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& Reconstructing high mass diboson resonances

Q@ Limitations and introduction of jet mass

& The Tevatron and the DO experiment at FNAL
& Jet reconstruction and jet energy scale at DQJ

& Diboson event selection and background estimation

@ Jet mass modeling in the Monte Carlo

& Results & Outlook
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©

& Standard Model diboson production occurs
primarily through t-channel quark exchange.

©

& All diboson signals have been
established by CDF and DO.

@ Remarkable agreement with SM!

Observation of Bosons at Hadron Colliders
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Diboson Production
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& Standard Model diboson production occurs
primarily through t-channel quark exchange.

& All diboson signals have been
established by CDF and DO. ;

Q@ Remarkable agreement with SM! &  All discoveries based on leptonic
o(pp — Z7) = 119704 (stat) + 0.14(syst) pb ~ 9eCAYS (£ > lland/or W = lv), 1 =e,

osm(pp — ZZ) =14+0.1 pb © Recently, increased datasets allow

D2 Runll, 6.4 fb" W — jjor Z — jj decays as well.
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& Diboson cross sections agree very well with SM prediction.

@ Still room for new physics at high V5. e " L R I R T RRENE
g E e g:::?(ground DO’ 4.1 fb E
& Traditional searches % ?°F —— SMWz+ Background 2
s -- A=-0.1,Ax= 0.2
@ 15F A =-0.1,Ak = -0.2

Q@ WW — Ivlvor WZ — Ivll events and A :
search for anomalous triple gauge . + l B
couplings (TGCs). | s ey - :

= J e .

4
‘lll1lll!l

1111111

| LA
140
Zp,_(GeV)

1 L i . d ' 1 L i L A ' ' 3 | l
0 20 40 60 80 100



BSM Physics in Diboson System

BROOKHIAVEN

NATIONAL LABORATORY

& Diboson cross sections agree very well with SM prediction.

@ Still room for new physics at high V8. - P e R R AR R R
o g 5 E AT gz::?(ground DO’ 4.1 fb_ 3
& Traditional searches % *°F —— SMWz+ Background E
5 - --=-- A=-0.1,Ax = 0.2 :‘
@ WW — Ivlvor WZ — Ivll events and S S !
search for anomalous triple gauge of + l 3
couplings (TGCs). - i | | ]
© What about direct resonance searches? 5= i | :
@ Plenty of BSM diboson resonances O 0 60 TE I
(e.9.H*, pr,G*,Z", W') Zp_ (GeV)
q W & Besides resonance, these
events are quite special.
W’
—moee 2 If M(W') >> M(W) + M(2)

then both W and Z bosons
will be highly boosted.



| Boosted W and Z Bosons '

NATIONAL LABORATORY

& W and Z boson decay products will become increasingly collimated as the
boson pr increases.

@ Eventually the spatial distance crosses the reconstruction size ( AR(q, q) = R)
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| Boosted W and Z Bosons |
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& W and Z boson decay products will become increasingly collimated as the
boson pr increases.

@ Eventually the spatial distance crosses the reconstruction size ( AR(q, q) = R)

C

Wiz W/z W/Z

[PT(W/Z) = O} [pT(W/Z) ~MW)/Z) } [pT(W/Z) > M(W/Z)‘
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& W and Z boson decay products will become increasingly collimated as the
boson pr increases.

@ Eventually the spatial distance crosses the reconstruction size ( AR(q, q) = R )

~

W/Z Wz - ;
[PT(W/Z) = ()1 [pT(W/Z) ~MW)/Z) l [pT(W/Z) > M(W/Z)l

& Overlap will occur with jets before electrons or muons due to wider
shower (thereby reconstruction) size ( Rjet >> Relectron > Rmuon )
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@ As W’ (WZ resonance) mass increases events will transition from two-jet
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Event topology depends on resonance mass (not terribly surprising).

& What do these merged jets look like?
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& Merged jet should show effect of W or Z boson origin.

¢ W and Z bosons are very heavy compared to QCD scale = look at mass of all jet

constituents.
2 g low W’
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& Merged jets have a mass that peaks at W or Z boson mass!

& QCD-jets (quark or gluon initiated) have low mass (peak below 10-20 GeV).



| Jet Mass |

& Merged jet should show effect of W or Z boson origin.
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¢ W and Z bosons are very heavy compared to QCD scale = look at mass of all jet

constituents.
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& Merged jets have a mass that peaks at W or Z boson mass!

& QCD-jets (quark or gluon initiated) have low mass (peak below 10-20 GeV).
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& Two distinct final states from WW or WZ resonance

(@) WV — lv+ jj
(b) WV — v+

& Without single jet events,
mass reach is limited.

& First, a brief overview
of the detector.

MV — 20‘jj < ij < MV -+ 20‘jj

Mv—QO'j <Mj

—

£e) = : g :
5 0 95_ 4 W’ events with one jet DJ, 5.4 fb
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The Tevatron Collider @ FNAL
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-proton-antiproton
collisions @ '1.96 TeV
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Central Tracking
Calorimeter

Silicon Detectof
Vertex measurement
and tracking close to PV
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Central Tracking
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Silicon Detector
Vertex measurement
and tracking close to PV
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—

Silicon Detector
Vertex measurement
and tracking close to PV

Fiber Tracker

Charged particle tracking
momentum + charge

’.: ‘
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Quarks hadronize to form color
singlet particles.

We observe these particles as

energy deposits in
EM & HAD calorimeters.

EM
Hadronic

Jet Reconstruction @ DO
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¢ DO Run Il Jet Reconstruction:

@ 1) Sum energy within calorimeter towers
and keep if Et(tower) > 1 GeV.
(Rtower =AD X An = 0.1)

@ 2) Combine tower energies in cone of
radius 0.5 and keep if ET > 6 GeV.

Q@ 3) Split/merge overlapping jets.

G.C. Blazey et al., "RunllI Jet Physics”, hep-ex/0005012



DO Jet Energy Scale Correction Di5
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Jet energy scale weight corrects the raw jet energy (calo) to the particle-level.

ET5 - O
E"
= / Y AR
/f‘ corrected jet energy
[5Y: uncorrected jet energy

(O: offset energy correction

F,: relative response correction

(n-intercalibration)
R: absolute response correction
S: showering correction

kiias. correction for remaining biases

Large source of photon+jet events
available at the Tevatron.

@ Balance jet energy against well measured
photon energy (EM-scale set by Z).

See Gianluca Petrillo’s Talk for more details.
https://indico.cern.ch/sessionDisplay.py?
sessionld=7&confld=12162

@ Uncertainty less than 5% in high jet pt events.

Missing E, Projection Fraction Method: y+jet

Particle Level Detector Level
Y (tag)
I‘ |\ ha \ .
f |l re | .“‘ jes (pro
] () /',v. 'Y ) ,
E, -
R_,=14 .
l‘.v’.
Forback -to-backevents : R . = R,__


https://indico.cern.ch/sessionDisplay.py?sessionId=7&confId=121626
https://indico.cern.ch/sessionDisplay.py?sessionId=7&confId=121626
https://indico.cern.ch/sessionDisplay.py?sessionId=7&confId=121626
https://indico.cern.ch/sessionDisplay.py?sessionId=7&confId=121626

| Diboson Search with 5.4 fb-1 |

Run Il Peak Luminosity

Peak Lum 20x Average

4x1032
@ Tevatron performing very well. 3x 1032
© DO has recorded over 9.5 fb-1! 2"'032?
Ix1032
m Run Il Integrated Luminosity FPR——
:: I
. g B ]
N 4
& - 4 & Analysis presented uses half
g:: i 7 955 of current dataset (5.4 fb-1)
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L We select WW or WZ events with 1 leptonic W/Z decay and 1
hadronic W/Z decay.

eor | eor |
W — vy — ME7 1. @ eory
W ‘A je A
obé.. W
‘ - jet ‘

Electrons: EM cluster + track , pt>20 GeVandInl<1.1or1.5<Inl <1.5.
Muons: Muon scintillator + wire hits + track , pr > 20 GeV and Inl < 2.0.

Jets: Pt > 20 GeV and Inl < 3.0 (remove overlapping electrons).

© © © ©

Missing ET: Negative vector sum of calorimeter energy corrected for
electrons, muons and jets.
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& Event selection yields high number of W and Z boson + jets events.
Q@  W/Z+jets modeled with ALPGEN + Pythia (MLM matching)

@  QCD multijet production modeled with data (reverse lepton ID).
Normalized to data using matrix method (simultaneous QCD+W/Z+jets norm.)

Lepton ID +
Isolation/ID Likelihood

Leptons >

Real

. D@ Run Il Preliminary L=5.4fb"
& MC used for all other backgrounds Sso00 oo
. | 30000 —ts
Q@  ttbar modeled with ALPGEN + Pythia (MLM) e m=rra
scaled to =NNLO (http://arxiv.org/abs/0804.1476) 25000 o oeantoan

assuming mtop = 172.5 GeV.

20000

Q@ singletop (tb + tgb) modeled with CompHEP+Pythia 15000
scaled to =NLO (http://arxiv.org/abs/hep-ph/0609287)
assuming mtop = 172.5 GeV.

10000

5000

Q@ WW/WZ/ZZ modeled with Pythia scaled to MCFM
prediction.

20 40 60 80 100 120 140

=

Reconstructed W— v Transverse Mass [GeV]


http://arxiv.org/abs/0804.1476
http://arxiv.org/abs/0804.1476
http://arxiv.org/abs/hep-ph/0609287
http://arxiv.org/abs/hep-ph/0609287

| Signal Enhancement Cuts |
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Boosted Sample

® Data
[ | W/z+jets
[ &
[ Jww+wz
== SSM W’(600)

DJ, 5.4 fb™

“200 250 300 350
Leading Jet PT [GeV]

50 100 150

Enhance signal content by selecting boosted events

Q

Q

©

© ©

Require 60(70) < M(jet1,jet2) < 105(115) GeV (if two jet events)

Require Pr(jet1,jet2) > 100 GeV or Pt(jet1) > 100 GeV

(if single jet event).

Require Pt(Z — Il) > 100 GeV or Pt1(W — Iv) > 100 GeV.

AR(jetl, jet2) < 1.5 [Rad] (if two jets)

‘_‘aﬂ‘
o -

0.

9
0

AR(lep1, lep2) < 1.5 [Rad] (if two leptons) or Ad(lepton, MET) < 1.5 [Rad] (if one lepton)



| Boosted Jets |
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& So far, analysis follows previous search strategy (i.e. select isolated objects
and form combined objects like W and Z bosons).

& Look for high mass jets in data Q

@ Important to check background model. ~ "V/Z O etk

& Immediate difficulty: No easy control sample available due to very limited
statistics even with 5.4 fb-1.

® Data

: 10°
@ Large jet mass events very S

rare in W/Z+jets events. 210 %::ﬂzﬂets
@ 10° [ wwswz
@ Natural W/Z-jet sample from highly & ¢ — SSM W(600)
boosted diboson or ttbar events. 102
10L —
@ Low rate at Tevatron. T
Excellent calibration source for LHC. e
_ 10-10| B |1|0| B |2|0| B |3|0| B |4|0| B |5|0| B |6|0| |
& Mass is well modeled by ALPGEN. Leading Jet Mass [GeV]

Uncertainty ranges from 10-25%
based on data/MC agreement in signal free sample (Pt(Z — Il) < 100 GeV)
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More Monte Carlo Modeling

Analysis requires reweighting V+jets MC

Q@ ALPGEN does not reproduce W and Z boson pr.
Jet pseudorapidity also not well modeled. --------------

Jet multiplicity well modeled with ALPGEN
using MLM machine (not w/ Pythia alone)

Q@ Spectrum agrees for loose W and Z selection
What about W/Z + highly boosted jets?

Ratio

BROOKHIAVEN
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14~ D@ Run II, L=1.0 fb' —4— Data
—— NLO pQCD + corr.
12 Hy=k, =M @]
1ok CTEQ6.6M PDF
==+ ALPGEN+PY
_ _ Z
8 .. LlP._MF_MZ(-DPT
~~~~~ CTEQ6.1M PDF
6_
a- . .
- Z(—pp) +jet + X .
o 65 <M< 115 GeV, Iy < 17
- Rene=05, pf >20GeV, y¥|<28 Tt
L PN IR SRR N ST ST S SN NS S S | PRI B |
8: —4- Data/ ALP+PY == SHERPA / ALP+PY
~ e PYTHIA / ALP+PY
[ — NLOPQCD/ALP+PY  -...-. ALPGEN: +HER/+PY,
2.5[ XX Scale and PDF unc.
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¢ Analysis requires reweighting V+jets MC BUOORR LR oo
'312'_!_‘ “H=“F=Mz@p$.
@ ALPGEN does not reproduce W and Z boson pr. 8 10 e ey
Jet pseudorapidity also not well modeled. -----c---c---- > 8 e bt Mo O
& Jet multiplicity well modeled with ALPGEN § sromagax
using MLM machine (not w/ Pythia alone) Al I
R TS — =TI
Q@ Spectrum agrees for loose W and Z selection RN
What about W/Z + highly boosted jets? ?:5} 5¢ Sealo and POF unc.
& ALPGEN has trouble with modeling AR(jet,jet).
& SyStematiC taken as 100% of reweighting factor o

in control region (25% uncertainty on W/Z+jets). L

Preselection Sample M(jj) Selection Sample
> C — > al _
S ¢ D0,5.4 b~  Data $ 10°F D0, 5.4 b~  Doto
o g [ wWiz+jets o b . W Zsjets
= .0 : = 10° " :
~ 103.5— \:’tt ~ F ~ tt
2 - [ Jww+wz L. o . WWeWZ
& ol ' S 10 . " v
S 102?_ == SSM W’(600) S : c . - SSM W' (600)
L = W - H . .
T = 10 -, k .
= . .’F‘ :
1 1} [‘ |
. — || 3] SN R T 1 " .
1075 5 6 7 107g 1 3 3 4 5 3

AR(jet,jet) [Rad] AR(jet,jet) [Rad]



More Monte Carlo Modeling
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¢ Analysis requires reweighting V+jets MC L I
'312'_!_‘ “H=“F=Mz@p$.
@ ALPGEN does not reproduce W and Z boson pr. 8 10 e ey
Jet pseudorapidity also not well modeled. -----c---c---- > 8 e bt Mo O
& Jet multiplicity well modeled with ALPGEN o
using MLM machine (not w/ Pythia alone) Al I
R TS — =TI
Q@ Spectrum agrees for loose W and Z selection RN
What about W/Z + highly boosted jets? ?:5} 5¢ Sealo and POF unc.
& ALPGEN has trouble with modeling AR(jet,jet).
@ SyStematiC taken as 100% of reweighting factor o

in control region (25% uncertainty on W/Z+jets). L

Preselection Sample M(jj) Selection Sample

E’ 104;—D07 5.4 fb_l ® Data E 104i DO’ 5.4 fb_l ® Duta
pd : [ wWiz+jets pud “ . W/Zsjets
g 10°E [ < ‘.‘ tt
-.3 - ] wwswz .3 * [ Iww.wz
Q 402 L == SSM W’(600) o ®, = SSM W'(600)
L = w d

10F h 4

N
107 5 7 g —

AR(jet,jet) [Rad] AR(jet,jet) [Rad]



Large Jet Mass Results
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& No statistically significant excess of data in this search.

@ Very mild evidence for ttbar + WW + WZ in jet mass, but not significant.

2 = -
3" DO0,5.4 fb™* ® pata 3 4 D0,5.4 fb~+  © pee
(0] - y Do . Cc 7t y - .
o [ | Wi/z+jets o : [ | W/z+jets
< i [ I 6F [
%’ 10 [ Jww+wz .."E’ 5 ¢ [ Jww+wz
o === SSM W’(600) o = === SSM W’(600)
L w4
1 ¢ o 3 !
2
L -
I 1: | ®
)| AT SR NUNUNIN NAURNIN N S SR B AN PO Ly e
1050 60 70 80 90 100 110 120 70 80 90 100 110 120
Leading Jet Mass [GeV] Leading Jet Mass [GeV]

& Many improvements expected for LHC-era searches with much larger
datasets and increased ttbar production.

@ Substructure using CA and kr splitting scales,
Q@ Jet mass calibration similar to JES

Q@ Larger jet sizes combined with splitting scales.



Combined Search Results D2
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& High mass resonance searches T B o W events with one jet EPR—
need hadronic final states to s 0% W ovents with M > 60 Gev >
increase sensitivity. 5 085" W events with 60 < M <105 Gev

£ 07F A
Q@ Leptonic final states have low BR. 206 = = = (4 T T 11
P c 0.6
o ~ N A
" g 0.5F . Licloe
& Sensitive to WW/WZ L 0.4k o 3 T L
. Q =
resonance increased by 20% S afa " 3
m = A A =
(same as 40% more J Ldt). ? 0.2F L B ' el .00
0.1 o
- TP Y VTS, VIR R U [T S INPES [N TOTU TV [T T N S TN L
O i —— oxB(G—WW) 0380 * 200 500 600 700 800 900
B a - (OQbserved Limit (G) W’ Mass [Ge
10 Expected Limit (G) [GeV]
s e G X B(W' — W2) & Result recently accepted for
SO Observed Limit (W) publication in PRL.
" Expected Limit (W’)

http://arxiv.org/abs/1011.6278

o(G/W’) x B(G — WW or W— W2) [pb]

—h
: Q
| I IIIIIII| I IIIIIII|

S © Eager to test this and other jet
10300200 500 600 700 800 . 600 reconstruction techniques with

RS Graviton or W’ Mass [GeV] LHC data!


http://arxiv.org/abs/1011.6278
http://arxiv.org/abs/1011.6278

DO Jet Energy Correction Inputs
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@ Offset Correction due to pileup S 30p T
. ] . o DO Runll Rcone=0.5
(importance increases for forward jets) S, o —w =

o o NP+2MI "E

@ Measured in minimum bias events A et -
(luminosity trigger) and zero bias events 3 e e
(Tevatron clock trigger). & 10 .- N

& Response measured using y+jet events. e et
0= 3 2. -1 0 1 2 Snl

jet

@ Balance EM/y scale (very well known)
against hadron/jet scale (less well known).

Missing E; Projection Fraction Method: y+jet %085 = 0 77 ‘ T
o C DG Run ll
r Reone = 0.5
Particle Leve Detector Leve 080" et < 0.4 4
o A e s r jet
0.75— —
0.70F o —
r thcl-'-Je

065 s@ndf=165

0.60— o % -

z & | E

> : § 2E P

S 1 AR .

GL) 0F - Q§§§ *:: _+ _____ —

L Ep £ -1E L T A .

+ o _27 “vé

/ ® '2* stat E

- : -4E . . IR | 1 1 I =
For back -to-back events : R _ ~ R 30 40 100 200 300
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DO Jet Energy Correction Inputs

@ Offset Correction due to pileup S 30p T
. ] . o [DORunll Rcone=0.5 -
(importance increases for forward jets) S, o —w =

o f'l NP+2MI é
@ Measured in minimum bias events 2 e
(luminosity trigger) and zero bias events 3 e e
(Tevatron clock trigger). & 10 .- N
® Response measured using y+jet events. : ST I ]
o eSS k2SS S | I
3 2 -1 0 1 2 3
N

@ Balance EM/y scale (very well known)
against hadron/jet scale (less well known).

Combined Fractlonal Uncertamty

Missing E Projection Fraction Method: y+jet S0 S > sRRn ; o P
ISsIng rojection Fraction Meth s . 0.85E I DG Run II ] .-E 0.14:._ ............. .......................... DﬁRun" .............
Particle Level Detector Level 0807 et <0.4 E -g 0 12‘_ ............. :.........E....Bcone.r..ﬂ.ﬁ,....n ...... = 00 'Y+jet
r o " . : .
0.75? -] o H —

C C N o ................................... Total = =
| I -4% for ~Resporse
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