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Diboson with jets at CDF

@ Diboson represent a Standard Model reference that can be used as a starting
point for searches.

@ WW,WZ,ZZ observed in E7 + jets mode at CDF in 2009 PRL 103, 091803
(2009)
@ WW, W Z observed in {v +jets final state. Two analysis:

@ Using matrix elements technique
@ Looking for the W — jj peak in the dijet invariant mass

@ Phys. Rev. Lett. 104, 101801 (2010)
@ Results have been updated with 4.3 fb~* ( Analysis page )
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http://www-cdf.fnal.gov/physics/ewk/2010/WW_WZ/index.html

CDF II

@ Silicon detectors (LO0+SVX+ISL) and central drift chamber (COT) in 1.4 T
magnetic field

@ Calorimeters for electrons and jets

@ Muon chambers up to || ~ 1.4

Pierluigi Catastini (Harvard University) GDR Terascale April 20, 2011



High pr Electron and Muon selection

@ Electrons — Er > 20 GeV/c? (GeV/c) and
In| < 1.0
@ Require calorimeter showers consistent with
electromagnetic interactions
9 Require that 90% of energy is deposited in v = ET
the EM calorimeter =

Calorimeter

Electromagnetic
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High pr Electron and Muon selection

@ Electrons — Er > 20 GeV/c? (GeV/c) and
In| < 1.0

@ Require calorimeter showers consistent with
electromagnetic interactions

e Require that 90% of energy is deposited in
the EM calorimeter

@ Muons — pr > 20 GeV/c? (GeV/c) and || < 1.0

@ Require high quality track and good
matching between the track and the
hit in the muon chambers
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High pr Electron and Muon selection

Electrons — Er > 20 GeV/c? (GeV/c) and
In| < 1.0
@ Require calorimeter showers consistent with
electromagnetic interactions
9 Require that 90% of energy is deposited in
the EM calorimeter

Muons — pr > 20 GeV/c? (GeV/c) and || < 1.0
@ Require high quality track and good
matching between the track and the
hit in the muon chambers

Both are required to be isolated to reject leptons
from semi-leptonic decays of heavy flavor hadrons

We further require £7 > 25 GeV and M}V > 30
GeV to ensure the presence of a real W
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Jet Definition ‘

@ Jets are selected using the standard CDF
JETCLU algorithm

@ Cluster energy in cones of AR < 0.4

@ Calorimeter signature must be inconsistent
with electron signatures

“calorimeter jet

@ Select exactly two jets with £ > 20 GeV
(corrected for detector inefficiencies) and
Inl < 2.4
@ Jet Energy scale known at 3% level
@ Independent check of the scale: W from
top — public webpage

auitf

“parton jet” “particle jet”

@ Require pr;; >40 GeV/c

N
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http://www-cdf.fnal.gov/physics/new/top/2010/mass/TMT_METJets_p28_public/notes/publicnote_METJets_5.7invf_v1.pdf

Sample Composition

@ W — tv+jets (Il =e,p,7):

@ same signature as signal with a much higher cross section (2066 pb)
@ ~ 80% of the sample

@ Z—ll+jets(l=e,p,71):

@ where one of the two leptons escapes detection and produces E7r
@ cross section 187 pb

@ ¢t + single top:
o final state similar to signal with at least one real W and two jets.

@ o(tt) = 7.5 pb and o(single top) = 2.9 pb (assuming a mass of 172.5
GeV/c?)

@ QCD Multijet:

@ events without a primary pr lepton

@ e.g a three-jet event in which one jet passes all lepton cuts and,
simultaneously, the energies are so badly measured that a large £ is
reported.

@ probability for a jet to mimic a lepton is very small, but QCD processes
have very large cross sections

@ estimated from data using orthogonal selection
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Cross sections measurement ‘

CDF Run Il Preliminary L= 4.30 fo"

Ly Y Top ' .
[ Z+ets @ Use a fit to dijet mass to extrapolate the

/ @ WW/WZ contribution
7 C @ We estimate 1582 + 275(stat.) £+ 107(syst.)
/ events for a significance of 5.20.

Events/8 GeV/c?

0 o(WW/WZ) = 18.143.3(stat.)+2.5(syst.) pt

)
that is in agreement with SM expectation
(15.9 £ 0.9 pb).

50 100 150 200
M, (GeVic?)
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What did we learn?

@ CDF established Diboson production with jets in the final state
@ We can safely state that we are able to observe dijet resonances
@ Moreover inthe WW /W Z — fuv+jets analysis we learned:

@ W + jets normalization compatible with expectations scaled to NLO

@ Jet Energy Scale well under control — multiplicative factor to correct
diboson position is found to be compatible with 1
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Cross sections measurements

CDF Run Il Preliminary L= 4.30 o™

3 %/ 7] W+ijets
8 / " @ Observed an interesting discrepancy in
it 3000 the M,

@ Needed work in order to understand the
nature and properties of the excess

@ an artifact of background
subtraction?

@ misunderstanding of one of the
backgrounds?

© real physics?

@ Is it compatible with a narrow dijet
resonance?

© Look for model independet answers

2000

1000

)

, 1
[
TN 7
SR

50 100 150 200
M (GeVvic?)
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Moving to different kinematical region ‘

@ Using exactly the same kinematical cuts as the diboson analysis
but:
@ We require both jets to have Er > 30 GeV

@ Energetic jets are measured with better accuracy.

@ Modeling in this region is expected to be more accurate

@ A possible heavier particle would be characterized by more
energetic jets

@ All cuts chosen “a priori”
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Modeling of samples ‘

Process Model o (pb)
WW/WZ inclusive PYTHIA 159+ 09
Z — e, u, T+jets ALPGEN+ PYTHIA 787 + 85
tt PYTHIA 7.5+ 0.83
single top MADEVENT + PYTHIA 2.86 + 0.36
W+jets ALPGEN+ PYTHIA from data
QCD multijet from data from data

@ Correct MC for:

o Trigger Efficiencies: Data must pass the trigger to be selected —
apply these efficiencies to the MC

o Lepton Energy Scale, Energy Resolution, and Identification.

o Luminosity Profile: not the same as for the data — reweight as a
function of number of vertices
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QCD Multijet Model

Modeled using data sidebands

@ Non isolated muons:
@ Using non-isolated events, events which pass all selection criteria except
the requirement of lepton isolation.
@ based on idea that jets that contain energetic leptons are mostly non-W
events.

@ “AntiElectrons”:

@ Some non-kinematic cuts for the electron are used to reject fake electrons.
@ Model is constructed with events which fail at least two of the
non-kinematic quality cuts but pass all the kinematic cuts of the electron.
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QCD Multijet estimation

@ QCD multijet events are characterized by low E7, so Er distribution is
completely different from W + jets

@ Best solution — Fit the E7 distribution on data in order to constrain multijet
normalization.

@ Extract the fraction of QCD and knowing all the others contributions can extract
also a preliminary W + jets normalization (left completely free in the final fit)

@ Systematic associated with the normalization estimated using different models
(25%)
CDF Run Il Preliminary jL dt=4.30 b" CDF Run Il Preliminary jL dt=4.301b" CDF Run Il Preliminary jL dt=4.30 fo'
> P > : >
L H2indf = 36.14/24 __ ;. 2indf = 26.02/24 —— s R,
3 %00 QGDfac=285 " & éCnD frac - 4.61 o & 1000 Fameed
3 CENTRALMUONS S 1997 rorwarp muoNs F [FLECTRONS | — mr=
2 e — ? € [ ey
g 2 2 f -
& 200 M- | i i e
100~ ]
y2indf = 42.42/24
500 QCD frac = 6.98
100 50
% 700 %" 00 % 700
Met (GeV) Met (GeV) Met (GeV)
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Control sample: 115 > M;; or M;; > 175 GeV/?

CDF Run Il Preliminary L~ 4.30 fb™' CDF Run Il Prefiminary L= 4.30 fb '
@ @
Q2 [ v CEM Dala @ [ ¥ CMUPICMX Data
= 600 | wwwz = [ vz
[ MW . jets [ [ W jets.
| = Multijet 200 = Muttijet
Z— 1l + jels . Z o jels
400 W+ single t T

15
MET GeV

0] 50 100 150
= 70.4 %, x”/ndf = 20.1/ 28 MET GeV

0 50 100
= 51.0 %, x”/ndf= 88.8/ 43

CDF Run Il Preliminary Ly,= 4.30 fb’' CDF Run Il Preliminary L~ 4.30 fo '
8 [ —~ CEM Data 8 e CMURLCMX Data
E L Wwwwz E

+ Jets 300
B Multijet

Si jets
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0U .50 100 15
KS = 19.6 %, x*/ndf= 108.5/ 42 MW GeV/c®




Control sample: 115 > M;; or M;; > 175 GeV/?

CDF Run Il Preliminary L,,— 4.30 fo™'
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Control sample: 115 > M,; or M;; > 175 GeV/? ‘

CDF Run Il Preliminary L,,= 4.30 fo' CDF Run Il Preliminary L= 4.30 fb '
o o
g L H + GEM Dala £ 3001 * v GMUP,aMX Pata
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L MW . jets [ W - jets
[ B Muiltijet [ I Murist
300 MWz jets 200 s
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200 F
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[ 100
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W + jets shape

@ Use Z + jets data to check W+jets shape Ww Z

@ Require two leptons (one tight and one loose) * f

@ Selection on the hadronic side is the same * = *

@ Basic Idea : Similar kinematics Y [

@ Due the purity of the sample can be modeled by K 7 1 1
ALPGEN only

@ Problem: 15 times less data

-;% 0_14; [ Muon Data (4.3 fb")g g ; Electron Data (4.3 fb");

S 0.1257 = + MC Z+jet f w 8 MC Z+jet
0 08; é ? E
o.os; —f ; E
0.0af E 3 E
o.ozf— —f ; é
0005+ 160150200 "".1,.225[% t;o 005 50 100 150 200 Mn,SI%“ V/gzt;io
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Fitting procedure

@ Combined x? fit to the dijet mass distribution in electron and muon samples.

@ 5templates:

@ W + jets (uncostrained, normalization determined from the fit)

@ QCD (normalization constrained to its fraction with 25 % error)

© 7 + jets (normalization constrained to the measured cross section)

@ top & single top (normalization constrained to the theoretical cross section)
© WW + WZ (normalization constrained to the theoretical cross section)

Events/(8 GeV/c?)
[2]
3
3

N
—— CDF data (4.3 fb) §
B WwW+WZ 4.5% 8
I W+Jets 80.2% ©
Top 6.5% 5
B Z+jets 2.8% <
QCD 5.3% E

M, [GeV/c?]

150

100

50

—— Bkg Sub Data (4.3 fb)

WW+W?Z (al

Il bkg syst.)|

M, [GeV/c?]

18/39
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Gaussian Assumption

@ Chosen to estimate the significance of the excess assuming an additional gaussian
component.

@ The gaussian assumption is a simplified model, since the exact shape would depend on
the specific physics process and the heavy flavor content of the decay products.

@ Since the excess looks narrow with respect to the detector resolution, we search for a peak
compatible with the detector resolution for a given dijet mass value.

M. .
Ogaussian — OW M]J = 14.3GeV
w

@ Procedure:

Fit the data without the gaussian — evaluate x?2
Fit the data with the gaussian — evaluate x?2
We add 3 degrees of freedom to the fit (mass, separate e/u yields) so the Ax?
should have the distribution of a x2 with 3 degrees of freedom.
@ Verify the behaviour of the A2 with statistical trials with trial factor.
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Fit to data with SM templates + gaussian

—— CDF data (4.3 fb™)

@ fit range 28-200 GeV/c?

@ Ax? observed 20.31 that
corresponds to a statistical
significance of 3.7
(including trial factor)

C_F

% 700 3 — Gaussian 2.5%

g 600 5 Bl WW+WZ 4.8%

> Ok [ W+Jets 78.0% @ Data fitted with SM

2 o Top 6.3% .

S 500f W Z+ets 2.8% templates plus a gaussian.
& E QCD 5.1%

©

A NN NEEE REEEE RS N RS N

M; [GeV/c?]
Electrons Muons
Excess events 156 4 42 97 + 38
Excess events / expected diboson | 0.60 +0.18 | 0.44 +0.18
Mean of the Gaussian component 144 + 5 GeV/c?
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Fit to data with SM templates + gaussian

Events/(8 GeV/c?)

Pierluigi Catastini (Harvard University)

180
160
140
120
100

=

T T
—— Bkg Sub Data (4.3 fb)

J — Gaussian

] WWHWZ (all bkg syst.)

(d)

Lo b el b b b b b e i 1y

L | L L L L | L
100 200
M; [GeVic

N
—

@ Data fitted with SM
templates plus a gaussian.

@ fit range 28-200 GeV/c?

@ Ax? observed 20.31 that
corresponds to a statistical
significance of 3.7
(including trial factor)

Electrons Muons

Excess events
Excess events / expected diboson
Mean of the Gaussian component

156 + 42 97 + 38
0.60+0.18 | 0.44 +0.18
144 + 5 GeV/c?
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Systematics

@ systematics affecting background shapes

@ Evaluated generating statistical trials with the varied templates and fitting with
the standard ones.

Affected Quantity Source Uncertainty (%)
Number of Excess Events | QCD shape +1.9
Q? +6.7
JES +6.1
Total +9.3

Outof Cone + Spia

@ Measurement affected by Jet Energy Scale:
@ Apply to all MC modeled processes at the same
time

@ QCD shape systematic evaluated using different
Isolation ranges. of

Rove -024ri<08
0.06 "
Undonying Event

Uncertainties on JES

50 100 150 200 250 300 350 400 450 500
PP (GeVic)
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Shape systematic: W + jets

@ Alpgen MC depends on some parameters:

@ Factorization and renormalization scale Q% = M2, + >~ p% ; which can be varied by
a constant factor on an event by event basis
ko Scale Factor: Alpgen’s scale factor for s at each decay vertex.

8 Parton matching cluster p threshold: the minimum pr for jet clusters that are used
for matching procedure.

0 Parton matching clustering radius size: the size of the jet cone used when creating
jet clusters for matching procedure

@ The only significant effect for this kind of selection is given by the Q>
@ Use standard CDF procedure:

@ Double and halve it to obtain alternative templates
@ This choice is motivated by standard practice based on extensive
theoretical work
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To evaluate the significance of the resonance, we apply a procedure called
“supremum p-value”

If Nsys: is the number of systematics sources, we generate a toy MC sample for
each combination of the N,,, i.e. in each sample, some of the systematics are
varied.

For each sample, we evaluate the corresponding p-value using the Ax? between
the background only and signal hypothesis as test statistics.

The significance we quote for our final result is the largest among the p-values
we obtain.

To take into account the trial factor, in our toy experiments we scan the mass of
the resonance in the search region [120 - 200] GeV/c? using step of 4 GeV/c?
and evaluate, at each step, the corresponding x*: for each toy sample, the
minimum x? of the scan is used in the Ax? evaluation.

The largest p-value is 7.6 x 10~*, corresponding to a significance of 3.2
standard deviations.
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Best Fitting Systematics

—— CDF Data
I ww+wz
I WHiets
QCD Multijet
W Z+jets

Top
uncertainty

—=— Bkg Sub Data (4.3 fb)

Gaussian

150f

— WW+WZ

100f

Events/(8 GeV/c?)

400

ul
o
T

IR TIN RNER TR R S R

200

e\
e 5;55%5»»»»‘

00 200
M; [GeVvic?] AR,

@ Fit performed combination of systematic that fits data best: lowest x?2

@ Returns a p-value intermediate between the largest and statistical only

@ ARj; (M;; < 115and M;; > 175 GeV/c?) shown with the same combination of
systematic. x?/ndf=26.6/18.
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NLO effects

@ In order to test Next to Leading Order contributions to the W+2 partons
prediction, we compare (private communication with J.Campbell, E. Eichten,
K.Lane, A.Martin) ALPGEN and interfaced to PYTHIA for showering to a sample
of W+2 partons simulated using the MCFM.

@ We extract a correction as a function of Mj; that is applied to the ALPGEN +
PYTHIA sample used in our background model.

@ This procedure returns a statistical significance of 3.4¢.

[ Wiz ing different ., |
2 2000 ——
180 ALP4Pyth inc). 2= M, + B2, ve.?= M, S [ —=— Bkg Sub Data (4.3 1b)| ]
E - ALP+Pyth (exc). j2= M, + P2 vsts M, [} L 1
1.6 ALP4+Pyth (inc.) u2= M, vs. MCFM LO 2 = M, g 150 L Gaussian
4 _4; ,,,,,,,,,, ALP4Pyth (exc) 1= M, vs. MCFM NLO 42 = g r —— wWwawz
C S [
12f 2
e F w
g
o8- | T =T
0.6
0.4
0.2f
£ L. . . PR B .
% 50 100 150 200 250 300 100 200 39 0
M, (GeV) M; [GeV/cT]
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Production Cross Section ?

@ We increase the jet Er threshold in steps of 5 GeV and check the fraction of
excess events that are selected as function of the jet Er.

@ The result is compatible with expectation from a Monte Carlo simulation of a W
boson plus a particle with a mass of 150 GeV/c? and decaying isotropically into
two jets.

@ In this model, we estimate a cross section * BR(jet-jet) of the order of 4 pb
e — not compatible with Standard Model W H o x BR(bb) = 39 fb
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Flavour composition ‘

@ Tried to look at the flavour composition of these jets.

e Assuming a branching ratio in bb of 100% and considering tagging
efficiency, we expect to be able to see a much stronger signal in the
tagged sample

@ Compared the fraction of events with b-jets in the sidebands
(120> M;; or M;; >160 GeV/c?) to that in the excess region

Tag requirement | Excess region | Sideband region
Muons
1 tag 0.1027 +0.0112 | 0.0813 4+ 0.0096
2 tag 0.0078 + 0.0030 | 0.0084 + 0.0030
Electrons
1 tag 0.0897 4+ 0.0088 | 0.0945 + 0.0087
2 tag 0.0110 4+ 0.0030 | 0.0095 + 0.0026

No significant difference is observed
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Resonant production

@ Finally, to investigate the possibilities of a parent resonance or other quasi-resonant
behavior, we consider the M(1epton,v,;5) @nd the Miepion, s, j5)-M,; distributions for
events with M;; in the range 120-160 GeV/c?and to investigate the Dalitz structure of the
excess events, the distribution of M1epon,u,55)~Mjj, in bins of M;;.

@ The distributions are compatible in shape with the background-only hypothesis in all cases.

CDF Run Il Preliminary L= 4.30 fb' CDF Run |l Preliminary L= 4.30 fbo'
w | [%)
@ —— CEM Data o B —*— CMUP+CMX Data
E sool- Wwwwz E 600 B vz
I Hw +jets [ B w -+ jets
L [ Muttijet B [ mutier
600 -Z~>Il+jets 4007 -Z**"*JE'S
§ Bt + single t j I <5 + singie t
400 -
r 200}
200 I
ok 0 =
(9] 200 400 600 ¢ 200 400 600
KS = 0.1 %, x*/ndf = 90.1/ 54 M, GeV/c? KS = 4.5 %, x®/ndf= 111.1/ 53 M, . GeV/c?

tvij Ivij
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Conclusions

@ We study the invariant mass distribution of jet pairs produced in association with
a W boson.

@ The best fit to the observed dijet mass distribution using known components,
and modeling the dominant W +jets background using ALPGEN+PYTHIA Monte
Carlo, shows a statistically significant disagreement.

@ One possible way to interpret this disagreement is as an excess in the
120-160 GeV/c? mass range.

@ If we model the excess as a Gaussian component with a width compatible with
the dijet invariant mass resolution we obtain a p-value of 7.6 x 10~%,
corresponding to a significance of 3.2 standard deviations, after accounting for
all statistical and systematic uncertainties.
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Backup
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Do we need a Jet Energy scale correction?

—
—— Bkg Sub Data (4.3 fb'))

180
160
140
120
100

— Gaussian

WW+WZ (all bkg syst.)

(d

Events/(8 GeVi/c?)

[N

S
T
Lolid

00200
M, [GeVic?]

JES is found to be consistent in the diboson analysis with jet

Er > 20 GeV
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JES from tt events

@ Pure samples of light quark jets

@ A few 1000s hadronic Ws, from three different ttbar decay modes.
@ All right on the spot!

@ JES for light quarks known to 1% level

CDF Run Il Preliminary (5.8 fb™)

< > I-tag events
3
8 soa- + —+ Data
o -
8 I Fittea tt
400~ Fitted Bkg - P
E S s o Pretiminary (5716
] H H
r S ol y
[ ot =41.7/ a1 [ T-tag: 1132 evenls 24ag: 277 ovenis
§ © Data sof- ® Dala
Prob = 0.439 20—
e [signal+Bkgd ol [signal+Bkgd
2000 = Oergd only
0| at-
100 ol
saf-
P o o
120 - 20 40 60 80 100 120 140 160 160 200
20 40 60 8 100 120 140 160 180 200 2 2
mige Geviey m, (Gevic’) m, (Gevic’)

More plots/infos on
http://www-cdf.fnal.gov/physics/new/top/public_mass.html
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JES from tt events

@ Pure samples of light quark jets

@ A few 1000s hadronic Ws, from three different ttbar decay modes.
@ All right on the spot!

@ JES for light quarks known to 1% level

CDF Run Il Preliminary (5.8 fb™) CDF Run Il Preliminary (5.8 fb™)
1.
§ > I-tag events E “Ln(LL, ) Contaurs, 1.+22-tag events
§ s0af- + — Data % i
3 I Fitted tt
8 s Fitted Bkg asf-
& 3

#Ndot =41.7/ 41 o
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=051 X Fitted Vakies.
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AF— e, )=20
1001 — LaUL, )=05
[ S B B B
ZtAnflanallnnnlinnflnnflonallonn it 166 168 170 172 174 176 178 180
20 40 60 8 100 120 140 160 180 200 M, [GeV/e*]
W[Gevlég]

More plots/infos on
http://www-cdf.fnal.gov/physics/new/top/public_mass.html
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Extreme Scenario

@ N.B. itis NOT correct to simply shift the plot: one needs to rescale
first, then redo cuts and fits.

@ Here we tried an unreasonably large JES shift : +7%.

@ The significance of the excess is unaffected: 3.2 sigma.
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JES from Z° — bb events

@ JES correction factor for b-quarks
k= 0.974 + 0.011(stat) T017 (syst)

[ CDF Run Il Preliminary L=584 pb ' |

"o 12000F , pum
= F &
8 Bast hackground E
~ 10000 £
2 FEJz—ebme F 1
IS L A 1
£ soo0f it }
g n i Maf et
& = " i
6000 2 i
= 2640 60 50 100" 126145 T80 180 300
C GeVic®
4000/
F 7
2000 7
L 7
7
r 7
L 7
OH‘“H‘ L
0 40 80 100 120 140 160 180 200
M, (Gevic®)

More plots/infos from
http://www-cdf.fnal.gov/physics/new/qcd/abstracts/zbb_07.html
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Fit requiring pr j; > 60 GeV/c
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@ If we do reweigh to the sidebands we observe that the significance drops to 2.3¢
@ Does it really makes sense?

@ The two sidebands are qualitatively different (events are from two different
kinematical regions, with different sample composition) — AR;; is highly
correlated (and the correlation is hard to understand) with the Mj;.

200

o ] 2 3 4 5 % %
K8 = 0.0%, nat= 30.4 14 AR KS=1

12 3 R
KS =621 %, indt= 142116 AR,

@ reweighing to the sum of the two sidebands, since the low one has more
statistics, is not completely right because we artificially make the mjj look
more like the low sideband.

© The M;j; distribution is highly corralated to the AR,; one. We compare
background predictions to M;; and AR;;.

Pierluigi Catastini (Harvard University) GDR Terascale April 20, 2011 37/39



W +jets (mis)modeling — AR;;

@ In order to investigate possible mismodeling we consider two control regions, the
first defined by events with M;; < 115 and M,; > 175 GeV/c? and the second
defined by events with dijet pr < 40 GeV/c.

@ We use these regions to derive a correction as a function of AR;; to reweigh the
events in the excess region.

@ The reweighings change the statistical significance of the result by plus or minus
one sigma.

@ However, the AR;; distribution is strongly correlated to M;; and the control
regions both have significantly different distributions of AR;;.

@ Reweighing our W +jets sample may be a correction to AR;; mismodeling or
may introduce bias in the M;; distribution.

@ In addition, the AR;; distribution is consistent within the one sigma variation of
the systematic uncertainties for events outside the excess mass region.
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Results from DO using 1.1 fo—*
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