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Primary Motivation @ Formilab

Searches for New Physics (NP) at LHC

e SUSY signatures have large SM
backgrounds

* Several levels of SM pQCD processes
must be crossed

ATLAS showed sometime ago:
 PYTHIA alone
e optimistic est. of backgrounds
e More realistic ME simulations
 much less S/sqrt(B) discrimination!

This led to earnest and well intentioned
statements from CMS & ATLAS like:
“We must

* understand SM before discovery”
e rely on accurate simulations”

...these are non-trivial statements!

at Chicago

O'tot 100 mb
jets with pr> 100 1 ub
W/Z 100 nb

tt 800 pb

SUSY (M < 1TeV) 1-10 pb
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Primary Motivation UIC i

e Searches for New Physics (NP) at LHC

e SUSY signatures have large SM
backgrounds

* Several levels of SM pQCD processes
must be crossed

e ATLAS showed sometime ago:
 PYTHIA alone
e optimistic est. of backgrounds
e More realistic ME simulations
 much less S/sqrt(B) discrimination

e This led to earnest and well intentioned
statements from CMS & ATLAS like:
“We must

* understand SM before discovery”
e rely on accurate simulations”

...these are non-trivial statements!

The Goal of this talk is to give a taste of
what goes into precision V+)Jets measurements

at Chicago

O'tot 100 mb
jets with pr> 100 1 ub
W/Z 100 nb

tt 800 pb

SUSY (M < 1TeV) 1-10 pb
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Q® (GeVd)

Tevatron paves way for LHC

L X,
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On the one hand...

LHC parton kinematics

= (M/14 TeV) exp(zy) i
M M=10TeV

2

M =100 GeV

Important for tuning MC models
* kinematic overlap with LHC
Monte Carlo Models
* Pythia, HERWIG
 Sherpa
e ALPGEN
e MADGRAPH
Theoretical Calculations
e MCFM
 BlackHat
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Tevatron excellent Lab for QCD  {ic

On the other hand...

Goal: measure W/Z+Jets cross sections
(total and differential)

Large Tevatron datasets!

Well understood detectors!

Now able vet ME+PS models
Compare with LO/NLO predictions

W/Z as precision probes of pQCD

* leptonic decay modes:
e colourless, low backgrounds
« Complementary regime to
* HERA, fixed target experiments
e Parton Distributions
* ISR/FSR - gluon radiation
* pT spectra
There’s much more data waiting to be
analyzed...

And there’s more data coming!

at Chicago

DO & CDF Run Il Integrated Luminosity through 18 February 2006
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Tevatron excellent Lab for QCD

On the other hand...

Goal: measure W/Z+Jets cross sections
(total and differential)

e Large Tevatron datasets!

 Well understood detectors!

* Now able vet ME+PS models
 Compare with LO/NLO predictions

W/Z as precision probes of pQCD
* leptonic decay modes:
e colourless, low backgrounds
e Complementary regime to
* HERA, fixed target experiments
e Parton Distributions
* ISR/FSR - gluon radiation
* pT spectra

There’s much more data waiting to be
analyzed...

e And there’s more data coming!

Q* (GeVd)
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LHC parton kinematics

= (M/14 TeV) exp(zy) i
M M =10 TeV

1,2
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Tevatron excellent Lab for QCD

On the other hand...

Goal: measure W/Z+Jets cross sections
(total and differential)

Large Tevatron datasets!

Well understood detectors!

Now able vet ME+PS models
Compare with LO/NLO predictions

W/Z as precision probes of pQCD

leptonic decay modes:

e colourless, low backgrounds
Complementary regime to

* HERA, fixed target experiments
Parton Distributions
ISR/FSR - gluon radiation
pT spectra

There’s much more data waiting to be
analyzed...

And there’s more data coming!
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Z+)ets Event Display at CDF

Run 210879 Evi 24327122 Tue Oct 11 17:57:05 2005

ET scale: 44 GeV

Run 210879 Evt 24327122 Tue Oct 11 17:57:05 2005

360

phi

Bins: 120
Mean: 1.51
Rms: 3.79
Min: 0.0195
Max: 35.1

180
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1 MET

mu particle et:
mu particle et:

ME

et: 34,69
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Leptons are THE Key Signatures gic:~

The Standard Model makes leptons through W’s and Z’s !

* Electrons

* Identification
e Calorimeter tower EM fraction > 0.9
* Shower shape consistent with electron oy
* EM deposit matched within 5 GeV of track momentum NS, Neutrimo
* likelihood e

 QCD background rejection
e pT>25GeV
 isolation within a cone

Example from DO (CDF Similar) P
* Muons
* Identification //
* hits in all layers of muon system
 scintillator hits
e track matching between central tracker and muon
system
* QCD background rejection
 pT>15GeV
* isolation




Z reconstruction
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* Drell-Yan very clean! Almost background free!

CDF Run 2 Preliminary
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° DO 1 . ‘I \I . *\y’:
 Iterative midpointconeR=0.5 3 ‘. i

« CDF ; . L
e JETCLU witha coneR=0.4 S :

* Note: o

e ATLAS & CMS make different
choices

e Jet Energy Corrections Applied
e from photon + 1-jet events
» forced pT balance
e corrects to parton-level
e from simulation

e corrects to hadron particle-
level

o Typical Jet quality requirements
e pT >150GeV, |eta < 2.0

QW ],
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A

* Finite detector resolution on a steeply falling spectrum /_\
leads to longer tails ]

* Must correct, to compare with Theory
* Form Probability Matrix, M;;, that a jet v/\ m

e with true momentum in bin i,

* is measured with momentum in bin j

* Invert Probability Matrix and apply to measured pT
distribution

10



2% Fermilab

Correcting for detector effects yicu=

at Chicago

* Finite detector resolution on a steeply falling spectrum ol 13
leads to longer tails |
* Must correct, to compare with Theory |
* Form Probability Matrix, M;;, that a jet
e with true momentum in bin i, m)ﬁ
 is measured with momentum in bin j o

0100 200 300 400 500 600 700 800 900 1000

* Invert Probability Matrix and apply to measured pT
distribution
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Correcting for detector effects yico=+

at Chicago

hist_temp_2002 Inin | Em:”"’"ms

* Finite detector resolution on a steeply falling spectrum ol 13
leads to longer tails |
e Must correct, to compare with Theory ,oxé
* Form Probability Matrix, M;;, that a jet
e with true momentum in bin i, w}
 is measured with momentum in bin j o

A

For a particular

pr(true)

0100 200 300 400 500 600 700 800 900 1000

»
L

< pr(meas) >  pr(meas)

10



Correcting for detector effects

hist_temp_2002 Inin |

e Must correct, to compare with Theory

Form Probability Matrix, M;;, that a jet

Finite detector resolution on a steeply falling spectrum
leads to longer tails

e with true momentum in bin i,

* is measured with momentum in bin j

A

\

For a particular

pr(true)

»
L

< pr(meas) >

pr(meas)

10*}
|
10}
;
}
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15tJetPt
Entries 96875
{ Mean 123
RAMS 1128

L
Y

200
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] §

Particle Jet p_ (GeV)
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80
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40!
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e

Measured Jet P, (GeV)
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Correcting for detector effects yico=+

hist_temp_2002 Inin | Ew:msws

* Finite detector resolution on a steeply falling spectrum ol o 1213
leads to longer tails |
e Must correct, to compare with Theory ,o,;
* Form Probability Matrix, M;;, that a jet
e with true momentum in bin i, w}é
* is measured with momentum in bin j o

A

For a particular

‘0 100 200 300 400 500 600 700 800 900 1000

pr(true)
% 2001 DO Run I
O 180
> 2 160 ' 0 I:l
> 5 15
< pr(meas) >  pr(meas) o 140
* Invert Probability Matrix and apply to measured pT 5 :zgz gl 1]
distribution o0 1C &
T RO N
do do 60t ..apMOs -
( ) :M_l( ) swoF ST
de(meaS) corrected de (meaS) uncorrected g S0

Measured Jet P, (GeV)
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Correcting for detector effects yicrz

at Chicago
hist_temp 2002 Inin | m{:“""ws
* Finite detector resolution on a steeply falling spectrum - [l 123
10°} 1128
leads to longer tails " True?
* Must correct, to compare with Theory |
* Form Probability Matrix, M;;, that a jet
y Y ’ " Meas?
e with true momentum in bin i,
* is measured with momentum in bin j o

A

For a particular

pr(true)

0100 200 300 400 500 600 700 800 900 1000

200

% - DO Runll
O 180
> 2 160 ' 0 I:l
> e 19%
< pr(meas) >  pr(meas) o 140
* Invert Probability Matrix and apply to measured pT 5 :zgz gl 1]
distribution ol 16 i
o iaglET T
N | o -
do do 60- ..apM0e -
( ) :M_l( ) - o fa. - .
dpr(meas) / corrected dpr(meas) / uncorrected 5, 448 -

Measured Jet P, (GeV)
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Correcting for detector effects yicrz

at Chicago
hist_temp 2002 Inin | m{:“""ws
* Finite detector resolution on a steeply falling spectrum l [l 1213
leads to longer tails " PYTHIA?
* Must correct, to compare with Theory |
* Form Probability Matrix, M;;, that a jet
| » Fy, that o ALPGEN?

e with true momentum in bin i, |
* is measured with momentum in bin j o

A

For a particular

0100 200 300 400 500 600 700 800 900 1000

pr(true)
% 2001 DO Run I
O 180
> 2 160 ' 0 I:l
> e 19%
< pr(meas) >  pr(meas) o 140
* Invert Probability Matrix and apply to measured pT 5 :zgz gl 1]
distribution ol 16 i
80» ° SSBED ‘? &
dO- dO' 60 =000 =
( ) :M_l( ) - o fa. - .
dpr(meas) / corrected dpr(meas) / uncorrected 5, B8 - -

Measured Jet P, (GeV)



Z(up)+1 jet & Permilab

at Chicago

3
N
il

D@, L=1.0 b
-4-Data
== NLO pQCD + corr.
=+ SHERPA

4 Data = =PYTHIA Tune P |

e All cross sections normalized to — HERWIGHJIMMY = = PYTHIA Tune QW |

inclusive (= 0 Jets) Z production
* reduces systematic errors
* Theory predictions updated since i
PLB 669, 278 (2008), 0808.1296v2 1w

Ratio to SHERPA
N

110 x doy 4. /dp_ (1/GeV)
2

e Ratios relative to Sherpa v1.1.3 © 65<M,<115GeV, f1<17 . '©
e MCEM v5.4 " Reone=0.5, P >20 GeV, Iy*1<2.8 |+ SHERPA scale unc.
’ < | —Data < —4-Data == ALP+PY Tune P
* PDF: MSTW2008 % NG pEGD =aLOpach % = ALP+HER = = ALP+PY Tune QW
2 2 2 2 & 2f — Scale &PDF unc. — - Scale & PDF unc. & 2r

* w = p = pr(2)* + M(Z) 2 g
* Pythia v6.420 a | z

* TuneP E

« Tune QW T 1

HERWIG v6.510+]IMMY v4.31

.71 SHERPA scale unc. (b) .71 SHERPA scale unc. @
 ALPGEN v2.13+Pythia v6.420 e . S |
e ALPGEN v2.13+HERWIG v6.510 Py (GeV) P (GeV)
e Summary of results Particle level phase space:
e NLO prediction with pt(Z) < 30 GeV sensitive to UE 65 GeV< M(pp) < 115 GeV,
* All LO predictions underestimate data normalization DO midpoint
e Pythia can be tuned to reproduce data Reone=0.35,

pr(jet) > 20 GeV
ly(jet)| < 2.8, [y(M)]| < 1.7

11
*Information courtesy Sabine Lammers



Z(pp)+1 jet

All cross sections normalized to
inclusive (= 0 Jets) Z production

* reduces systematic errors
Theory predictions updated since
PLB 669, 278 (2008), 0808.1296v2

* Ratios relative to Sherpa v1.1.3
MCFM v5.4

 PDF: MSTW2008

* w?=pf = pr(2)? + M(Z)
Pythia v6.420

* TuneP

* Tune QW
HERWIG v6.510+]IMMY v4.31
ALPGEN v2.13+Pythia v6.420

e ALPGEN v2.13+HERWIG v6.510
Summary of results

110, x dog, g /dp. (1/GeV)

Ratio to SHERPA

D@, L=1.01b"
-+ Data

=+ SHERPA

—
o
[4}

lllllHl T TTTT

—1
(@

II'IH]

65<M,.<115GeV, Iy1<1.7

10°E Rige=05, P >20 GeV, Iy <28
= 1 1 | PRI PSR R L

== NLO pQCD + corr.

—+4-Data
=== NLO pQCD = = O pQCD
oL — Scale & PDF unc. — - Scale & PDF unc.

0.7}

SHERPA scaleunc. ~

(b)

= ! | I} | L | I} !
0 20 40 60 80 100 120 140 160 180 200

Pz (GeV)

* NLO prediction with p1(Z) < 30 GeV sensitive to UE
* All LO predictions underestimate data normalization
* Pythia can be tuned to reproduce data

*Information courtesy Sabine Lammers
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-4- Data == PYTHIA Tune P
= HERWIG+JIMMY = = PYTHIA Tune QW

Ratio to SHERPA

4+- Data == ALP+PY Tune P
- ALP+HER = = ALP+PY Tune QW

Ratio to SHERPA
N

0.7 SHERPA scale unc. (@

- ! | | | | | |
0 20 40 60 80 100 120 140 160 180 200
pZ (GeV)

Particle level phase space:

65 GeV< M(up) < 115 GeV,
DO midpoint

Rcone=0o5,
pr(jet) > 20 GeV

ly(jet)| < 2.8, |y(mw)| < 1.7

12
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Z(ee)+1 jet UIC oo

All cross sections normalized to < o[ 00RnT, o104 o7 - Daa atparicie v 5 e
inclusive (= 0 Jets) Z production 8 st P s -
* reduces systematic errors e 8 f 7 et

S 101 =
ol|a 2l (- ee) +1jet+ X €10k
PLB 678, 45 (2009), 0903.1748v1 © 10%F 65<M,<115GeV Z r
. . (] Incl.inp® /y°
* Ratios relative to MCFM v5.3 —|°s ‘o .:fy,,:‘;’s,ymds -
e PDF: CTEQ6.6M AN N TEE T :
-+ Data =+ Data ~= SHERPA
2 _y2 = 2 2 o iy . i
tHE=pE=prZY e M2y | Suge TR | | AR e
H (o] = o
e Pythiav6.416 ZisfF Z1sF (d) L—
* TuneP g f I & F e A
! Tuneaw ot Ll (B LT
A e Tt 8 [ ~memmmmmm———
e HERWIG v6.510+]IMMY v4.31 g __""“"--—»-.‘I g0 1
° ALPGEN V2.1 3+Pythia V6-325 05 5 A DA i T O | (RN L 05z L 4 P -4 4
20 30 40 50 100 200 300 20 30 4050 100 200 300
e Sherpavl.1.1 p, (1" jo) [GeV] p, (1" jet) [GeV]
Summary of results Particle level phase space:
« NLO predictions agree well with data 65 GeV< M(ee) <115 GeV,

DO midpoint
Rcone=0o5,
pr(jet,e) > 20 GeV

ly(jet,e)| < 2.5

* Large differences between models
e Small experimental errors

13
*Information courtesy Sabine Lammers
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Z(ee)+2 jets % Fermilab

at Chicago

All cross sections normalized to

s DORun Il, L=1.04 fb"' -+—Dat;1: at particle level —4+ Data == PYTHIA SO
. . . o — - -
inclusive (= O Jets) Z production 8 10° Ve HERWIGRMMY  —Scsleuns.
. = Q25F - Scal
* reduces systematic errors R o 220F © o
B = 15F
Rt
g %..105 2y (- ee) + 2jets + X 210— ! : -'; : ! I
PLB 678, 45 (2009), 0903.1748v1 |3 65 <M, < 115 GeV 2 : [
. . X s Incl. in pZ / y* £ [ S >
* Ratios relative to MCFM v5.3 | 10°F A T 205} NG
 PDF: CTEQ6.6M e : S
=+ Data =+ Data - SHERPA
* UZ=pe= pT(Z)2 + M(Z)? —— MCFM NLO == MCFM LO == ALPGEN+PYTHIA Scale unc.
. o 25k — Scale unc. —=— Scale unc o025k Scale unc
* Pythiav6.416 Z 20f 220F @
2 = 15F — — -
* TuneP . i i
=210 i I
e Tune QW ; ------------- _{
e HERWIG v6.510+]IMMY v4.31 & 05
e ALPGEN v2.13+Pythia v6.325 LW s g gy ; b e g ,
20 30 40 50 60 100 200 20 30 40 50 60 100! 200
e Sherpavl.1.1 b, 2™ jet) [GoV] p, (2™ jet) [GeV]
Summary of results Particle level phase space:
* NLO predictions agree well with data gf)c'e.\clf M(ee) <115 GeV,
 Llarge differences between models l;"' pg'gt
e Small experimental errors cone=t =

pr(jet,e) > 20 GeV
ly(jet,e)| < 2.5

14
*Information courtesy Sabine Lammers



Z(ee)+3 jets

All cross sections normalized to
inclusive (= 0 Jets) Z production
* reduces systematic errors

[1/GeV]

dolﬁ
e dp,(3aiet)

PLB 678, 45 (2009), 0903.1748v1
* Ratios relative to MCFM v5.3 _Lg
* PDF: CTEQ6.6M
* W’ =p = pr(2)? + M(2)?
e Pythiav6.416 )
* TuneP S
e Tune QW &

e HERWIG v6.510+]IMMY v4.31
 ALPGEN v2.13+Pythia v6.325
e Sherpavl.1.1

Summary of results
e Large differences between models
e Small experimental errors
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£ DO Run Il, L=1.04 fb' —#— Data at particle level -4+ Data == PYTHIA SO
- == MCFM LO w= HERWIGHJIMMY —-=Scale unc
™ 1 = PYTHIA QW
104 @ TSQ Q 3.0k (c) Scale unc
= s E
3 RN | & 20
u ~ O 1.5k ! l
- . NS e J590 =
& 2y (—ee)+3jets+ X \\\ o 1.0F o
10 = 85<M_<115GeV \4 g [ usimmnm S
E In::: inp;/y* ) g 05—_ - T$-~~"'-: ..........
L RL.=051y"1<25 .
10 . K
=+ Data =+ Data ~= SHERPA
== MCFM LO == ALPGEN+PYTHIA Scale unc
—— Scale unc o —— Scale unc
3.0 (b) Q 30
= 20F (d) g
7 il SRR e e—
: j Q 3 I
T.0F o v v o v v ol o v ———— =] 1 0'_—‘ =
s =S e F e s e e
05 & 05
20 30 40 50 60 20 30 49 .. .95 90
p, (3" jet) [GeV] p, (3" jet) [GeV]

*Information courtesy Sabine Lammers

Particle level phase space:
65 GeV< M(ee) < 115 GeV,
DO midpoint
Rcone=0o5,
pr(jet,e) > 20 GeV
ly(jet,e)| < 2.5

15
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leading jets A distribution

sensitive to higher order radiation

e w/o explicitly measuring the
radiated jets -- no jet counting!

Particle level distributions >m<

e Corrections are dominated by JES
and jet @ resolutions

"\(l dijet = T

"\(‘ diet <<

=&

S - o
8  DORun i
s ] + 0 Apply same idea to Z+)ets
' o
s :
é o| |o - jett
0 - o _ o
1 o Corrections for
I o detector effects
2 o[ |o - much better controlled!
2k 1=

Measured y* (GeV)

16
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= D2, L=1.0 " —_— - Data =+« PYTHIA Tune P
All cross sections normalized to % 10T st 4 % | A ST T
inclusive (= 0 Jets) Z production R eestena & o
* reduces systematic errors ?10‘ =
Theory predictions updated since £ oL (@) |y
Publication, 0907.4286v1 f == escmcriscev| O
 Ratios relative to Sherpav1.1.3 "F W1<1.7.9{>25GeV | 05 (©
F Ruee=0.5. P} >20GeV, Iy"1<28 - SHERPA scale unc
 MCFMv5.4 < i +[)lata l ] ‘ l l < | +[;am l : ---AALF-"a»PY:runePl
e PDF: MSTW2008 i 3 ==LO pQCO = =LOpaco G S[ == ALP+HER = = ALP+PY Tune QW
I — Scale & PDF unc. - - Scale & PDFunc. | L
* uZ=piP= pT(Z)2 + M(Z)? (.Dg 2t g 2 }
« Pythia v6.420 g g e 2o
* Tune P (prordered shower) 1t + %
* Tune QW (Q? ordered shower) o7} 07 = =ms==eeeee==-t 4
* HERWIG v6.510+]IMMY v4.31 o5 osft =
e ALPGEN v2.13+Pythia v6.420 L _ —
e ALPGEN v2.13+HERWIG v6.510 AH(Z. jet) (rad) AY(Z, jet) (rad)
e CTEQ6.1 PDFs Particle level phase space:
Summary of results 65 GeV< M(pu) < 115 GeV,
« Within uncertainties, Sherpa describes angular DO midpoint
decorrelation Rcone=0.5,

pr(jet) > 20 GeV
ly(jet)| < 2.5, [y(u)]| < 1.7

17
*Information courtesy Sabine Lammers
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Z(pu)+jets ][

5 DO, L=1.0" g == Data =+ PYTHIA Tune P
All cross sections normalized to % Ol o ‘ % | A ST T
inclusive (= 0 Jets) Z production ‘3210? = SHERPA 71 g %
 reduces systematic errors g =
Theory predictions updated since §N1oa (@) |y
Publication, 0907.4286v1 : . —
o II\R/Ia(t:ilzol\jI reSIa":ive to Sherpa v1.1.3 ‘°‘§ N p’,"'y:;c?é \f;fff:; . S ©
* V. l l ‘ l l T ALY U P
e PDF: MSTW2008 F o2 u{——su:— 1 Sf iALP+HER = = ALP+PY Tune QW
o u?=pd = pr(2)? + M(Z)? § a5~ oo Al '
+  Pythia v6.420 3 01 —veor :‘='5=_= it
* Tune P (prordered shower) z‘é O'OZ'_ s == ’ 1 ---------.-.-.-.-./‘?
* Tune QW (Q?ordered showe .} r;;=l:‘ﬁ 7 ------------ 3
e HERWIG v6.510+]IMMY v4.31 o1 f——r—" ' 5t e S 0
e ALPGEN v2.13+Pythia v6.420  ©15¢ —
e ALPGEN v2.13+HERWIG v6.51 %L W(Z. o) (rac)
« CTEQ6.1 PDFs 0005 T s 2 2'59(2 :';) e level phase space:
Summary of results o GeV< M(up) < 115 GeV,
¢ Within uncertainties, Sherpa describes angular DO midpoint
decorrelation Reone=0.5,

pr(jet) > 20 GeV
ly(jet)| < 2.5, [y(u)]| < 1.7

17
*Information courtesy Sabine Lammers



Events / 2 GeV/c?

W Reconstruction
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* Low backgrounds for = O jets case

3000 CDF Run Il Preliminary, 72pb .
| '!.: e 37584'W - o v Candudates]
2500 d j Osm
r! W-s0vMC
+ Jaco
2000 ¥ * COW ot
| 2l seeMC
" ;F |
'
1000 b |
s -
500 J b
- L3
020 40 60 80 100 120 140
M, (GeVic')
'CDF Runll Preliminary, 72pb’
"o 2200 o 31722 W-spv Cancidatos
> 2000 gy 0o
8 ! . Wty MC
ot 1800 k 4 Ziy o MC
~ 1600 D Wy MC
2 | a ] oco
S 1400
>
W 1200
-
1000
800 b
600
wo 1
200 r .
! o |
% 40 60 80 100 120 140

M, (GeV/c?)

“«.. Neutrino

DO Run Il Preliminary

Z mumu
— W taunu

Z tautau
— QCD bkg
- Bkg + Signal

« Data

Events/2 GeV

3

£
3000
2500
2000

F
1500E
1000

500 E

-

(=]

20 40 60 80 100 120 140 16%118 00
(Ge

| Transverse Mass - W Candidate |

o Data
2 PMCS+QCE
g E #- QCD bg
57000‘( L DO Run Il Preliminary
» g by
6000 .
E < 9
5000{ o
4000E -
SOOOE i
2000( . -
1000, %
[ ool | | | v.':‘[‘;O“A'
30 50 60 70 80 90 100 110 120

Transverse mass(GeV)



But, significant backgrounds
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arXiv: 0708.1380v1 & 0711.4044v2

already with 1 & 2 jets

dominates at
* high jet multiplicity
e high pT

W(-—ev)+1jet CDF Run Il Preliminary W({ —ev)j+>2jets  COF Run Il Preliminary
8 @ [
§ 9000 e Datazzopp’ 50 *  Data 320 pb’
& 8000 w 3
=== Combined 1200 — = Combined
7000 : '
Signal soook Signal
6000 - QCD I - QCcD
5000 ~— EWK+top 800 —— EWK+top
4000 500
3000 L A
400 — L+
2000 . *'"4-;"&*-*:5*‘
B il
200
1000 ., ] R
)2 P i— ‘.,’:‘-——- e - T - :TE-I'::.-‘F"-“-
0 10 20 30 40 50 60 70 80 90 100 20 30 40 60 70O 80 S0 100
Missing Transverse Energy [GeV] Missing Transverse Energy [GeV]
W(-ev)+=1jet CDF Run Il Prefiminary CDF Run Il Preliminary
c c
2 10 = Tol — WW 2 10 —»— Total —— WW W(— ev) + 22 jet
3 = QCD ~~ Z-see I(stv)dsv 3 —~— QCD ~—— Z-ree
- top ~  promotion c w top ~— promotion J(me,we,
S E —— W ety Lo
g 1 g 1
g g
H &

10"’

10°

107

0 20 40 60 80 100 120 140 160 180 200 01020304050607080»90100-

Jet Transverse Energy (E; ) [GeV] Jet Transverse Energy (E7 ) [GeV]
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W Reconstruction

arXiv: 0708.1380v1 & 0711.4044v2

But, significant backgrounds
already with 1 & 2 jets

¢ dominates at
* high jet multiplicity
e high pT
e and especially with 3 & 4 jets

Selection
e e ET>200GeV, |n| <1.1

 MET > 30 GeV;
MT(W) > 20 GeV

* Jet definition, R=0.4:

* Corrected ET > 20 GeV,
In| < 2.0

W( - ev)+1jet CDF Run Il Preliminary
2 2
3% e Data320pb’
w w
8000 == Combined
80 Signal
6000 - QCD
5000 = EWK+top
4000
3000
2000
1000 'ﬁ,_
0 ’.'g-,_g
0 10 20 30 40 50 60 70 80 90 100
Missing Transverse Energy [GeV]
o W(— ev) + 23 jets CDF Run Il Preliminary
c
g *  Data 320 pb’
SO0
- I_I = Combined
400 - L Signal
I — QcD
00 - —— EWHK+top
: ¥
zm - {4
o2 7
100 |
+ Ly
. ' oy c
T ||—=r- ¥ 4_' T
0 10 20 30 40 50 60 70 B8O 90 10

Missing Transverse Energy [GeV]
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W({—ev)+>2jets  CDF Run Il Preliminary
* Data 320 pb”
== Combined

Signal
= QcbD
—— EWK+top

A e

70 80 S0 100
Missing Transverse Energy [GaV]

W(— ev) + =4 jets CDF Run Il Preliminary

n L of
g 100, # Daia 320 pb'
. I I == Combined
E r
m;" I Signal
| T— = QCD
ﬁﬂ'_ — EWHKilop
40| L
I i
| Ak
20 Ry + :
_"i l 5 +'LP 'i_n-L.-el
I — . e e

ﬂ..-..l..'...l.||||.|..........I.........’i....l..nT’i’
0 10 20 30 40 50 60 TO 85O0 90 100
Missing Transversa Energy [GeV]
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Background Estimation vicTE

. Matrix Method 2l Isola'tlon VS. Missmg Transverse Energ_y_i
1.8 A CDF Run Il Preliminary
e requires at least two variables " E 1
q S . c 1.6 JL:72pb
e discriminating S 14f sl
A 0 QCD Background _ B
e uncorrelated i o0 R C e
==
e assume ratio A/B same as ratio C/N .,-2 0.8
» Background in signal region: a RS i BRI
N=B/AxC bl

20 30 40 50 60 70 80 90 100
Er (GeV)

« Template Fitting
o derive “dN/dMET” by inverting 3

. . ® 80005 W(— ev) +=1 jet
“Isolation Fraction” cut 2
& 7000 « CDFI
e Assumes that MET behavior in gﬁooogf Combined
inverted region is same as in signal g >%% W+jet
. 4000:- 1 multi-jet
region 3000':'__ leptonic
e correlations! = bad ansatz! 20005 -
. 1000t oy
e no correlations! = good ansatz! e

%10 20 30 40 50 60 70 80 90 100
Missing Transverse Energy (GeV)



W + Jets Systematic Uncertainties
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 Jet Energy Scale dominates systematic uncertainty at low pT

* Background Estimation dominates at high pT

Relative Error

e (the interesting region for searches!)

0.5

0.5

W(— ev) + jets

CDF Run Il Preliminary

I | e P S ) ]

—
-
-
-

] | jp— gy |

IIIIT

lll'lllllllllllllll‘l

Leading Jet g

- Statistic gt
~&- Systematic

Jet Energy A
-4~ Background A
—+— Acceptance )

Illlllllllll'lll

o ™7

20 40 60

Jet E; [GeV]

Bkg

80 100 120 140 160 180 200

Relative Error

W(— ev) + jets

CDF Run |l Prelimina_w

e arXiv:0708.1380v1 & 0711.4044v2

T . [Bkg
. Next-to-leading Jet .
- v
0.5 g "
B A\
B . afQ0 i
L T B Ao - x X .
0 FirjiyEe.
- 0 {, 8
0.5+ A
- === Stafistic
- === Systematic A
[ Jet Energy A
-j— -+ Background >
- =+ Acceptance 4
L ‘ LA Ll l LAl 1 LlLl l LAl l LAl l LLLl l Ll l Ll l Ll
0 10 20 30 40 50 60 70 80 90 100

Jet E, [GeV]
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W(ev) + 4 jets

arXiv: 0708.1380v

2% Fermilab
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Study how well ME+PS describe shape of W+=n jets differential distributions

(W—ev) +=n jets cor Run II Prellminary
= T e T
o .
= et s:
& 102 |- et -+ CDF Data jdL 320 b’ _;1
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W(ev) + 4jets

e  Full comparison
e shape & normalization
 Theoretical Codes used:

arXiv: 0711.4044v2

e MLM = ALPGEN v2.12 (LO) +
Herwig v6.5 + MLM + CTEQSL

e SMPR = MadGraph v4 (LO) +
Pythia v6.3 + CKKW + CTEQ6L1

e MCFM = NLO, no had, no UE+ CTEQ6.1TM
(up to 2 jets only)

* Results:

* Pythia+CKKW better than Herwig+MLM

* NLO performs very well

* even without had and UE corrections

g - @ CDF II/MLM MLM uncertainty ]
£ - = CDFII/SMPR  SMPR uncertainty | -
e o/— & CDF Il / MCFM —
\S - B ‘ + / ° | .
a8 [ e 0 Ie 14 | .
© 1 AT TR T SRR K g
[~ eeeee MCFM PDF uncertainty -

B . MCFM Scale uncertainty =

¢ - a CDFII - =
L 0155 4 mcem I 31 ]
3 s MLM ‘o] : -
© o1 ¢ 1 =
" ' = SMPR - “ =
= LBga =

@ 0.05- ==

0 1 2

3 4
Inclusive Jet Multiplicity (n)

*Information courtesy Chris Neu
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E, 5I. & CDF II/MCFM = Scale uncertainty --- PDF uncertainty
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= dkrnsssuinitbesessrmenmnass s sz s ne st st 2occscccssssdanccanscnncasas
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W + 3 Jets

Good agreement between CDF data and
BlackHat NLO prediction for W + 2 and W + 3 jets

1}

10°
o ol
-5 10
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l(:l"
=}
= 107
10*
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1 1 | 1 1 1 1 T 1 1 1 T [ T I T 1 1 I L | | | ' ' | | '
E . -=- LO 3 ALl e ! - LO ‘
: W+ 2 jets — NLO = G- W + 3 jets — NLO :
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£ 3 < |
L 1 - 10
= = o
: . s}
| ! © L
E 3 S (-
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= I 1 4 " 4 : I L l\ ‘ll; ‘ L ! ! | L | \ : | A
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= 3 15 , { -
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Second JetE. [ GeV ]

Third Jet E. [GeV]
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Unique Properties of LHC UIC fr=

LHC parton kinematics

at Chicago

X, , = (M/14 TeV) exp(xy)
10°F Q=M M =10 TeV
 many more gluon
interactions at LHC than ]
10
at Tevatron
10 M= 1TeV Aot
e Large phase space for °
production of extra jets 5
< 10
®
 Broad kinematic o}
10* M =100 GeV

acceptance of LHC: can o
explore very high and
very low x regions

107 10® 10° 10* 10° 10® 10" 10°



Unique Properties of LHC

LHC parton kinematics

many more gluon
interactions at LHC than
at Tevatron

Large phase space for
production of extra jets

Broad kinematic
acceptance of LHC: can
explore very high and
very low x regions

(GeV?)

(aV]

1,

nm

M

o

= (M/14 TeV) exp(=y)

M =100 GeV
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T |I|II1|'II‘| Lamy |l|l|'|'|'||l:!
\02 = 10% GeV? ]
M=10TeV
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One of the very first LHC Physics vic:zz ™
Opportunities

proton - (anti)proton cross sections
W and Z bosons produced in large 10° - g 10

.. o W ' rrTrTT rrrrTT
quantities at the LHC ]
10° . 5 10°
e At14TeV,W and Z production 10 o “ 140
times higher than at Tevatron
10° 410°
o-BR (W—-ev) [pb] (from M.Mangano) 10° 4 10°
N Jets - 1 2 3 4 R % {10 o
Tevatron 230 37 5.7 0.75 0.08 . 1, E
LHC 3400 1130 340 100 2g 10 | 1105
et
Et(jet)>20 GeV, [n]<2.5, AR=0.7 2 b OB >Vs/20) 140 %
. ' g 101 OW = 101 g
Large hadronic background (!) . o, 7 1w s
jet 7]
not only a candle for QCD, also a test ot [ 7 100GeY) 103
for detector performance studies =
10° 1 10° 2
o o . . o
* lepton efficiency determination - / o°
Ot 3
* Jet energy corrections 10% 0 (E > Vs/a) 140
. o FOue (M =120 GeV) _
* Missing transverse energy 10° F 1o 3107
corrections 0° 200 GeV o
5 10
500 GeV :
107 Do M B el - 1“10-7
0.1 1 10 27

Vs (TeV) 6
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One of the very first LHC Physics Uic =™
Opportunities

proton - (anti)proton cross sections

e Centre-of-Mass profile (very rough est.) N — g 10°
« 1pb'at14TeV: 10° . 110
» ~200 000 W’s (40 000 ev-+pv) © Tevaron  LHC 310
10° — 1 10°
. ~60000Z’s (4000 ee+up) . 1 .
10 3 10
® 1 pt)--I at 6 TeV: 104 % ; 104 ZU)
. ~70 000 W’s (15 000 ev+uv) 10° — - 10° f’
o b o (E/>Vs/20) - 1..2
. ~20000Z’s (1500 ee+pp) o ‘ . 37 n
2 1 o, 410" =
e Luminosity profile (very rough est.) 5 . > P 1° &
100 jet ’ 15' 100 é
e 1 pb-1 at 10 TeV: o Gjet(ETJ > 100 GeV) ? o ~
+ ~100 000 W’s (20 000 ev+pv) 10" e > 100 8
e ~400002Z's (2000 ee+up) 10° // 310°
e 10nb'at10TeV: 10° letEJet>“S/4 110°
nb' at ev: 10° [Oos(M,=120 GeV) ,, 1 10°
. ~1000W’s (200 ev+pv) i 200 Gev” i
10° 5 10
, 500 GeV
. ~400 Z’s (20 ee+pp) R R oo 1 N .
0.1 10 28

1
Vs (TeV) 6



4 3¢ Fermilab

One of the very first LHC Physics Uic =
Opportunities

proton - (anti)proton cross sections

e Centre-of-Mass profile (very rough est.)

10
e 1pb'Tat14TeV: 1 10°
e ~200000W’s (40 000 ev+uv) 1
e  -60000Z’s (4000 ee+up) 10
* T1pblaté6TeV: 66&6 $\ _ 124 o
. ~70000W’s (15000 ev+ . o oob N /7 — J10 .8
.  -20000Z’s (1500e”. A\ (‘;" 0(\" /20 B R
« Luminosity profile (very rough”” @‘\ b@\\\s\ /7 ZZV - ﬁ 10; g—’:
« 1pb'at10TeV: § ..\ q c/c/o/ (E/*'> 100 GeV) :1213
« ~100 000 W’s ( ‘Qe\ X7/ ye % {0 :
. .40000Z's (200 N 10° o // {10°
- 10nb7 at 10 TeV: v o 1;0@3)% 1
.« ~1000W’s (200 ev+pv) CET ocer” ) 1
. ~400 Z’s (20 ee+up) 12 L 0Gey A 12
0.1 10 28

1
Vs (TeV) 6
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Unique Properties of LHC ~ Sfermiab

at Chicago

* Production in association with multijets enhanced at LHC
(hence pure QCD reason to study V+Jets at LHC)

 W/Z+0 partons (LO)-> need g, q
» valence-valence process at Tevatron W/Z
* valence-sea, sea-sea process at LHC

« W/Z+1 parton:
e qq->W/Z+ gluon (Tevatron) qg->W/Zq (LHC)

e W/Z + Jets is enhanced at LHC
* large gluon contribution, large phase space for additional jets

29
*slide modified from Maria Fiascaris



Z(UY) + Jets Event Display

. ___A;_KA‘A}_S._imuIated Data




W(uV) + Jets Event Display

Simulated Data
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. . £ Fermilab
Inclusive Z production DIC i

at Chicago

DY at LHC is also very clean!

>4000 AL BUELSLE O LR R

ATLAS .Z—>l-ll-l . | CMS preliminary, L = 10 pb | I tzf >
. =>TT
w 3500‘ : ; - Wy 131035 R=0.3 W-pv
C " Ibb— > C Il QCD bkg
S 3000 Libb—pul g Nz
<3 dtoup | = F
~‘6 2500, \ Z-)TT .2102 - ZPT <3 GeV
- ' S F s =10 TeV
£ 2000 - T W F =10 1e
> | )_ F (GeV)
Z P | . i isolati
15003,_1 isolation not 10 ;s:pa“;cén
1000? %’h applied -
500,
= 1
40 50 60 70 80 90 160' 110 120 40 60 80 100 120 140

My [GeV] m,, (GeVic?)
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CMS: Z candle

Tag & Probe: lepton efficiencies
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o £= Fermilab
Jet Algorithms at LHC ~ SErme®

Past: Iterative Cone, Midpoint
Present: SISCone, kT, anti-kT
 Iterative Cone still used at trigger level
Future: kT, anti-kT
 Iterative Cone still used at trigger level
Different types of input
 traditional calorimeter cells

e treats everything as if neutral hadron (to 1st order)
e reconstructed tracks

e only considers charged particles
e reconstructed particles (new in CMS!)

* links tracks to calorimeter clusters =
complete list of { e*, ut, h*,hoy}
e dramatically improved performance! 34



Z+ 4 )ets

CMS EWK-08-006

Goal: investigate n/(n+1) ratio
e probe new physics with multijets and Z’s in
final state
Generators:

e MADGRAPH+PYTHIA; PDFs from CTEQ6L1
High Jet Multiplicities require small background
subtraction

e derive by inverting Z [l ke O

lepton isolation LFLLLL_LJ
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Probe Possible New Physics  Gic

at Chicago

« Demonstrate sensitivity to breaking of Berends scaling

e Consider LM SUSY benchmark

. . YCMS i’reliminary ‘ ]
with neutralino decaysto Z’s g | @ .. \s10Tev.L=00ps
f, e I SM cal:\dlc e):;mctlcd(lrom Z4+2 1 jets and Z+2 2 jets) Il
 Form sample with j T b o Pt * ;
SM background and some * | & T
admixture of SUSY signal ¢ ¢ : -
. . . v 2 . M _08-
* PredictN = 4 jets using the 3 | - ° CMSEWK08-006
VR R R Wi LIS [ JERCE e R

>1and = 2 jetyields

Reconstructed SUSY Events [LM4]

e With 100 pb-1, convincing Discrepancy could be seen
between measured vs predicted for high multiplicities

e Simultaneous discrepancy from calorimeter jets and

track jets very unlikely
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Z+)ets differential x-sections

What can be expected with 1 fb-1?
e at14TeV
Theoretical Codes:
e MCFMv5.1 + LHAPDF 5.2.3
e corrected for had, UE
e ALPGEN v2.05 + HERWIG
* Mr=pi= M(Z)? + pr(Z)?
e CTEQ6LL

e PYTHIA v6.323 (V+]ets)
v6.403 (tt, QCD)

pT(Jet) > 40 GeV; R=0.4
pT(e,mu) > 25 GeV, 15 GeV

everts / 11b' / 3GeV

events / fb"' / 10GeV

2% Fermilab

University of lllinois
at Chicago

UIC

8 70 %0 100 110 120 130 150
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events / b’/ 10GeV

A -
20 40 60 80 100 120 140 160 180 200
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37



. . . £ Fermi
Z+)ets differential x-sections oo

at Chicago

 What can be expected with 1 fb-1?
e at14TeV
* Theoretical Codes:

Z e F anss . 3"-11 g
* MCFMV5.1 + LHAPDF 5.2.3  °, T e
« corrected for had, UE 1 L

+ ALPGEN v2.05 + HERWIG
* Mr=pe= M(Z)? + pr(Z)?
. CTEQ6LL il I .
. PYTHIA v6.323 (V+Jets) T e b

> —r Ty S ASA2 Aok RaSE Labl Rass s SN 3
V6 .40 3 (tt’ QC D) (é) 12000% —® ’,':u,m Carlo jets :} (2 3000 ;_" - ::-:)nl-,n C‘Imh')” jots 1 E

. _ = & —— Reco jets, all comactons : o A= e ROCO pols, all cOrractions ]

° pT(] et) > 40 Gev’ R - 0’4 é 10000} —a— Reco jets, electron corrections ‘i -§ 2500 s Reco jets, electron corrections :
° pT(e’ m u) > 25 Gev’ ‘I 5 Gev § 8000: —=— Reco jets, uncorrected _1 § 2000? N —%— Reco jets, uncomrected i
* Subtract Backgrounds 4 sooo- l g 15000 3
O ! .v:‘. -] © s D O .3

« Correct for lepton ID and trigger 7 = ? R 3 5
efficiency (largest effect) 0000 Tafe aas 1 F o T ATLAS

o EPRPEPP '. .'T"f*v'?vv.m“_._._. AT e easaczcy P

: 0
« Correct for non-linear Jet energy B e g B %00 A o ke S

scale, Jet energy resolution, jet reconstruction efficiency
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What can be expected with 1 fb-1?

e at14 TeV
Theoretical Codes:

 MCFM v5.1 + LHAPDF 5.2.3

e corrected for had, UE
e ALPGEN v2.05 + HERWIG

* Mr=pe= M(Z)? + pr(Z)?

 CTEQ6LL

e PYTHIA v6.323 (V+]ets)

v6.403 (tt, QCD)

Compare with pseudo data:

e Jet Multiplicity
* Leading Jet pT

e Prediction: MCMF with

hadronization &

Z+)ets differential x-sections

2% Fermilab
Ul

University of lllinois

at Chicago
> = T I 1
> & 2l
8 : WE—a— & mefm NLO
= 1 2 » mefm LO
E g .
- 2 10°F —— Pythia 4
£ e F ~Alpgen 3
® o r R — ]
5 ——
kd ]0‘;— 1
10°F E
ATLAS
: ‘ ‘
60 70 80 90 100 110 120 130 140 150 0 1 B 3 4
: M) (GoV) B 00e)
> T T T T ] > T T N
s K 13
2 Fe s mmNLO ] @ W= ¢ mctm NLO
S & z 3 o~ ]
z 0 ¥, ~Pla 8 [ T == Pylia
= F * 1 = [ | 3 1
§ | *y ~Apgen 1 § ok ’ f‘,’j—,—_‘_ Alpgen
2 i 1 % ; ' T 1
e 10F o, 19 | . = ]
E’ E y ""-‘-“. E 9 il G —i—
© T4 .'t'?'-&., { © WE E
: T, "
WE .‘Q -3
ATLAS g "Fanas E
N | 1 1 | C 1 | 3
50 100 150 200 250 300 0 60 8 100 120 140 160

underlying event corrections

Pt, leading jet (GeV)

e Pseudo-data: ALPGEN with unfolding corrections

Good agreement: Successfu

Ill

closure” test!

Pt, 2nd leading jet (GeV)
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: : : £ Fermil
Z+)ets differential x-sections o

at Chicago

What can be expected with 1 fb-1?

° at14TeV Systematic Uncertainties
Compare PseudoData/Theory

and effect of systematic o -—~ . Dt qu(L)og' ’,4 ATAS  Zeerets
uncertainties v £ R — “Pytia | 51wt —1
e If ratio PseudoData/Theory = 18 F == % B'—E =
what are the uncertainties? ’0‘? % "’a s E

Jet Energy Scale uncertainty of o | T RL e ]
5% > sum of all other uncertainties _*%* 2 ,  Rvaiin e, ]
PDF uncertainties small, R """?"5'p"‘e,mc'se"”; — I
Statistical errors increase with g ‘?'*.,* J 1o BT T
Njets, Ptjet i: . s 1 12:;;:* %5 NG L 0
Recall: E N*" | Ei R g LG
* LO/NLO difference ~20-30%, "} * 002
Alpgen-Pythia-MCFM~10-60% % =0 o W W

But:
* O(JES) = 5% — Total Exp. Unc. = 10-20% t\(l)o/llj\ll(lil(;“()t d;?titr.,guish
o(JES) = 10% — Total Exp. Unc. =[20-30% }|—> predictions or

between predictions of
different generators! 40




Nb. events / 2 GeV/c?

Inclusive W production

2% Fermilab
Ul

University of lllinois
at Chicago

e As at Tevatron, low backgrounds for = O jets case
e Background estimation still needed, though

C T r{ |T\TTT "W'TT"I'I
L =10pb” CMS Preliminary -
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E \s=10TeV
25001 cuT g
2000 Bl Wy 7
- 1QcD - x|
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W + 4 jets

CMS EWK-09-006
At Low jet multiplicity
 QCD backgrounds dominate
« apply “anti lepton-isolation”
e derive QCD background control sample

- CMS Preliminary

T 0.5} I \s= 10 TeV, L= 100 pb’ :

~N d
L +— multijets i
> r 1
O 0.1} anti-muon control

g |

o 0.051

C " 1 i | . 1 " ) 1 " . . c3ie i i
20 30 40 50 60 70, 80 90 100
M; (GeV/c?)

Nt'wnts

NI’:v(‘.n!S

2% Fermilab

u I University of lllinois
at Chicago

CMS Preliminary

\s=10 TeV, L=100 pb'
W(-» uv) + = 1 track-jets
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« CMS EWK-09-006
e At High jet multiplicity

CMS Preliminary

\s=10 TeV, L=100 pb'
W(-» uv) + = 1 track-jets

0000

Nt'wnts

e top backgrounds dominate

* data
—sza nal+back round
mEeba a
r background

e apply “anti b-tag”

e derive top background control sample 80740 60 80 100 120 140 160 180 200 220
M, (GeV/c?)
CMS Preliminary
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W + 4 jets

CMS EWK-09-006
At High jet multiplicity

2& Fermilab
UI University of lllinois

at Chicago

CMS Preliminary

\s=10 TeV, L=100 pb'
W(-s uv) + = 1 track-jets
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e top backgrounds dominate :
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«° H ”
e apply “anti b-tag
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CMS Preliminary

\s=10 TeV, L=100 pb'
W(-s uv) + = 1 track-jets

e CMS EWK-09-006
e At High jet multiplicity 2"

dat
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e top backgrounds dominate 000 :
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\s=10 TeV, L=100 pb'
W(-s uv) + = 1 track-jets

* CMS EWK-09-006
e At High jet multiplicity 2"
e top backgrounds dominate

data
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e apply “anti b-tag
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Summary DIC T

Study of multijets in W and Z production at Hadron Colliders
e important handle for commissioning detector performance,
e provides precision tests of perturbative QCD predictions.
Most difficult backgrounds (estimated with data)
e at Tevatron: QCD multijets
e at LHC: QCD multijets & ttbar
Precision of

* inclusive W/Z cross-section is 2% (both Tevatron & LHC),
dominated by systematic uncertainties

« W/Z+jets differential cross-sections decreases with increasing
the jet multiplicity (5-30%).
 dominated by jet energy scale uncertainty at low pT:
< 3% needed for a reliable data-theory comparison
 dominated by background estimation at high pT

Personal guess for LHC 100 pb-': jet counting papers
1fb 1. differential x-sect. papers

44



