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The Standard Model

« (Good description of nature

* Not complete

— No verified mechanism for
elementary particle mass
generation

* Higgs mechanism is a good
candidate

* Predicts an unobserved
scalar boson — The Higgs
Boson

— Not valid at high energies

... * \We want to probe for the
underlying theory

THE STANDARD MODEL

SJ311JED 80104

*Yet to be confirmed
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Testing the Standard Model

IVIZ

The Standard Model works r,

very well iy

- AL

Except: am

— Neutrino’ s have mass A(SLD)
. sin*0°"(Q

— The Higgs boson has not ’ (AT,Z

been discovered Az

. ‘ ’ . A,

To find 'new’ physics A,

R?

— Direct discovery and study of
Higgs boson — LHC A )

— Rule out standard model
Higgs boson -- W mass

1/6/12 http://arxiv.org/abs/1107.0975
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The W Boson Mass cannot be
predicted

* The Standard Model relates the mass of the W boson (m,,) to

other known quantities: o, (m,)" =1279160015

w11 G, =1.66364(5)x10°Ge V™2
YA 2G, sinf, 1-Ar M,=91.187621)  GeV
The ‘interesting’ term is the radiative correction term which is

sensitive to all particles that the W interacts with, this includes:
 the S.M. Higgs boson

* Any new particle




Radiative corrections allow one to
constrain the Higgs Boson Mass

« While experiments at the Tevatron and 80.5 D|jmbL:|c T
LHC search directly for the Higgs 1 — LEP2 and Tevatron
* Precision measurements of m, (top quark | - LEP1 and SLD
mass) and m,, constrain the allowed _ | 68%CL
mass of the Higgs boson within the =
standard model O SV
For equal contribution to the E; )
Higgs mass uncertainty need: _ _________________
Am,~0.006Am, e
Current Tevatron average: 80'3'”;‘H4 eV]
Am, = 0.9 GeV (arXiv:1107.5255) o —

= would need: Am,,, =5 MeV
Prior to April 2012: Am,, = 23 MeV




Indirect Evidence for the Top Quark

A historical example — BO—K*0y

Vib W= W
. : occurs through a dominating W-t loop ’ s S
- |Possible NP diagrams|: t t
« Observed by CLEO in 1993, two years before b—sy
the direct observation of the top quark o
— BR was expected to be (2-4)x104 g g
— measured BR = (4.5+1.7) x10 ’ ’
, —— Charged Higgs loop L~
W<y .
s @ Ky . g

S

- [Phys.Rev.Lett. 71 (1993) 674 -
Cited by 605 records

| Phys.Rev.Lett. 74 (1995) 2885 -

Cited by 836 records

Phys.Rev.Lett. 87 (2001) 251807| P

- - Cited by 565 records]

Events/(3MeV)

|
o | i | |
5200 5220 5240 5260 5280 5300
M(K™y) (Gev)

Neutralino loop v

Mitesh Patel (Imperial College) at CERN, about 2 weeks ago
1/6/12



m,, has been measured many times

 The LEP average value
was the most precise
Un'l_'il 2009 CDF Run 0/1 ——e——  80.436 + 0.081

DO Runl ——e— 80.478 + 0.083

* The 1 fb-l rESU|t from CDF Run I —e— 80.413 £ 0.048

DO lead to the Tevatron Tevatron 2007 e~ 80432:00%
combination being Comn e sameons

. Tevatron 2009 —o— 80.420 + 0.031

more precise than the
LE P CO m b i n ati O n World average o 80.399 + 0.023
8|0 80|.2 80.4 80|.6JuIy g

m,, (GeV)



CDF and DO updates (PRL 108)

CDF DO
e and p channels e e channel only
2.2 fbt (including « 4.3 fb!(in additionto 1
previously analyzed data) fb * already analyzed

PRL 108, 151803 (2012)  PRL 108, 151804 (2012)

m,, = 80387 £ 19 MeV/c? | '* m,, =80367 + 26 MeV/c?
(4.3 fb?)

* m,, =80375 1 23 MeV/c?
(5.4 fbl)




The World Average
uncertainty is now 15
MeV / c?

World Average driven
by DO and CDF
measurements

Results are consistent

Updates from CDF and
DO in February have
driven the Tevatron
average uncertainty
closer to the current
theoretical limit of
approximately 6 MeV
Still the limiting
experimental value on
the indirect Higgs mass
constraint

1/6/12

Mass of the W Boson

Measurement M,, [MeV]
CDF-0/1 o 80432 + 79
DI . 80478 =+ 83
D@1l 0w —e— 80402 + 43
CDF-ll @2 -—0—- 80387 = 19
DO-Il @3 + 80369 + 26
Tevatron Run-0/l/ll @ 80387 = 16
LEP-2 —e— 80376 = 33
World Average + 80385 + 15
| LEP EWWG
80200 80400 80600
My, [MeV] March 2012



The Tevatron

 1.96 TeV proton anti-proton collider

* 1 km Radius
proton An Event
o
spectator quarks ”
‘::‘::—M‘Q ----------- -n“-n-u?
g’ TR additiortal ppbar collisions

\
1/6/antiproton



A W Boson Event Representation

e At DO we measure the
W mass in the electron
channel.

* Fora W candidate fET

event we measure 2
objects

— The electron

* Need 0.1 per mil precision

Underlying
Event

— The Hadronic recoil

* Need 1 % precision S
Hadronic Recoil



Events/0.5 GeV

N
>

Events/0.5 GeV
o Y -
© ) o

©
>

Observables

DO full MC

X

-

o
)

The electron transverse momentum p;
(e) is sensitive to the boson transverse
momentum

— No W) or detector effects

..
°®
L]

%5 30 35 20 a5 50
P2 (GeV)
x10°
é DO full MC
2
The transverse mass (m; is sensitive
- to detector effects (via the recoil
- system)
K me2 = (E¢ + EX)2- (Pr° + pr')?
%;»6'/1'2 60 70 80 90 10

m; (GeV)



Rely on Detailed Simulations to
compare to Data
* The observables cannot be described

analytically, We rely on detailed M.C. And
detector response simulations.

[ M,=79.4 GeV M,,=80.4 GeV

N
[5)]
o

4 N

Events/0.5 GeV
N
8

il

-
a
o

T

=y
o
o

|
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Event Generation — 5-11 MeV

e ResBos:

Computes the NLO differential cross-section for pp->B(->//) where B =
boson, / = electron or neutrino

* Includes soft-gluon resummed initial state QCD corrections

Important for the boson p;

. Used with CTEQ 6.6 PDF’s

1/6/12



Event Generation — 7 MeV

* Photos

— Simulates the emission photons
* Limited to a maximum 2 FSR photons




Environment / Detector Response

514 Z - ee control sample
W - ev Signal S Thank you LEP!

Underlying

Biratii Underlying

Event

1/6/12 i
Hadronic Recoil

Hadrz);li_c— ]’E{’ecoil



Template Fit

* Finally we fit for the mass using templates
— Maximise the likelihood

— Best fit value is hidden : this is a blind analysis

—_
=)}

o (782) width (MeV)
S S =
L L B L B

oC
T T

166/12

1
1960 1970 1980 1990 2000 2010

250

Events/0.5 GeV
s g 8

a
o

M,,=79.4 GeV

M,,=80.4 GeV




The DO Detector

Muon Central , Muon
Tracking M‘:g,“ [Tracking Calorimeter _ Trigger

NORTH /I Detectors / Toroid | System Detectors ™\l ., SOUTH
el gy a e
p— —p

i LOW_BetaC;uad. )

|7

o
_ POy . -
o (| I
) v
\ = .
H L i
1 /
| «
H -
L =e
Mt S o
{
L -y
H i
i -
H {
| .
H
| “ye
et
. L)
g e «*
N\
)
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Calorimeter
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DO Tracking and Magnet

1/6/12

First active layer

!

~3.7 X, between

!

Interaction
Point

Intercryostat
Detector

Central Fiber Tracker

Vi

Vi

||

His=
| =

momiil

AY
A
AY
AY

\‘

\

Cryostat wa

—
[ Sy \
0

f |

/|

/|

f |

,.

|‘|

/;

X

Central Preshower
Detector

1.3X,(1.0is lead)

\ Silicon
Microstrip
Tracker

/  Forward
Preshower

Detector

Luminosity
Monitor



Calorimeter Calibration -- 4 MeV

oy 0-1 ] | | ] ]
* Use the azimuthal symmetry & [ |/ | i
of the detector, and physics oo @ [ | |
processes for phi g Lo ; ;
. . . . o 0.06— I ] I I
intercalibration at fixed n b i | |
e Use Detailed M.C to 5 o0 | . i
Calibrate e-loss corrections B | | | T
0.021— ! ! !
 Usethe Z Mass peak to B : | :
calibrate n dependance A T T TEEes
Depth (X )
This is the energy 2; 1_42_ ,}
correction factor 2 = . eta=11
that gets us back § 13— e
to the energy of the 3 F s N
incident electron. & =
§ 5= s o
‘ % - é \\'\ -‘--i_x“'*t\\
‘g- 15_ eta = 0.2 ——— —
E oo
1/6/12 ) 18 raw elnot:rgy (GeV)

This is the enerqgy as reconstructed in the CAL.
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25000 — o WC. umi_o| [wc: umi_0 | | | | | | |
C o, Entries 807566 | |Entries 2255198
L " -
r \ Mean 1192 | | Mean 3.325 -=DNealivered 11.9
20000 C RMS 07237 | |RMS 1.663 ,
C Underflow 2254 Underflow 0 \ ’
C Overflow 2778 Overflow 163
15000(— ' - R ded
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Higher Luminosity Brings Challenges

More activity in the detector at higher — 3 Xx?/ndf = 0.0/0
luminosities. - Ok
. . 25000|— DATA #2
This changes the experimental observables -
significantly 20000/ - +
15000;
100003— O Runllb
sooo: Q Runlla

Jts 5 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
?')O 60 70 80 90 100

Scalar Et (electron removed)

E 1= from W->ev events B x2/ndf = 3363.6/70
= L f y \ 50000 + DATA #1
- : i% . *— Runlla - — DATA #2
08 , / » y »
[ . \ % —— Runllb 30000
e 9 S\
osf-0 ¢ ~2 times larger
.2 L\ & 30000
[ 2 in Runllb
04 e g 20000/
[N ]
[ o2
0.2 *¢ -
“log 10000
®
Bd
fap o 1o S
q%/ 1Z 50 100 150 200 250 300 %5 L 1301 TR 1351 L 140| PR 1451 L 1501 515 -Gio

ScalarET (GeV)



Fast Sim. Tuning

« Parameterised Detector Description Components

— EM Cluster (electron) Calorimeter Response
 Response to Electron
» Effects due to recoil system
— Hard, and soft recaoill
— Recoil Calorimeter Response
« Hard Recoil Response

» Soft Recoil Response
— Luminosity dependent

» Correlations with EM Object

— Efficiencies for selection cuts
« Evaluated using Tag and Probe method

 Make use of Z Boson to determine parameters
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E.M. Response — 16 MeV

* E cocureq = *(E o —43 GeV)+B+43 GeV
B isthe offset at 43 GeV, a is the slope
* Determine a,B using 2-D fits to m, and f,
o f,=[E(el)+E(e2)] x (1-cosy,.) /M
o Splits sample into sub-samples
o Stable over lumi change

measured

o Energy from the recoil system is i > 0.3r DO 4.3 K"
event kinematics g [ '

- L

Q I

£ 0.5 ’

@) I
[ L<0.72

0.075 0.72<L<1.4

[ 1.4<L<2.2
- L>2.2
0 N PR T [ Y SR TR S A ST TN TR T N S S S
T 01 102 103 104 105

1/6/12 Scale, (0}



Recoil Response — 5 MeV

° — Hard Soft
UT UT + UT +
_ uTHard
* Hard recoil model based on GEANT Z - v v events

* Free parameters tuned to Z - ee data
T

» Use Library of MB (pythia), and ZB (data) events to model
data

Hara 7Riecoil



Recoil Model has 5 tuneable params.

—so ft _ —M B —~7 B
T,smear

= \/apBUT ~ + U

-  §

Model of From Data, Random trigger
spectator partons (takes care of pileup and noise)
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Recoil Model has 5 tuneable params.

—so ft _ —M B —~7 B
U’T,smea'r' = VaMBUT + Ut

UL gmear = (RA +Rp - e_p%/THAD) pF(—)" + 84 (ugv —p%<“—§>“)

n B > §
Parameters are tuned — — if Z
using the standard UA2 P e oA
variables i

1/6/12 '



— 10¢
> of  DORunll 43fb”
% 85— ‘& Data @
é 7;_ ©PMCS
o 6F
£ E
s SF
4F o
3k 5
2F .
- Q
1Ego°
O'Q MR | | I | R
0o 5 10 15 20 25
p; (GeV)
—~ 6
> [ DORunlla3fb”
e 5.5 =Data 8
£ [ oPmcs
s 5
g‘§4.5—
o]
4__ (a]
fogoa®
3'5j:1
3:. ! | P | | IR
0 15 20 25
1/6/12 p? (GeV)

Recoil Tuning

DORunll 4.3fb™

20 25
p* (GeV)

Response

Resolution



<E> for five towers (GeV)

Recoil Correction to Energy in EM

._.
|

10" E

At Fixed n

—o®—s—o—0—0 o o oo 0o o]

L L Y

EM Cone

08 1

Cone

II|IIII|IIII|IIII|IIII|

W type electrons

Z type electrons

P | P | PTE NETETArE AR

S5 2

25 3 35 4 45 5

Rotated Cone E (GeV)

I Corr A Et(zsup_overlay-zsup_nolay) vs RotateEt(zsup) ]

[GeV]

Recoil system contribution to EM cluster energy needs to be

1/6/12

determined

Assume Energy in EM Cluster rotated in @ at fixed n
(luminosity, and u;) is a good description of the energy

added to the cone

Look at change in cluster energy in Geant when rotated
energy is overlayed onto single electrons

3F

2_ Runlla +

ety

A
2F

3

-

+
-

o b b b b b b b b a Ly
0 02 04 06 08 1 1.2 14 16 18 2
rotateE (zsup 13towers)[GeV]




Electron efficiencies -- 3 Mev

Tag and Probe :

— Require 1 EM object to pass all
selection cuts (Tag) /’
— Look for a second EM object (loose
cuts) 7

— Require invariant mass close to Z
pole (Probe)

— Check probability of other EM
object to pass cut under study

— Evaluates factorized efficiencies



The Tag and Probe method introduces
biases

* Consider electron Isolation
— Require that an electron is ‘clean’

e As detector activity increases the chance of
finding the Tag Object is correlated with the
chance of the Probe passing

e There are also correlations with the Recoil
system:

— A boosted electron is normally away from the
recoil

— The other electron will overlap

 Resort to Full M.C. studies, and direct fits to
the Z Mass peak




Overall efficiency

S 1.2_

Q

(O] L

n L

[

9

é _

=

Q

~

E}—Ola

b

o
0.6

DO Run Il 4.3 fb

50
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~90 100
my (GeV)

d
T T T

~ 1.2_
Q
Q)
o
<
||

[
o
= i
Q
A i
g— 0.8_
b -
Q

o
=)

DO Run |l 4.3 fb™

30 50
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Analysis Cuts

Event selection
e CAL only trigger (single EM)

@ vertex z < 60 cm

Electron selection
@ pr > 25GeV

o HMatrix7 < 12, emf > 0.9 and
iIso < 0.15

@ 7Mdet < 1.05 in the calorimeter
fiducial region

@ In the calorimeter ¢ fiducial region,
as determined from the track

@ Spatial track match, track with
pr > 10GeV and at least one
SMT hit

1/6/12

Z — ee selection
@ At least two good electrons

@ Hadronic recoil transverse
momentum ur < 15GeV

@ Invariant mass
70 < Mee < 110GeV

W — ev selection
@ At least one good electron

@ Hadronic recoil transverse
momentum ur < 15 GeV

@ Transverse mass
50 < mr < 200 GeV

@ ET > 25GeV




MC Consistency check

[ WCandMt_Spatial_Match_0 |
x10°

* Perform full procedure

with GEANT MC o
— Tune fast MC parameters /
to/ pay
— Fit for W Mass
— Equivalent of 24 fb'! o ‘\
% 60 70 80 90 100
e Results (80.450 GeV): e
— ESneTV 80.448 + 0.005 (stat) IR ——
- Prle): 80.448 +0.005 (stat) t MWWMW”‘ |’ } “
T ey RO :;ﬂm Ll M“ | NW,!\
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[ ZCandMass_CCCC_Trks |

/ Boson Comparison

m,=91.193 + 0.017
(stat) GeV

— LEP = 91.188 + 0.002
GeV

Good agreement with
Data

ZCandMet_0

1600
I x2/ndf = 154.4/160 .
1400(— —— DATA
C FAST MC
1200{—
1000—
800—
600—
00—
200[—
% 110 ®
ZCandElecPt_0
— 2200
3000 - 4 x2Indf = 137.5/135
- —— DATA 2000
2500— —e— FASTMC 1800
C 1600
2000—
C 1400
1500 — 1200
- 1000
= 600
500—
C 400
P L b b by 1 i il 200
%5 30 35 40 a5 50 55 60 65 70
1/6/12 0

x2ndf = 101.3/90
—— DATA
—e— FAST MC

TTT IlllllllllllllllllllllllIllllll

o 5 10 15 20 25

30



Backgrounds

* Multijet and Z-> ee determined from data

e W = tv from Resbos

=1000¢ =1600¢ =1600
S ggoE DORunll 4.31b B ‘S [ DORunll 4.3fb" ‘S DORunll 4.3fb"
S 900f " 21400 21400
EBOO: e — TV — VvV € s — W — v — evvy = [ — W — v — evvv
g 7005 21200_ — Z—>ee 21200, — Z—>ee
& : & ; - & L h
600k 1000 —— Multijet 1000} Multijet
500F 800} 800f
400¢ 600Ff 600
300E [ i
200 400E 400E
100 200 200
gO 60 70 80 90 100 25 30 35 40 45 50 55 60 25 30 35 40 45 50 55 60
M; (GeV) p.(e) (GeV) MET (GeV)
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W Data

m,, = 80371 + 13 MeV (stat) m,, = 80343 * 14 MeV (stat)
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Systematic Uncertainties

Source o(mw) MeV mr | o(mw) MeV pr(e) | o(mw) MeV Er
Experimental
Electron Energy Scale 16 17 16
Electron Energy Resolution 2 2 3
Electron Energy Nonlinearity 4 6 7
W and Z Electron energy 4 4 4
loss differences
Recoil Model 5 6 14
Electron Efficiencies 1 3 5
Backgrounds 2 2 2
Experimental Total 18 20 24
W production and
decay model
PDF 11 11 14
QED 7 7 9
Boson pr 2 5) 2
W model Total 13 14 17
Total 22 24 29
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W Consistency Check

e Stable in Time and Luminosity

=

BRI KRR S|

| ANNRANAN

l
3

2<L<4 - _

"

,‘5\”‘\1}\‘\

4<L<6 = _

00

N

\
.

L>6 N

}L

ETIRIK]

1 I L I 1 I 1 I L LLLll I LLAl.l I LUl I LLL.L I Lol I LL Ll I Ll I IIIIIIII I Ll 1 1l I IIIII “I 1 I Ll 1.1 I Ll 1l 1l
81.6 81.7 81.8 81.9 82 82.1 91 91.05 91.1 91.15 91.2 91.25 91.3 91.35 91.4 0.895 0.896 0.897 0.898 0.899 0.9 0.901
Blinded W mass (GeV) Z mass (GeV) (Blinded W mass) / (Z mass)
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Results

* m;: 80.371 + 0.013 (stat) + 0.022 (syst)
* p;(e): 80.343 + 0.014 (stat) + 0.024 (syst)
e MET: 80.355 + 0.015 (stat) = 0.029 (syst)

e Combined:
My, = 80.367 + 0.013 (stat) £ 0.022 (syst) GeV
— 80.367 + 0.026 GeV.

1/6/12

Combined with earlier measurement:

My

80.375 4 0.011 (stat) £ 0.020 (syst) GeV
80.375 £ 0.023 GeV.




The World Average
uncertainty is now 15
MeV / c?

* World Average driven

by DO and CDF
measurements

* Results are consistent
 Still the limiting
experimental value on

the indirect Higgs mass
constraint

1/6/12

Mass of the W Boson

Measurement M,, [MeV]
CDF-0/1 o 80432 + 79
DI . 80478 =+ 83
D@1l 0w —e— 80402 + 43
CDF-ll @2 -—0—- 80387 = 19
DO-Il @3 + 80369 + 26
Tevatron Run-0/l/ll @ 80387 = 16
LEP-2 —e— 80376 + 33
World Average + 80385 + 15
| LEP EWWG
80200 80400 80600

M,, [MeV]

March 2012



M,, (GeV)

Higgs Constraint

March 2012 February 2012 M. = 152 GeV
80'5 ._1 J T T I T T T T I L ] T L I T T T T I L] ' L] T I T T T T l ] T ' T l T T T l_ Q % : .
L. O LEPEWWG (2011) 68% CL (excluding Mw, m_‘_p& direct Higgs exclusion) - 1 (5)
I @ 68% CL (by area) M, (2009, m h (pé‘ - Aahad =
— @ 68% CL (by area) M (2012), m ;_:“‘_ 1 - — . .
80.45 gO' _ 0.02750+0.00033
B p o ] I -+ 0.02749+0.00010
C ] . -+ incl. low Q° data
804 — %) |
80.35 — g ]
E o i |
803 — —
'—14!;1 1 l 1 11 1 l 1L 1 1 l 1 11 1 l P 1 L | l 1 | ] 1 l 1 1 1 L l L1 1 l—'4 n
155 160 165 170 175 180 185 190 195 {LEP LHC
excluded . M excluded
mtop (GeV) T T T T I*. ‘|‘ -
40 100 200
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Future

 5fb?!datato be analyzed
— Plans to extend n coverage

 Recent advances with theory

— POWHED (QED implementation)
— CTEQ10W (better PDF uncertainty)

3w + T I T v L T Ty [ q_
C W Runial(e) Tevatron Single Experiment Sensitivity
250/ — *CDF -
2 2000 o
- = N
9 = a
2 = _
& 150/— —
o [ .
%] - —
= 100/— —]
= | N
= Run2 (e+u) ’
50}— Run2 (e) -
B u Run2 (e+u) Run2 (e) ]
— Theoretical syst. uncert. (11 MeV) | -1
1 PP I P i i
1/6/12 0
/6/ 10 10° 10° 10°

Integrated Luminosity (/pb)



Backup



Yields

e 54,512 (Z- e e)
. 1,677,394 (W = e nu)



Calorimeter Cell

Resistive Coat
Absorber Plates G 10
l— L. Ar Gaps I % R 7

Y

S —
|<——1 Unit Ce||—-|

Fig. 27. Schematic view of the liquid argon gap and signal board unit cell.
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x distribution with overall x* = 50.5 for 45 bins

/ Boson Fits
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