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DO TJevatron ICHER
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e The Tevatron 1s a vector boson factory

+ Able to deliver more than 50 pb'/week

= ~200 WZ events per week
= ~million W events per week

+ Proton-antiproton collisions are not as
clean as e'e” collisions at LEP, but
~ Able to probe higher energies

= Access to charged final states, which could
not be produced at LEP
=qq'—W—ev and qq'—>WZ—-Wll
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D5 D2ero Detector ICHEP
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> Central Tracking System
> Silicon Micro-strip Tracker
~ Central Fiber Tracker

~ 2 T Solenoid Magnet
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» Calorimeters
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> Central Calorimeter (CC)
> End Calorimeters (EC)
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= Muon System
>~ 3 sets of detectors
> Scintillating tiles
> Gas Drift Tubes
> 1.8 T Toroid Magnets
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D3 WZ— (vl IcHER

+ Provides a test of the (extremely successful) SM
~ WZ is the least studied vector diboson process

+ Probe of possible new physics at a higher energy
scale (Ayp)

~ E.g., additional heavy gauge bosons predicted by many
extension to the SM (SUSY, technicolor, ...)

+ Improve understanding of a background to many
Higgs and Beyond the SM searches

e SM is the low energy limit of a more general theory
+ The most general Lagrangian governing the WWZ triple gauge coupling

(TGC) has 7 parameters
+ By assuming C and P conservation the number of parameters is reduced to 3

Ak, = Kk —1
=g’K,l ; IntheSM: 2 =0 and g”=K =1 = AgZZ _ gZZ_
1 1
Ak, Ag, or 4 # 0 = anomalous TGCs arXiv:1006.0761 [hep-ex]

(Submitted to Phys. Let. B)
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WZ— [oll

PARIS/2010)

e SM is the low ener

+ The most general L.
(TGC) has 7 param
+ By assuming C and

Z .
=g1 ’kz’lz ?

+ Provides a test of the (extremely successful) SM

Any new physics that causes anomalous
TGCs must respect unitarity. However,
anomalous TGCs in the SM violate unitarity
at high energies. Thus, a dipole form factor:

&), 5l e SN sou
(1- %)

18 used to regulate this behavior. A can be

1y

interpreted as the energy at which the new
physics turns on. We used A _ =2 TeV when » 3

setting limits on anomalous TGC:s.

Ax, Ag, or 2 # 0 = anomalous TGCs arXiv:1006.0761 [hep-ex]

(Submitted to Phys. Let. B)
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DO WZ— [ll: Signature tenee

e [L.ook for events with

elu

7l

proon ¢

antiproton

arXiv:1006.0761 [hep-ex]
(Submitted to Phys. Let. B)
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DO WZ— [wll: Signature tcnge

* Look for events with
+ Three isolated, high-energy leptons = eee, eep, ey, or pup
+ And evidence of a neutrino = large missing energy in the transverse plane

(K-

arXiv:1006.0761 [hep-ex]
(Submitted to Phys. Let. B)
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WZ— [wll: Signature tcnge

* Look for events with
+ Three isolated, high-energy leptons = eee, eep, ey, or pup
+ And evidence of a neutrino = large missing energy in the transverse plane

(s

Fun 231234 Evt 26363034 Fri Mar 9 18:12:46 2007 /

=T scale: 49 GeV
—T T
.\ |II II.'
/

WL

L

Actual eeu candidate event

Al |
]

arXiv:1006.0761 [hep-ex]
(Submitted to Phys. Let. B)
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DO WZ— [wll: Signature tcnge

* Look for events with
+ Three isolated, high-energy leptons = eee, eep, ey, or pup
+ And evidence of a neutrino = large missing energy in the transverse plane

(K-

e Then, v
+ Identify two of the leptons as coming from a Z decay

= eepn and epp events = require like-flavor leptons to have opposite charge
~ eee and pup events = the opposite-charge pair with a mass closest to the Z mass

« The remaining lepton and the F; are assumed
arXiv:1006.0761 [hep-ex]

to come from a W decay (Submitted to Phys. Let. B)
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D55 WZ= [vll: Cross Section .

PARIS/Z0I0)

« Very clean signature: No SM background with three high p, leptons + E,
~ ZZ—llll background

>~ One of the leptons is not identified and E is mis-measured

~ Z/WHjets and tt—WbWb—lvblvb backgrounds

~ A jet 1s misidentified as a lepton
+ This analysis used 4.1 fb"' of data e
> Predicted background: 6.03 + 0.57 = o(WZ)=3.90 090 P b

> Predicted signal: 23.3 + 1.5 SM: 6. (WZ)=3.25+0.19 pb
~ Observed events: 34 NLO

Background L
SM WZ

Events/10 GeV
Events/10 GeV

||||||I|||||||||||l||||||||||

I|IIIIIII|III|I

arXiv:1006.0761 [hep-ex]

—_
aa]
-
5}
—
8 W
2
6 W
£ ] 3 o
4F = 3 =
C ] - o]
2F 3 8
~—
= L ininng Mo e = : é
% 100 120 140 o
MTy, (GeV) a
p—
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D& WZ= [vll: Cross Section .y

PARIS/Z0I0)

« Very clean signature: No SM background with three high p, leptons + E,
~ ZZ—llll background

~ One of the leptons is not identified and F. is mis-measured

~ Z/WHjets and tt—WbWb—lvblvb backgrounds

~ A jet 1s misidentified as a lepton
+ This analysis used 4.1 fb"' of data e
> Predicted background: 6.03 + 0.57 = o(WZ)=3.90 090 P b

> Predicted signal: 23.3 + 1.5 SM: 6. (WZ)=3.25+0.19 pb
~ Observed events: 34 NLO

Most precise measurement

Events/10 GeV
Events/10 GeV
]
S
&
2
11 | 1

oo b b b b b b L |

E 100 120 121-0
M, (GeV) MTy, (GeV)
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o
OO

arXiv:1006.0761 [hep-ex]

(Submitted to Phys. Let. B)

Joseph Haley 15 Northeastern University



http://arxiv.org/abs/1006.0761

1

D& WZ— Wll: Anomalous Couplings vonle

PARIS/Z0I0)

 Anomalous TGC change the event kinematics

+ High boson p; 1s particularly sensitive to anomalous TGCs

e Setting limits on anomalous TGCs

+ Use MCFM to determine p(Z)

distribution predicted for different
values of g%, x,, and A,

Events/30 GeV

---- A=-01,Ak= 0.2 o
............. 7\,=-0.1,AK=-0.2 :

15

(0] o Sy PO S I S

+ Calculate the likelihood of each B s G I

prediction given the observed 5 S —
p(Z) distribution

Z P, (GeV)

arXiv:1006.0761 [hep-ex]
(Submitted to Phys. Let. B)
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DO WZ— lll: Anomalous Couplings IcHER

N
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Results Aw=2 TeV
[rrrrrrrrrrTT T T T T T T T T T T T T T T T T T T T T T T —<°DNO-3_""I""I""I""""I""I""I""_ —4°0NO'3:' T T L B '|':
T (@ D@, 411671 < F  (b) DZ,41f6"1 < b (0 DY, 4.1 b
05F . 0.1F £ 0.1F -
oF . oF - oi— —
_o.sf— _ -0.1;— — -0.1;— —
I ] 0.2F 3 0.2F 3
—1'_ E E ; E | | 1 | 1 E

03 0,05 00 005 0 005 01 015 02  UD27015 00 w005 0 005 01 005 02 O 05 0 0.5 1
A, A, Ax,

+ 2-D 95% confidence contours (ellipses)
~ Two couplings are varies while the third fixed at the SM value
* 1-D 95% confidence intervals (lines)
= One coupling 1s varied while the other two fixed at the SM values

0.075 < 4, <0.093
20.053 < Ag/Z <0.156

-0.376 < Ak, <0.686 arXiv:1006.0761 [hep-ex]
(Submitted to Phys. Let. B)
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e A precise measurement of the W mass probes physics at higher energy
scales

* Due to radiative corrections, the precise value of the W mass depends on the
Higgs and top masses

i, ( - @) ST (1 1 m) ; A;\ Ao+ Ap(m?,) + Ax(In(my))

Phys.Rev.Lett.103:141801,2009
Joseph Haley 18 Northeastern University
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DO W= ev: Signature 1chge

e [L.ook for events with

proon =Y ) antproton
W,
-

1

Phys.Rev.Lett.103:141801,2009
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DS W ev: Signature ICHER

* Look for events with
+ One isolated, high-energy electron (p°; > 25 GeV)
« And a neutrino = large missing energy transverse to the beam (£ > 25 GeV)

e

profon Y ) antproton

\‘v

Phys.Rev.Lett.103:141801,2009
Joseph Haley 20 Northeastern University e
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DO W= ev: Signature ieHER

e Look for events with
+ One isolated, high-energy electron (p°; > 25 GeV)
« And a neutrino = large missing energy transverse to the beam (F; > 25 GeV)

proton < aniproton

adronic recoil

+ There may be other energy (u;) in the
event from which the W is recoiling

hadronic recoil, u;

~ We need to know u; in order to calculate f; = -(p°; + uy)
= Difficult to model large u; = Require recoil energy to be small (u; < 15 GeV)

. -1 ~
1 b~ of data = ~500,000 selected events Phys.Rev.Lett.103:141801,2009
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DO MW Mass: Calibration IcHER

e The precision of the measurement i1s dominated by the electron energy
scale calibration

+ Detector simulation

500

» GEANT-based material simulation > "~ DO, 1 fb" —~Data
. 0] - —FAST MC
~ Data driven electron shower shape 1o 400 J2idof = 153/160
corrections for uninstrumented material % -
= Dead material modeled with 0.01 X, precision ‘qs':; 300;
, o & 200F
+ Final calibration -
~ Using Z—ee events, calibrate to the very 1005_
precise measurement of M(Z) from LEP T
AM Z ~ 2 MGV 2 |"I"I"|"""| .............. l...l.ri.l. ......... :.| ..................................... |'|| ........... || ..............
( ( ) . ) ow:ﬁllfpfl “'Hlﬂ.#w yl I,TLT"#IIII'T
» This 1s effectlvely a measurement of M( W)/M(Z) -2 ..'._..7.._[.;..1...“...'.. AL L S A 1.I....... .!....' ...... o lle 1

70 75 80 85 90 95 100 105 110

~ The precision of the calibration 1s limited by m,. (GeV)

the statistics of Z—ee events

Phys.Rev.Lett.103:141801,2009
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D& W Mass: Analysis Method IcHER

e Three different distributions were used to perform the measurement

~ Electron p; (p%)

~ Missing transverse energy (¥;)

~ Transverse W mass (m (W)=~ 2 p% E:(1 - cos( Ap(e, ;) ) )

+ For each variable, generate template distributions for a range of test M(W)

values
» Simulate event with RESBOS + PHOTOS

= Simulate detector efficiency/response via a
fast parametric Monte Carlo simulation tune
on Z—ee events

+ Calculate the likelihood for each template
to match the observed distribution

5— - L]
4sE ".. DO preliminary, 1 fb’ me

4
3.5

2

-In(L/LO)
Mt W

1.5
1
0.5

E ] ] 1 ] ] |
33.32 80.34 80.36 8038 B804 8042 8044 8046
W mass

Phys.Rev.Lett.103:141801,2009
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DiS W Mass: Results icHEP

szns;zoacm
10000 20000 20000
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0 L Eackground 0 L Eackground 0 L m Background
o 7500 yidof=48/49 | o15000 ydof =39/31 | 150001~ x2/dof = 32/31
@ r [ - ) L
[ C "E C .E :
:>j 5000 :>j1oooo_— I:>j1oooo_—
C ) C ) C )
2500 k 5000 { \\'l\ 5000~ |‘ \H‘L
. ' ! :_— ' L . _—_ ' L '
R HE [ R HE ) - i R, [ b b A0
ZELH IT|'|'||£Il| san Ll |l+ +||+l i) I+-'l~:¢'l'|'l 4 ﬁ o 2:|=IT R S AR 1 l f f L 25 |l£ T: |:"' o |: 'l| L4 +'-£T“+¢ITlﬁl+:.ll' ity 4,
g”f_‘-'f-»l-'- géf"‘"'rm RUAAITRAE ity .m+ i g AR vt A AR S
F ‘I ] . " . ] II I . ¥ 4n il T T f i | - é' T I. ! e
50 60 70 80 90 100 25 30 35 40 45 50 e55 60 25 30 35 40 45 50 55 60
m; (GeV) 7 (GeV) E; (GeV)

80.401 +0.023(stat) £0.037(syst) GeV ~ 80.400 +0.027(stat) £0.040(syst) GeV ~ 80.402 +0.023(stat) +0.043(syst) GeV

= M(W) = 80.401 = 0.021 (stat) £ 0.038 (syst) GeV

Phys.Rev.Lett.103:141801,2009
Joseph Haley 24 Northeastern University
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N Mass: Results ICHER

Events/0.5 GeV
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7500~ yidof=48/49 | o15000 ydof =39/31 | 150001~ x2/dof = 32/31
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F 1 I . I . 1 .I I s ‘ .. II. T T f i | m4f * i A
50 60 70 80 90 100 25 30 35 40 45 50 e55 60 25 30 35 40 45 50 55 60
m; (GeV) p3 (GeV) E; (GeV)

80.401 +0.023(stat) £0.037(syst) GeV ~ 80.400 +0.027(stat) £0.040(syst) GeV ~ 80.402 +0.023(stat) +0.043(syst) GeV

= M(W) = 80.401 = 0.021 (stat) £ 0.038 (syst) GeV

Most precise single measurement

Phys.Rev.Lett.103:141801,2009
Joseph Haley 25 Northeastern University m
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DO N Mass: Uncertainties ICHEP

PARIS/ZOIO\.

Source m_ P, K.
Statistical 23 27 23
Systematic - Experimental
Electron energy response 34 34 34
Electron energy resolution 2 2 3
Electron energy non-linearity 4 6 7
Electron energy loss differences 4 4 4
Recoil model 6 12 20
Efficiencies 5 6 5
Backgrounds 2 5 4
Experimental Subtotal 35 37 41
Systematic - W production and decay model
PDF 10 i 11
QED 7 7 2
Boson pT 2 5 2
W model Subtotal 12 14 17
Systematic — Total 37 40 £l

Phys.Rev.Lett.103:141801,2009
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N Mass: Results

1

by
ICHEP

PARIS/2010)

e World average = M(W)=80.399 + 0.023 GeV

+ EW fit (M(top)=173.1213 Gev) = M(H) < 158 GeV

6 July 2010 m .. = 158 GeV
CDF Run 01 e  80.436 + 0.081 l:
Aaf?d .
d
DO Run | ——e—— 80.478 + 0.083 S .t —0.02758+0.00035 B
3 % .- 0.02749+0.00012 .
CDF Run I —— 80.413 + 0.048 4 L vee incl. low QF data |
Tevatron 2007 —— 80.432+0.039 .
= 13- _
DO Run I —— 80.401 +0.043 <
Tevatron 2009 —— 80.420 + 0.031 2 -
1 - —
World average - §0.399 + 0.023 i i) 4
Excluded W Preliminar
| | | dulyos 0 & Yy
1 1 1 1 1 "I 1
80 80.2 80.4 80.6 30 100 300
my, (GeV) m,, [GeV]
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D Conclusions IcHER

e Most precise measurement of WZ cross section
e 6(WZ) =3.90" . GeV

e Some of the tightest limits on WWZ anomalous TGC

-0.075 < 4, <0.093 @ 95% CL
z Ap=2TeV

-0.053 < Ag,” <0.156

-0.376 < Ak, <0.686

e Most precise single measurement of W boson mass
« M(W)=80.401 % 0.021 (stat) = 0.038 (syst) GeV

e Expect significant improvements with more data

Joseph Haley 28 Northeastern University
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D& W Mass: Systematic Uncertainties IcHER
AMyw (MeV)
Source mr PT U+
Electron energy calibration 34 34 34
Electron resolution model 2 2 3
Electron shower modeling 4 6 7
Electron energy loss model 4 4 1
Hadronic recoil model 6 12 20
Electron cfficiencies 5 6 5
Backgrounds 2 5 4
Experimental Subtotal 35 37 41
PDF 10 11 11
QED 7 7 9
Boson pr 2 5 2
Production Subtotal [2 14 14
Total 37 40 43
Joseph Haley 30 Northeastern University




1

by
| EP
DD N Mass ICHER

2 ﬁ __Tma 1
w -m..% V-"EGF 1 — Ar

W W W W W W

To have equal uncertainty on my, Amwy ~ 0.006 - 7

Current Amiop, = 1.3 GeV = Amy = 8 MeV

Joseph Haley 31 Northeastern University
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D& W Mass 1cHED

PARIS/2010)

—— No detector effects, pT(W) =0
® No detector effects, typical pT(W) distribution
With detector effects, typical pT(W) distribution

F —
= =
£ 5
-~ e
> <
= <z,
=

[ SN T [T T T I T N I T N N T T Y WO N '.-"Iiglvllli,!-.llt

55 60 65 70 75 80 85 90 95 303540 45 50
my (GeV) prle) (GeV)
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D& W Mass Event Display IcHER

M v

M LA

#r

30

Recoil = small energy deposits
1 spread all over the detector

= sensitivity to small effects,

challenges for modeling

Joseph Haley 33 Northeastern University
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% W M ass ICHEP
PARIS/Z010\.

e Because we are looking at hadrons collision
= We do not know the longitudinal momentum of the initial quarks
% We cannot determine the longitudinal momentum of the neutrino
= We cannot reconstruct the full W mass

e Final electron energy calibration

-0.1

> DO, 1 fb™
) I
ﬂ-0.25_—
® I
2 -04f
o [
-0.55
_07-....|....|....|....|....
1.006 1.008 1.01 1.012 1.014 1.016
Scale, o

Joseph Haley 34 Northeastern University




Anomalous Couplings icnee
o ZWW and yWW couplings

+ General Lorentz invariant Lagrangian has 14 couplings
}'V
M;,
g wow,(0mvY +avE )+ gler vAWLa,w, -0, mw, )V,

Lwwr ig! (W W' =W VW™ ) +ic, W WV" +i

Swwv

WllmﬂVvl

A~

+ile WW, 7 V+in WiV
MW
> 1 ‘ 7 4
C and P conserving: 88 K, K, ly, 2Z
~ C and P violating, but CP conserving: g *

~ CP violating: g4Z,g4Z, k.k,i,2,

SM: g =g *= K=K~

and all others are zero

Joseph Haley 35 Northeastern University



Anomalous Couplings tcnge
o ZWW and yWW couplings

* In the SM.:
~yWW and ZWW TGCs
~g’=Kk =K =1 and 2 =2 =0
? Zz ? Z

>~ No yZZ and yyZ TGCs
>h37=h3Z=h4”=h4Z=O

+ Measure deviations from SM
Ak =Kk -1, Ag'=g'-1
V V 1 1

»Al =4, AR =hn" AR =h"
| 4 V 3 3 4 4
» AX #0 = anomalous TGC

Joseph Haley 36 Northeastern University
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D WZ— ll: Signature 1cHER

Jet

Joseph Haley 37 Northeastern University ‘
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DS WNWZ Event Yields ICHEP
| Channels | Data WZ Sienal Total Backend
eee 8 4.4 £+ 0.1(stat) = 0.75(syst) | 0.91 £+ 0.12(stat) £+ 0.12(syst)
eepl 8 5.0 £ 0.1(stat) + 0.68(syst) | 1.23 + 0.09(stat) + 0.18(syst)
CLLL 9 4.7 £ 0.1(stat) £ 0.56(syst) | 1.13 + 0.05(stat) + 0.35(syst)
LLLLLL 5 5.8 £ 0.1(stat) = 0.83(syst) | 1.46 £ 0.08(stat) + 0.22(syst)
CeICRE 1 1.5+ 0.1(stat) + 0.22(syst) | 0.42 + 0.08(stat) + 0.09(syst)
eeICcrL 3 1.9+ 0.1(stat) + 0.23(syst) | 0.88 + 0.17(stat) + 0.18(syst)

Joseph Haley

38
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Previous IGC Limits tengr

2009 DO combination of WZ—Wll (previous), Wy—lvy, WW—lvlv, WW+WZ—lvqq

Results respecting SU(2)r @ U(1)y symmetry

Parameter Minimum 6RY% C.L. 95% C.L.
Ak~ 0.07 [—0.13,0.23 [—0.29,0.38
Agf 0.05 [—0.01,0.11] [—0.07,0.16]
A 0.00 [—0.04,0.05] [—0.08,0.08]
LW 2.02 [1.93,2.10] [1.86, 2.16]
qw —1.00 [—1.09, —0.91] [—1.16, —0.84]

arXiv.org:0907.4952

Joseph Haley
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WZ Event Displays
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