WJastNLO
in hadron-hadron collisions
| Vs = 200 GeV
TR n.i:mh:c.s .;,\-13,.3]% . 1 ‘ ‘ L .|[ H T T PP

(400

pp-bar

LLOZ IBOwsides

ojupse) o sbmyd sy sosiody diy woy peuego 59 ued sinby syl o UssEA BE1E] SUL

X = 2p; /s

vs = 1.96 TeV
« COF k- 01=|yl=07
nCDF cone 0.1 <=y = 7
e D@ cone O00=|y|=04
M W | p
++.|.++++++ﬁ'+'}ﬁ]++ﬁ'+ﬁ+ +E+++++ j S:T e"-.,."
i ATLAS anti-k- R=06 |y| =03
[ all pQCD calculations using NLOJET=+ with fastNLO: 1| «|Apae :fﬂttl'ﬁT E;Ei o< CD,S’
o (M;)=0118 | MSTW2008 PDFs | u, = w9 Bl
MLO plus 2-loop threshold corrections and non-pertugbat|ve corrections
| L1 11 | | | | | L1 1 I| | | | | L1 11
107 10 1



- precision measurements of fundamental observables @2TeV
- consistent results from CDF and DO

photon production (inclusive, plus jet, plus HF jet, diphoton)
- need to find missing pieces in theory

Z/W + jet production (p; spectra, angular distributions)
- many distributions for pQCD tests and for model tuning
- NLO describes some of the basic variables (not all)

event shape variables
- interesting new (in pp) testing ground from soft to hard QCD

jet production (inclusive p,, dijet angle and mass, 3-jet mass,
ratio R;,)

- precision measurements — pQCD very successful
—> constraints on o (M,) and high-x gluon
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In the RGE one performs matching at the flavor thresholds
- one threshold at m,,, (= 170 - 180 GeV) where n; makes
a step from 5 to 6
- For inclusive jets / dijets at the Tevatron/LHC:
Do we really want to do that?

« What n; should one use for computing single jet inclusive / or
inclusive dijet cross sections for p = pr > my,,

So far, fastNLO (used in all global PDF fits to compute Tevatron
jets) uses n. = 5 everywhere

Reasoning: We do not measure jets from top decays at pr > my,

- Make people aware — in that case RGE should also use n; = 5
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“soft” ISR does not describe
Inclusive dijet A¢ distribution
- needs more ISR - tune DW

”Gdijet d"dijet’F dad dijet

105—

DO

[ ® pmac 5 180 GeV (x8000)

E O 130 < pI™* < 180 GeV (x400)
[ W 100 < pT™ < 130 GeV (x20).,;
| O 75<pT™< 100 GeV 27

HERWIG 8.505
=== PYTHIA 6225

[ ] PYTHIA
increased | SR
| . [CTI?OBLr
23 56 T
A e (rad)

Rai2 = Caet / Cosjet

02
0.15
01 F

005 [ ¢

Different when explicitly

third jet > R32

requiring a

Ly = 0.7 fb”

meln - 50 GeV E

o= B
s ~ - L] L]
JERUAN - DO preliminary
. \\ N
“}\ Lt =
- L
K . N
’-’:. ._.\-‘

mem = 70 GeV

I —— SHERPA

F PYTHIA:
tune A
tune DW
tune BW

FEW

II\IIITIW‘TITI]TIIII

e mem = 90 GeV

|
100

200 300 500

200 300 500
meax (GeV)

1
100

|
100

tune DW much too hard for R32
- Prefers "BW" (original) soft ISR

200 300 500
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