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Detecting New Physics through Precision Measurements

e Willis Lamb (Nobel Prize 1955) measured the difference between
energies of S, and °P,, states of hydrogen atom

- 4 micro electron volts difference compared to few
electron volts binding energy

- States should be degenerate in energy according to tree-
level calculation

e Harbinger of vacuum fluctuations to be calculated by Feynman
diagrams containing quantum loops

- Modern quantum field theory of electrodynamics followed
( Nobel Prize 1965 for Schwinger, Feynman, Tomonaga)
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Parameters of Electro-Weak Interactions

Gauge symmetries related to the electromagnetic and weak forces in the
standard model, extension of QED

- U(1) gauge group with gauge coupling g
- SU(2) gauge group with gauge coupling g’

And gauge symmetry-breaking via vacuum expectation value of Higgs
fieldv # 0

Another interesting phenomenon 1n nature: the U(1) generator and the
neutral generator of SU(2) get mixed (linear combination) to yield the
observed gauge bosons

- Photon for electromagnetism

- Z boson as one of the three gauge bosons of weak interaction

Linear combination 1s given by Weinberg mixing angle ﬁW



Parameters of Electro-Weak Interactions

At tree level, all of the observables can be expressed in terms of three parameters
of the SM Lagrangian: v. g, ¢' or, equivalently, v, e, s = sin by (also ¢ = cos fyy)
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Radiative Corrections to Electromagnetic Coupling
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this one is tricky: the hadronic contribution to 11’ (0) cannot be computed perturbatively
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We can however trade it for another experimental observable: Rhad(q%) = p— (({P)
Te+e- 47,
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(This hadronic contribution is one of the biggest sources of uncertainty in EW studies)



Radiative Corrections to W Boson Mass

All these corrections can be combined into relations among physical observables, e.g.:
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universal corrections and a remainder:

The leading corrections depend quadratically on 72: but only logarithmically on 7 :
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Motivation for Precision Measurements

e The electroweak gauge sector of the standard model 1s
constrained by three precisely known parameters

~ gy, (M) =1/127.918(18)
- Gy =1.16637 (1) x 10" GeV2
M, = 91.1876 (21) GeV

e At tree-level, these parameters are related to other
electroweak observables, e.g. My,

- My = Mgy / V2Gy sin? Oy,
« Where O, is the Weinberg mixing angle, defined by
cos Uy, = M,/M,,



Motivation for Precision Measurements

e Radiative corrections due to heavy quark and Higgs loops and exotica

w w

Motivate the introduction of the p parameter: My? = p [My(tree)]?
with the predictions Ap = (p-1) ~ M,,,* and Ap ~ In My,

o In conjunction with M, , the W boson mass constrains the mass of the

Higgs boson, and possibly new particles beyond the standard model



Contributions from Supersymmetric Particles

w w

* Radiative correction depends on mass splitting (Amz) between squarks in
SU(2) doublet

» After folding in limits on SUSY particles from direct searches, SUSY loops
can contribute ~100 MeV to M



Uncertainty from O (M)
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e 00y, dominated by uncertainty from non-perturbative contributions:

hadronic loops in photon propagator at low O
 equivalent OMy, = 4 MeV for the same Higgs mass constraint

- Was equivalent oMy, = 15 MeV a decade ago !



Progress on Mtop at the Tevatron

Mass of the Top Quark

July 2011 (* preliminary)

CDF-1 dilepton ® 167.4 +11.4 (£103% 4.9)
D@-| dilepton o 168.4 +12.8 (+12.3+ 3.6}
CDF-Il dilepton = 1706+ 3.8 (:22531)
D@-I1 dilepton N o 174.0+ 3.1 (£ 1.8+2.5)
CDF-l lepton+jets . 1781+ 7.4 (£51+53)
D@-| leptontjets _—.—1 80.1+ 5.3 (+3.9+3.6)
CDF-II lepton+jets B 173.04 1.2 (£06%1.1)
D@-Il leptontjets ol 1749+ 1.5 08+ 1.2)
CDF-I alljets ?35,0 +11.5 (+10.0+ 5.7)
CDF-Il alljets * "N 1725421 (145 15)
CDF-Il track e 166.9+ 9.5 (+9.0+2.9)
CDF-Il MET+Jets * S 1723426 (184 18)
Tevatron combination * B 1732+ 0.9 (+0.6+08)
{=stat = syst)

| | | | ¥2/dof = 8.3/11 (68.5%)

150 160 170 180 190 200
My (GEV/C?)

o From the Tevatron, AMtop =0.9 GeV => AM,/ M; = 8%
« equivalent AMy, = 6 MeV for the same Higgs mass constraint
 Current world average AMy, = 15 MeV

- progress on AMy, has the biggest impact on Higgs constraint
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M, [GeV]

2012 Status of My, vs Mtop
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Motivation

* Generic parameterization of new physics contributing to W and Z
boson self-energies through radiative corrections in propagators

- §, T, U parameters (Peskin & Takeuchi, Marciano & Rosner, Kennedy
& Langacker, Kennedy & Lynn)
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Motivation

* Generic parameterization of new physics contributing to W and Z
boson self-energies: S, 7, U parameters (Peskin & Takeuchi)
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Additionally, M_ 1s the
Y

only measurement which
constrains U

(from P. Langacker, 2012)

M, and Asymmetries are the most powerful observables in this parameterization



A and A Observables
FB LR

* Asymmetries definable in electron-positron scattering sensitive to
Weinberg mixing angle Uy,

e’ f e f

e f e f

 Higgs and Supersymmetry also contribute radiative corrections to Uy,
via quantum loops

o A_ 1s the angular (forward — backward) asymmetry of the final state

o A _1sthe asymmetry in the total scattering probability for different

polarizations of the nitial state



W Boson Production at the Tevatron

Quark T Gluons
Lepton
Antiquark ZV_ Electron
S
7N
(}’?o

Quark-antiquark annihilation
dominates (80%)

Hadronic recoil

: U
Lepton p carries most of /' mass

information, can be measured precisely (achieved 0.01%)

Initial state QCD radiation 1s O(10 GeV), measure as soft 'hadronic recoil' in
calorimeter (calibrated to ~0.5%)
Pollutes W mass information, fortunately p (W) << M,



W Boson Production at the Tevatron

Quark I Glll()ns
Lepton
Antiquark ZV_
e
2
U

Quark-antiquark annihilation
dominates (80%)

Lepton p carries most of /' mass
information, can be measured precisely (achieved 0.01%)

Initial state QCD radiation 1s O(10 GeV), measure as soft 'hadronic recoil' in
calorimeter (calibrated to ~0.5%)
Pollutes 7 mass information, fortunately p (W) << M,,



DO Detector at Fermilab

Muon Chambers

Scintillator fiber
tracker provides
lepton track
direction

Electromagnetic Calorimeter measures electron energy
Hadronic calorimeters measure recoil particles



Quadrant of Collider Detector at Fermilab (CDF)
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Select W and Z bosons with central (| n | <1 ) leptons



Collider Detector at Fermilab (CDF)

Muon
detector
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W mass measurement — decay kinematics

e Main complication: invariant mass cannot be reconstructed from 2-body
leptonic decay mode

- Because neutrino is not detectable directly

e Exploit the “Jacobian edge” in lepton transverse momentum spectrum

do
dcos@

= o0p(8) [%(1 + cosf)? + %(1 — COS 19)2]

= 00(8)(1 + cos? )

W boson rest frame




W mass measurement — decay kinematics

e Main complication: invariant mass cannot be reconstructed from 2-body
leptonic decay mode

- Because neutrino is not detectable directly

e Exploit the “Jacobian edge” in lepton transverse momentum spectrum

do B do
dpr d((mw /2) sin é)
B 2 do
B mw dsin 6
- 2 do dcos @ |
T mw dcosd | dsin @ Invariant under

longitudinal boost

2 : -
= —0p(8)(1+cos?6)|tanéd
mw

- ApT 2 42 1
= oqgls 2 — dp3 /miy
o )m&_( pr/myy) (\/1 — 4_}}%!&“%1;




W mass measurement — decay kinematics

e Main complication: invariant mass cannot be reconstructed from 2-body
leptonic decay mode

- Because neutrino is not detectable directly

e Exploit the “Jacobian edge” in lepton transverse momentum spectrum

by using mr = 2pr:

We can transfer 42 to -%2
dpr dm

o _ 1o
dmy  2dpr
mr m% 1

= 09(5)—(2——-)
My miy Vv 1—m3/mi




W mass measurement — decay kinematics

e Lepton transverse momentum not invariant under transverse boost

e But measurement resolution on leptons 1s good

Black curve: truth level, no p (W)

Blue points: detector-level with
lepton resolution and selection,

But no p_(W)

Shaded histogram: with p_(W)

30 35 40 45 50 §5
Pr




W mass measurement — decay kinematics

e Define “transverse mass” — approximately invariant under transverse boost

e But measurement resolution of ““neutrino™ 1s not as good due to recoil

Black curve: truth level, no p (W)

Blue points: detector-level with
lepton resolution and selection,

But no p_(W)

Shaded histogram: with p_(W)

mr = \/(Efir + E{i)z — (F_ﬁr + f%)g

i _ \/ng’:pw — cos Ad)
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CDF Event Selection

Goal: Select events with high p leptons and small hadronic recoil activity

- to maximize W mass information content and minimize backgrounds

Inclusive lepton triggers: loose lepton track and muon stub / calorimeter
cluster requirements, with lepton p > 18 GeV

- Kinematic efficiency of trigger ~100% for offline selection
Offline selection requirements:

- Electron cluster E. > 30 GeV, track p; > 18 GeV
- Muon track p; > 30 GeV

- Loose 1dentification requirements to minimize selection bias

W boson event selection: one selected lepton, |u| <15 GeV & p(v) > 30 GeV

- Z boson event selection: two selected leptons



CDF W & Z Data Samples

Sample  Candidates
W — ev 470126
W — uv 624708
4 —ete 16134
Z — uu 59738

e Integrated Luminosity (collected between February 2002 — August 2007):

— Electron and muon channels: L. =2.2 fb-!

- Identical running conditions for both channels, guarantees cross-calibration
* Event selection gives fairly clean samples

- Mis-1dentification backgrounds ~ 0.5%



Analysis Strategy



Strategy
Maximize the number of internal constraints and cross-checks
Driven by two goals:

1) Robustness: constrain the same parameters in as many different
ways as possible

2) Precision: combine independent measurements after showing
consistency



Outline of Analysis
Energy scale measurements drive the W mass measurement

 Tracker Calibration

- alignment of the COT (~2400 cells) using cosmic rays

- COT momentum scale and tracker non-linearity constrained using
JAp—»uu and Y-—»uu mass fits

- Confirmed using Z —» wu mass fit

e EM Calorimeter Calibration

- COT momentum scale transferred to EM calorimeter using a fit to the peak
of the E/p spectrum, around E/p ~ 1

- Calorimeter energy scale confirmed using Z —» ee mass fit
e Tracker and EM Calorimeter resolutions

e Hadronic recoil modelling

— Characterized using p-balance in Z —// events



Drift Chamber (COT) Alignment
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CDF Particle Tracking Chamber

Reconstruction of particle trajectories, calibration to ~2 PUm accuracy:
A. Kotwal, H. Gerberich and C. Hays, NIM A506, 110 (2003)
C. Hays et al, NIM AS538, 249 (2005)



Internal Alignment of COT

e Use a clean sample of ~400k cosmic rays for cell-by-cell internal
alignment

171683 Run: 139787 EventType- ATAI'ETTWL‘H?ET—H'PFK:M | |
/

e Fit COT hits on both
sides simultaneously

to a single helix (AK,
I H. Gerberich and C. Hays,
. NIMA 506, 110 (2003))

\

f

- Time of incidence is a
floated parameter in
this 'dicosmic fit'

/\
3
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Residuals of COT cells after alignment

100 CDFII
i Before alignment
|t
/c_n\ 0 IJ‘ * + * ++ ‘ =
- I ' ! " ¥ 'I+ + , ) . *I-Jq
8 IT" ‘+| . . + ¥ ",, " . * " o ! i
.2 100_ -------- hEPEPE ;-*- -lll}- M B T' ..... *u - ‘:::.
) Cell number (¢)
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5 7 '
.C‘B L
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0 *iiﬂ#ﬂmﬁﬁmwﬂ'ﬁﬁ#ﬂlll
_25_250 ....................... 12;1...1;':...1;'3.
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Final relative alignment of cells ~2 wm (initial alignment ~50 wm)



Cross-check of COT alignment

e Cosmic ray alignment removes most deformation degrees of freedom, but

“weakly constrained modes™ remain

Final cross-check and correction to beam-constrained track curvature

based on difference of <E/p> for positrons vs electrons

e Smooth ad-hoc curvature corrections as a function of polar and azimuthal

angle: statistical errors => AM, =2 MeV

0.01

0.005

<E/p> (positrons - electrons)
5
&

-0.01

— CDFII

L=2.2 fb!

——— COT cell and wire alignment

—— With track-level corrections
cotf correction a + 1o

0



Signal Simulation and Fitting



Signal Simulation and Template Fitting

e All signals simulated using a Custom Monte Carlo
- Generate finely-spaced templates as a function of the fit variable
- perform binned maximum-likelihood fits to the data

e Custom fast Monte Carlo makes smooth, high statistics templates

- And provides analysis control over key components of the simulation

-

[
U50000
uy

L=
7]
I=
240000

e—m,.i; mini
L = || ' 30000
: ;. -

20000

=81 GeV
nte Carlo template

10000

GEU 55 60 65 70 75 80 85 Q0 a5 100
Transverse Mass (GeV)

 We will extract the W mass from six kinematic distributions: Transverse mass,
charged lepton p; and missing E . using both electron and muon channels



Generator-level Signal Stmulation

[
\ PHOTOS

e Generator-level input for W & Z simulation provided by RESBOS (C.
Balazs & C.-P. Yuan, PRD56, 5558 (1997) and references therein), which

- Calculates triple-differential production cross section, and p-dependent
double-differential decay angular distribution

- calculates boson p spectrum reliably over the relevant p; range: includes
tunable parameters in the non-perturbative regime at low p

e Multiple radiative photons generated according to PHOTOS
(P. Golonka and Z. Was, Eur. J. Phys. C 45, 97 (2006) and references therein)



Constraining Boson p Spectrum

o Fit the non-perturbative parameter g, and QCD coupling o, in

RESBOS to p(//) spectra:

Position of peak in boson p spectrum

depends on g,

events /| GeV
o
=
=
=

S
S

4000

a2
=
=2
=

2000

1000

=]

I Ldt=22fb"
- / MC data
B —a— | =8.907 GeV 1 =8.891 £ 0.027 GeV
- o = 6.676 GeV o =6.699 £ 0.019 GeV
C y?/DoF=319/29
= ®PData
— = Simulation
: 1 | 1 1 1 | | 1 1 | | | 1 1 1 1 | | 1 1 | | | 1 1 1
0 5 10 15 20 25 30

P_(Z—up) (GeV)

AM

W

= 5 MeV

Tail to peak ratio depends on o

J Ldt ~22fb"
E 1800 — MC data
2 1600 — 1 =8.921 GeV 1L = 8.856 + 0.052 GeV
: —
£ 1400 — o = 6.693 GeV 6 =6.698 + 0.037 GeV
] |
1200
1000 —
- 2/ DoF =18.7 /29
800 [—
600 —
400 =
- ®PData
200 — Simulation
D : 1 1 1 1 | 1 | 1 | 1 | 1 | | | 1 | 1 | 1 | 1 | | | 1 | 1
0 5 10 15 20 25 30

pT(Z—me] (GeV)



Outline of Analysis
Energy scale measurements drive the W mass measurement

e Tracker Calibration
- alignment of the COT (~2400 cells) using cosmic rays

==Pp - COT momentum scale and tracker non-linearity constrained using
JAp—»uu and Y-—»uu mass fits

- Confirmed using Z —» wu mass fit

e EM Calorimeter Calibration

- COT momentum scale transferred to EM calorimeter using a fit to the peak
of the E/p spectrum, around E/p ~ 1

- Calorimeter energy scale confirmed using Z —» ee mass fit
e Tracker and EM Calorimeter resolutions

e Hadronic recoil modelling

— Characterized using p-balance in Z —// events



Custom Monte Carlo Detector Stmulation

e A complete detector simulation of all quantities measured in the data

» First-principles simulation of tracking

- Tracks and photons propagated through a high-resolution 3-D lookup table of
material properties for silicon detector and COT

- At each material interaction, calculate

* Jonization energy loss according to detailed formulae and Landau
distribution

e Generate bremsstrahlung photons down to 0.4 MeV, using detailed cross
section and spectrum calculations

e Simulate photon conversion and compton scattering
e Propagate bremsstrahlung photons and conversion electrons

e Simulate multiple Coulomb scattering, including non-Gaussian tail

- Deposit and smear hits on COT wires, perform full helix fit including
optional beam-constraint



Custom Monte Carlo Detector St mulation

e A complete detector simulation of all quantities measured in the data

» First-principles simulation of tracking

- Tracks and photons propagated through a high-resolution 3-D lookup table of
material properties for silicon detector and COT
/ e’&?f(

Co\oﬂm
e \/




3-D Material Map 1n Simulation

Built from detailed construction-level knowledge of inner tracker: silicon
ladders, bulkheads, port-cards etc.

Tuned based on studies of Radius 4.09-4.54 cm
inclusive photon s
conversions s 5_ P uon ol
o I onon

a6
Radiation lengths vs (¢,z) at 3_ ol
different radi1 shows : i1 0 ni
localized nature of material 2r i
distribution E i1 ni _lo.005

E I l II l I | III II | l
-qDEIII I-EDI | I-Ei:lI | I-4UI | I-EDI | IDI | IEDI | I4DI | IEJI | IEDI I I1DD
z(em)

<« Z(cm) —»

Include dependence on type of material via
Landau-Pomeranchuk-Migdal suppression of soft bremsstrahlung



Tracking Momentum Scale



Tracking Momentum Scale

Set using JAp —» un and Y —»uu resonance and Z - » U masses

-0.001

- Extracted by fitting J/4p mass in bins of 1/p.(u), and

extrapolating momentum scale to zero curvature

- JAp —» un mass independent of p(u) after 4% tuning of energy loss

I Ldt=22fb’

Aplp

Ap/pr

0.0012—

0.0014—

Scale correction = (-1.299 + 0.022) x 10°
Slope = (0.8 + 6.4) x 10° GeV

‘ Default energy loss * 1.04
Jhy - pu data

-0.001 60

0.6
<1.fp:> (GeV")

<l/p(W> (GeV)

events / 2.5 MeV

10000

5000

IL dt = 2.2 fb™

- e Data

) : Aplp = (-1.284 + 0.024 10°
_— Simulation plp={ st X

y2ldof = 95 | 86

J/§—=uu
mass fit (bin 5)

|




Tracking Momentum Scale

Y » uu resonance provides

- Momentum scale measurement at higher p

events [/ 7.5 MeV

IL dt = 2.2 fb™

15000— ©® Data
= Simulation .
Aplp = (-1.335+0.025__) x 10
v2ldof = 59 / 48
10000
Hﬂ"’*ﬂ-p
-|-+#+ ‘H*'H-
5000 - Y

Y =uu
mass fit



Z »uw Mass Cross-check & Combination

» Using the JAp and Y momentum scale, performed “blinded” measurement of
Z mass

- 7 mass consistent with PDG value (91188 MeV) (0.70 statistical)

- M =91180x12 +£9 +5 *+2 MeV
Z stat momentum QED alignment
I L dt =2.2fb™
4000y = (91180 + 12,._,) MeV ® Data

- —— Simulation
l v2/dof = 30 / 30

events / 0.5 GeV

2000—

00 80 30 100 110
m,, (GeV)

M(uw) (GeV)



Tracker Linearity Cross-check & Combination

» Final calibration using the J/Ap, Y and Z bosons for calibration
 Combined momentum scale correction :

AP/p = (-1.29 % 007, yependent = 0-05 gy & 0021, ) X 10 3

Jr_ dt = 2.2 fb™!

2-0.001

i AM. = 7 MeV

-0.0015 +

—a— J/Iy—pu data (stat. only)

—»— Y —puu data (stat. only)

combined A p/p (stat. @ syst.) for W—puv events

I I I | I I I | I I !
-0.007, 0.2 0.4 0.6

€1fp:> (GeV™)



EM Calorimeter Response



Calorimeter Simulation for Electrons and Photons

e Distributions of lost energy calculated using detailed GEANT4 simulation
of calorimeter

- Leakage into hadronic S

calorimeter

)
S

- Absorption 1n the coil

- Dependence on incident angle 600t

and E

100 GeV |

=
S

II""3III|III|III|III|III|

=
=]

18 -16 -14 -1.2 -1 08 -06 04 02 0
log 10n{ceelta-t:tn:m leakage fraction}

=

* Energy-dependent gain (non-linearity) parameterized and fit from data

e Energy resolution parameterized as fixed sampling term and tunable
constant term

- Constant terms are fit from the width of E/p peak and Z »ee mass peak



EM Calorimeter Scale

e E/p peak from W-—»ev decays provides measurements of EM calorimeter
scale and its (E-dependent) non-linearity

5 + 5 x 107

stat — non-linearity X0 —

AS, = (9 9

Tracker)

Setting S, to 1 using E/p calibration from combined W-—»¢ev and Z—»ee samples

_[Ldt,—_z.th-1 AM = 13 MeV
o W
S B
E i ® Data
§ 20000— —— Simulation
m -

v2/dof = 18 / 22

Tail of E/p spectrum
used for tuning model of

/ radiative material

10000 —

| | | | | | | | I |
0 1 1.2 1.4 1.6

CAL / Pirack Efp (W—ev)




1.002

1.001

0.999

0.99% -

« Perform E/p fit-based calibration 1n bins of electron E

Measurement of EM Calorimeter Non-linearity

« GEANT-motivated parameterization of non-linear response:

Se=1+plog(E;/39 GeV)
 Tune on W and Z data: § = (5.24£0.7 ) x 103
=AM, = 4 MeV

J.Ldi‘-—-z.sz"'

- ® W data
L —l—
B S S !

J— —
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Z —»ee Mass Cross-check and Combination

e Performed “blind” measurement of Z mass using E/p-based calibration

- Consistent with PDG value (91188 MeV) within 1.40 (statistical)

- M =91230 30 =10 = +38 +5 +2 MeV
V4 stat calorimeter momentum QED alignment
 Combine E/p-based calibration with Z »ee mass for maximum precision
ILﬂzlEh”
>
O 1000—
[Ty —
S [ M,=(91230+30,_)MeV AM, = 10 MeV
o |
E i , ® Data
E x*/dof =42/ 38 —— Simulation

500

100 110

R
M(ee) ( GeV) m,, (GeV)




Hadronic Recoil Model



Constraining the Hadronic Recoil Model

Exploit similarity in production //f/

and decay of W and Z bosons

Detector response model for
hadronic recoil tuned using
pr-balance in Z =/ events

Transverse momentum of Hadronic recoil (u#) calculated as 2-vector-
sum over calorimeter towers



Hadronic Recoil Simulation
Recoil momentum 2-vector u has
* a soft 'spectator interaction' component, randomly oriented
- Modelled using minimum-bias data with tunable magnitude

« A hard jet' component, directed opposite the boson p
- P, -dependent response and resolution parameterizations

- Hadronic response R = u / u, . parameterized as a logarithmically

reconstructed
increasing function of boson p, motivated by Z boson data

I Ldt=22fb"
3 0.8 =
(14 - “ =.=__‘.__
0.7 — =‘__,_‘___.‘: g a e
- =SSl
0.6 - _.__.4—""_._
— q:-.-
= =+
0.5 E= LT ¥?/DoF =22.5/29
sanl
0.4 |
0.3 -
0.2 +
- ® Data
04 — Simulation
D : 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 5 10 15 20

25 30
p_(Z5 1) (GeV)



mean of p+-balance (GeV)

Tuning Recoil Response Model with Z events

Project the vector sum of p(//) and u on a set of orthogonal axes defined

by boson p_

Mean and rms of projections as a function of p(//) provide

information on hadronic model parameters

_[Ldt,-uz_sz-ﬂ
- 3
2 [
3 -
5 2=
+r ¥/ DoF=8/9
L=
o _
o) -
© q .
© B I ——
e S
- _‘I_
- ——
-1_— N W
- eDw =
2 — Simulation
_3_| | | | | | | | | | | | 1 | | | | 1 | | | | | | | | 1 1
0 5 10 15 20 25 30

p_(Z—pup) (GeV)

Hadronic model parameters
tuned by minimizing 2
between data and simulation

AMW = 4 MeV



Tuning Recoil Resolution Model with Z events

At low p(Z), pr-balance constrains hadronic resolution due to
underlying event

\

\

\ Py

\ CDF I ILdt:Z..‘th'“
~ S 6 M
> s [
© = B 2/DoF=8.9/9
S = | .
> 755 — \ ]
Q N = : \ — — |
Es 5’ B \\ ——
_flg S 5 —A—
£ ° r \\ ——
G B \ —h—
g 4.5 \

B —— AM = =
RS N L
E - N —— ® D'ata |
o 4— — Simulation
N ——
Q) |
o S —

_I 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1

359 5 10 15 20

25 30
p_(Z—pp) (GeV)

At high p(2), p-balance constrains jet resolution

Z
u
u
4 MeV



Testing Hadronic Recoil Model with W events

u (recoil)

events / 2 GeV

Compare recoil distributions ~—
between simulation and data / \\
,  CDFIl I Ldt=22fb" , CDFIl I Ldt~22fb"
X = = 0
I Me data & MC data
100~ 1=.0.387 GeV X 1 =-0.388 + 0.007 GeV g 120 = p=06ev , 11 =0 0.006 GeV
[ o=4631GeV 0=4628 £0005GeV | G I =5054GeV o= 5.063 * 0.005 GeV
80 — - L - 2 <
- ®Data ' so- *Data
so—— Simulation - — Simulation _
- ’ ) 60— )
40 — B
: 40 — e
2 20 | )
:’_!_T—!_T_| | | | | 1 | 1 I_I—!_T_!_‘I_‘—: ;‘l_!—T_!_Tl | | | | | I | IA‘l—!_‘I—!_‘Ii
% A0 5 0 5 10 5 5 A0 5 0 5 10 15
u, (W—ev) (GeV) u) (W—opv) (GeV)

Recolil projection (GeV) on lepton direction  Recoil projection (GeV) perpendicular to lepton



Testing Hadronic Recoil Model with 7 events

COF I Itdt;z.sz-1
E n MC data
2 60000 5 — 1=5913GeV 1 =5.912 + 0.005 GeV
_ o $ 0000 0=352GeV 0 =3.522 +0.004 GeV
Recoil model validation - .
: 40000 — [ ° ¢
plots confirm the consistency : = . D,atal |
of the model 30000 |- ., T Smmulation
20000 -
CDF Il | _[ L dt =22 b pT(W), electron channel
= F o e ey e ey by
© 80000 - me data ¢ ° ’ 10 uT1{%N_>av}1(éw}
g = — 1=5918GeV i =5925 + 0.004 GeV
370000 ) _ 0=3522GeV o =3.519 +0.003 GeV
60000 —
=S ®Data
000 : — Simulation .
40000 . u (I'GCOID
30000 |- - ~
20000 ;—’ l \
10000 p+(W), muon channel

u, (Wopv) (GeV)



Parton Distribution Functions

Affect W kinematic lineshapes through acceptance cuts

In the rest frame, p_=m sin 6" /2

Longitudinal cuts on lepton in the lab frame sculpt the distribution of
0%, hence biases the distribution of lepton p_

- Relationship between lab frame and rest frame depends on the boost of
the W boson along the beam axis

Parton distribution functions control the longitudinal boost

Uncertainty due to parton distribution functions evaluated by fitting
pseudo-experiments (simulated samples with the same statistics and
selection as data) with varied parton distribution functions

- Current uncertainty 10 MeV
- Largest source of systematic uncertainty

- Expected to reduce with lepton and boson rapidity measurements at
Tevatron and LHC



W Mass Fits



Blind Analysis Technique

All W and Z mass fit results were blinded with a random [-75,75] MeV
offset hidden in the likelihood fitter

Blinding offset removed after the analysis was declared frozen

Technique allows to study all aspects of data while keeping Z mass and
W mass result unknown within 75 MeV



events / 0.5 GeV

W Transverse Mass Fit

CDF I I L dt =2.2fb7
— MMO”S ® Data
15000 _— — Simulation
10000—
B M,, = (80379 + 155““} MeV
5000—
x2ldof = 58 | 48

_|—|_|_

80 90 — 100
m,(Lv) (GeV)




events / 0.25 GeV

W Mass Fit using Lepton p_

CDF I

IL dt = 2.2 fb”

10000 —

5000

Electrons

M,, = (80393 + 21__,) MeV

v2/dof = 60 / 62

® Data
— Simulation

50
E.(e) (GeV)




Summary of W Mass Fits

Charged Lepton Kinematic Distribution Fit Result (MeV) y?/DoF

Electron Transverse mass 80408 £ 19 52/48
Electron Charged lepton pr 80393 + 21 60/62
Electron Neutrino pr 80431 £ 25 71/62
Muon Transverse mass 80379 £ 16 h7/48
Muon Charged lepton pr 80348 + 18 58 /62
Muon Neutrino pr R0406 £ 22 82 /62
CDF Il detzz_z o’
Muons: p_ @~ 80406 = 22
Muons: p! @~ 80348 + 18
Muons: m. @ 80379 = 16
Electrons: p —8-80431 + 25
Electrons: p_ @ 80393 = 21
Electrons: m, @ 80408 = 19
[ | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | [

80100 80200 a0300 80400 80500 80600
W boson mass (MeVic?)



CDF Result (2.2 fb™)
Transverse Mass Fit Uncertainties (MeV)

electrons MUons Common

W statistics 19 16 0
Lepton energy scale 10 7 J
Lepton resolution 4 1 0
Recoil energy scale S S J
Recoil energy resolution 7 7 7
Selection bias 0 0 0
Lepton removal 3 2 2
Backgrounds 4 3 0
pT(W) model 3 3 3
Parton dist. Functions 10 10 10
QED rad. Corrections 4 4 4
Total systematic 18 16 15
Total 26 23

Systematic uncertainties shown in green: statistics-limited by control data samples



Combined W Mass Result, Error Scaling

Bl 200 pb' Error

B 22 b Error
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M, [GeV]

2012 Status of My, vs Mtop

| | I I | | | | | | | I I 1 | | I | | | l | 1 | I ]
80.70 | experimental errors 68% CL: o
I LEP2/Tevatron: today light SUSY |
80.60 |- .
80.50 - MSSM| —
80.40 — == 1SN
80.30 = —
| |SM MSSM _
80.20 - M, =127 GeV SM, MSSM [
B | Heilnemeyer, Hollik, Stockinger, Weiglein, Zeune 12 7
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W Boson Mass Measurements from Different Experiments

World average
computed by TeVEWWG
ArXiv: 1204.0042

5 b
2.2 fb!

Previous world
average

DO | 80483 = 84
CDF | 80433 = 79
DELPHI " 80336 + 67
13 T 80270 = 55
OPAL 80416 + 53
ALEPH 780440 = 51
DO Il (PRL 108, 151804) +80375 + 23
CDF Il (PRL 108, 151803) +80387 + 19
World ﬂ‘\verage‘ | ,.4| 80385| + 15

= 80399 + 23 MeV 80000 80100 80200 80300 80400 80500

W boson mass (MeV/c?)

80600



Future MW Measurements at Tevatron and LHC

Factor of 2-5 bigger samples of W and Z bosons available at Tevatron
Huge samples at LHC

For most of the sources of systematic uncertainties, we have
demonstrated that we can find ways to constrain them with data and
scale systematic uncertainties with data statistics

Exception 1s the PDF uncertainty, where we have not made a dedicated
effort to constrain the PDFs within the analysis

We need to address specific PDF degrees of freedom to answer the
question:

- Can we approach total uncertainty on M, ~ 10 MeV at the
Tevatron?
(A.V. Kotwal and J. Stark, Ann. Rev. Nucl. Part. Sci., vol. 58, Nov 2008)



PDF Uncertainties — scope for improvement

Newer PDF sets, e.g. CT10W include more recent data, such as
Tevatron W charge asymmetry data

Dominant sources of W mass uncertainty are the d and d-u degrees

valence

of freedom

- Understand consistency of data constraining these d.o.f.

- PDF fitters increase tolerance to accommodate inconsistent
datasets

Tevatron and LHC measurements that can further constrain PDFs:
- 7 boson rapidity distribution
- W — /v lepton rapidity distribution

- W boson charge asymmetry



PDF Constraint — ¥ Charge Asymmetry

 Measurement of the electron charge asymmetry in inclusive W
production at CMS: http://arxiv.org/pdf/1206.2598v2.pdf

Alry) = do/dn(WT = ev) —do/dy(W™ — e 7)
T = do/dn(W+ = e*v) + do/dn(W- — e—7)

u(x )D(x)) — U(x )d(x,)

u(x )D(x,)) + U(x )d(x)

where q(x) [Q(x)] denotes the quark (antiquark) density at
momentum faction x

XX, & sz/s & In(x /x) o« m



Missing E_ 1 Inclusive W Boson Events (CMS)

"-T1—Q3 CMS 840 pb' at Vs=7 TeV
:::h + | ] 1 | | ] - | | I ]
o - e : T e -
O]
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=
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Systematic Uncertainties in Electron Asymmetry (CMS)

Table 1: Summary of the systematic uncertainties on the asymmetry. All values are given in
units of 10,

7| bin Signal Energy Charge Efficiency

Yield Scale & Res. Misld. Ratio
00< |71 <02 1.8 0.6 <0.1 4.5
02< |71 <04 | 25 0.6 <0.1 44
04< |y <06 27 0.3 <0.1 44
06<|7] <08 | 25 0.3 <0.1 4.4
08< |7/ <10 19 0.6 0.1 4.4
10< |1 <12 | 24 1.0 0.1 49
12< |y <14 | 26 0.8 0.1 5.4
le< |y <18 | 3.1 0.8 0.1 9.2
1.8 < |1 <20 | 20 1.6 0.2 8.7
20< || <22 | 20 2.6 0.3 10.0
22< |n| <24 29 24 0.3 12.5

4
/
/ \_/

Correction for
backgrounds Measured using Z — ee events



Systematic Uncertainties in Electron Asymmetry (CMS)

CMS 840 pb' at Vs=7TeV
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Trilinear and Quartic Gauge Couplings

Prediction of “forces™ based on the 1dea of gauge invariance
in Quantum Field Theory

- W — e ¢S (gauge transformation of fermion field)

Introduction of a vector potential AM (a.k.a. gauge field),
- 0¥Y->DVY=@0 -igA)¥
u u u u
- A=A+ aug

Gauge-invariant Field Strength tensor FW

-F =0 A -0A
uv u Vv v H

- For gauge transformation in the internal space
described by the (Abelian) U(1) group

Kinetic energy associated with e.g. “electromagnetic field”

_F P
uv



Trilinear and Quartic Gauge Couplings

* For non-Abelian Gauge group, Gauge-invariant Field
Strength tensor FMV

- . =0A —0A +alA A]
MV H V vV M M Vv
. (gauge and Lorentz-invariant) kinetic energy term FMV F*

yields

- terms which are quadratic in gauge field (these yield
the gauge boson propagator)

— Cubic terms

— Quartic terms

o Latter two types of terms yield trilinear and quartic gauge
couplings



Anomalous Trilinear Gauge Coupling

: . : V=27
@ effective parametrizations for anomalous couplings:

44 w

: Ag? Ak, Ak,  Any
@ WWYV vertex: Agy Az, Ak, Az, Aq (a)TGC (a)TGC

— constraints from WW, WZ, W+, %1% VA
and EW Zj7 measurements VA W
VA
@ ZZV vertex (not in SM): hg. hY, f_f, f;f aTGC (not in SM)
: VA
— constraints from ZZ and Z~ measurements /7 7
Fan 2013
. . . R D L EI_EEH{E“EI v :_'__ !
@ 1- and 2-dimensional 95% confidence o me 5=
. - WW -0.043 - 0.043 4.6 o
intervals for aTGC from 7 TeV data, eg. | 4%z . WV 0.043-0.033 5.0
. LEP Combination -0.074-0.051 0.7 b
A — WWwW -0.062 - 0.059 467
. . il — -0. - 0. -1
— without and with form factors — Wz -E_EE-EEZ‘? on
. . . . . b Wh -0.038 - 0.030 5.0 b7
X o LEP Combination -0.053-0.017 0.7 ﬂj'::
F(S) — - ﬂgZ — W -0.039-0.052 45 ﬂj:_l
. — » — WW -0.095 - 0.095 4.8 fb
(14 3/ApFp=) —_ Wz 0.057 - 0.093 4.6 b
, o DO Combinati -0.034 - 0.084 g5 "
(App: form factor scale) | - LEP cronmh;la?j:;n -:::.:::54-:::.:|::21 0.7 i
0.5 0 0.5 1 1.5

aTGC Limits @95% C.L.
(from A. Vest, TU-Dresden)



Spontaneous Symmetry Breaking of Gauge Symmetry

e postulate of scalar Higgs field which develops a vacuum expectation
value via spontaneous symmetry breaking (SSB)

Re(d) |
e Phase transition — vacuum state possesses non-trivial quantum

numbers

- Dynamical origin of this phase transition is not known
- Implies vacuum is a condensed, superconductor-like state

e Radial (Higgs boson) and azimuthal (longitudinal gauge boson)
excitations are related !!



Quartic Gauge Couplings

V=W,2Z

@ the mechanism responsible for EWSB must regulate o(V;,Vy, — Vi, V1) to
restore unitarity above ~ 1 -2 TeV

— a light SM Higgs boson exactly cancels increase for large s (for HW W coupling)

2 v P
MMME%WM@m%gP%¢+S{+ g]

— g B p—
§—my th

w W W

W 4 4 W W W W
N s SR R W
v/Z + + + HO i + --
hf}\’\.
W 4 4 W W W 4 W W W

@ unitarity preservation only visible in V'V scattering

= V'V scattering is a key process to probe the SM nature of EWSB!

@ at the LHC: measure VVjj final states — same-sign W=W=;; most promising

(from A. Vest, TU-Dresden)



Same-Sign Boson-boson Scattering

@ electroweak WEW=4 production:

W=W=35j-EW VBS: no s-channel diagrams non-VBS diagrams, e.g.
7 7 7 g ¢ g q
| HO
v -
q q q q q q' q q'

— lowest order: WEW= + 2 jets, there is no SM inclusive WEW= production!
— VBS: “tagging” jets well separated in y with large m;; (similar to EW Zjj production)

q q

@ strong WEW=j production:

) q'

— no LO gg or gg initial state — strong W=W=jj contributions comparably small

(from A. Vest, TU-Dresden)



W=W= Scattering

for EW+-strong measurement for EW measurement
(“inclusive signal region”) (“VBS signal region”)

— myj > 500 GeV (jets with largest pr)  —, additional cut on |Ay,;| > 2.4

invariant mass of the 2 tagging jets |Ay;,| between the 2 tagging jets
= L AL AT BN IR NLNLELE NLELRLN N ELE BLUNLELE BLBLERC
o ATLAS b ]l 4 e
. ata 2012 i " I | I I I I ™
S 102§ 2037 (5=8TeV £ Syst. Uncertainty = E 30F  aTLAS * Data2012 .
E : W-*W-jj Electroweak J m - 20.3fb", (s =8 TeV B3 Syst. Uncertainty
= — W WHEWHjj Strong ] 25E m > 500 GeV W*W*jj Electroweak™
2 10 : B Prompt _ - ) W WWjj Strong 5
- Conversions = 20F- : WSS Prompt -
_t*—:— B Other non-prompt - i_b. Conversions .
. . 185 5 Other non-prompt
1 sl : :
EEEEERE CREEEE N ]
7 10 =
10" - :
0 o E
T R R | .:
|5 [ T+ Data/BKkg 59
o i : J Bkg Uncertainty Ay |
2 s L7 (Sig+Bkg)/Bkg | Y
@ : : 4 4 ..
Q : EW and strong W=W =345 from
8 97200 400 600 800 1000 1200 1400 1600 1800 2000 SHERPA, normalized with POWHEG
m; [GeV]

ATLAS: arXiv:1405.6241, submitted to PRL
(from A. Vest, TU-Dresden) CMS: PAS SMP-13-015



W=W= Scattering

280 ET [GeV]
pru'jj Candidate Event

220
mji=2800 GeV | Ayi|=6.3

1)

= 100

-
‘-.
R
s
e
L
s
s

180 360
B

SUATLAS
A EXPERIMENT

Run Number: 207490, Event Number: 33152138

Date: 2012-07-26 04:16:35 UTC

jets: pli =271 GeV, pJ? =54 GeV, il = 2.9, ni2 = —3.4 Emiss = 75 GeV
muons: pfj}l = 180 GeV, p’f = 38 GeV, n“‘l = 1.4, n“'ﬂ = —1.3

(from A. Vest, TU-Dresden)



Summary

The W boson mass 1s a very interesting parameter to measure with
Increasing precision

New Tevatron W mass results are very precise:

~ My, = 80387 + 19 MeV (CDF)

= 80375 £ 23 MeV (DO0)
= 80385 + 15 MeV (world average)

New global electroweak fit My; = 94™  GeV @ 68% CL (LEPEWWG)

- SM Higgs prediction is pinned in the low-mass range

- confront directly measured mass of Higgs Boson ~ 125 GeV

Looking forward to AM, < 10 MeV from full Tevatron dataset
goal of AM, <5 MeV from LHC data



Summary

Collider measurements can help to improve our knowledge of PDF's
which are needed for making precision measurements

For the first time, LHC 1s creating the opportunity to test a key
prediction of the SM:

- The unitarization of longitudinal boson scattering at high energy
Same-sign WW scattering signal observed
- Ongoing searches for other channels: WZ and WYy in vector boson

scattering mode

— Opposite-sign WW scattering has largest signal yield, but overwhelmed by
top-antitop production background

High-Luminosity LHC will provide opportunity to test composite Higgs
models
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events / 0.5 GeV

W Transverse Mass Fit

CDF Il i I [ dt =2.2fb’
i X Electrons
10000—
5000 M,, = (80408 + 19_ ) MeV ® Data
u —— Simulation
vildof = 52 | 48

. 70 - 80 90 100
m.(ev) (GeV)



W Lepton p; Fit

‘[L dt = 2.2 fb™

15000 —

10000

events / 0.25 GeV

M, = (80348 + 18__) MeV

yi/dof = 54 | 62

5000 ® Data
— Simulation
——— _i_ I L M
%o 40 50

(1) (GeV)



W Missing E . Fit

CDF i IL dt = 2.2 fb”

events / 0.25 GeV

5000

10000 —F lectrons

M,, = (80431+ 25__) MeV

yiidof =71 /62

® Data
— Simulation

40 50
p;(v) (GeV)



events / 0.25 GeV

W Missing E . Fit

CDF Il I L dt =2.2fb7
- Muons :
B M,, = (80406 £ 22__.) MeV
10000
v2ldof =79/ 62

5000

® Data

Simulation

40 50
pi(v) (GeV)



Lepton Resolutions
e Tracking resolution parameterized in the custom simulation by
- Radius-dependent drift chamber hit resolution o, ~ (150 +1_ ) um
- Beamspot size 0,= (35 £ 1,.) um

- Tuned on the widths of the Z »uu (beam-constrained) and Y- —»uu (both beam
constrained and non-beam constrained) mass peaks

=> AM,, = 1 MeV (muons)

e Electron cluster resolution parameterized in the custom simulation by
- 12.6%/ \/ET (sampling term)

~ Primary constant term k = (0.68 £ 0.05 ) %

- Secondary photon resolution K = (74+18..)%

- Tuned on the widths of the E/p peak and the Z»e¢e peak (selecting radiative
electrons)

=> AMy, = 4 MeV (electrons)



Lepton Tower Removal

 We remove the calorimeter tovyers cqntammg g e
lepton energy from the hadronic recoil recoil)
calculation

- Lost underlying event energy 1s measured in
¢-rotated windows

Recoil

AMW = 2 MeV

Electron channel W data Muon channel W data

=

Electron Electromagnetic E(MeV) Muon Hadronic E; (MeV)
F: F
< 3— 46 45 46 47 47 46 45 ] 3— 12 12 12 12 12 12 12
™Y
o - g -
g 2— 46 46 ar 53 48 a7 46 IE 2— 12 12 12 13 12 11 12
P —
11— 47 47 50 1219 73 48 a7 T] 11— 12 12 12 406 13 12 12
0— 47 50 63 38443 161 53 48 o— 12 12 12 1282 14 12 12
-1— 46 46 a7 164 51 47 46 1 12 12 12 75 12 12 12
22— 46 46 47 47 47 45 46 -2 12 12 n 12 12 11 1
3— 45 46 6 46 46 45 45 3 12 12 12 12 12 12 12
| | | | | I \ I I 1 | L | L I L I L | 1 I
3 2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Tower Ad Tower Ap



Backgrounds in the W sample

Muons

omw (MeV)

Background % of W — v data mr fit ph fit pb fit

2 — 7.35 4+ 0.09 2 4 5

W — v 0.880 £ 0.004 0 0 0

QCD 0.035 £ 0.025 1 1 1

DIF 0.24 £+ 0.08 1 3 1

Cosmic rays 0.02 = 0.02 1 1 1

Total 3 D 6
Electrons

omw (MeV)

Backeround % of W — er data ) . .
ground 7 o mr fit  pp Ot pp fit

J — ee 0.139 = 0.014 1 2 1
W — v 0.93 £ 0.01 1 1 1
QCD 0.39 £ 0.14 4 2 4
Total 4 3 4

Backgrounds are small (except Z —=uu with a forward muon)



W Mass Fit Results

¢ Electron and muon mrt fits combined

mw = 80390 = 20 MeV, x2/dof = 1.2/1 (28 %)
e Electron and muon pr fits combined

mw = 80366 + 22 MeV, x°/dof = 2.3/1 (13%)
¢ Electron and muon MET fits combined

mw = 80416 + 25 MeV, x°/dof = 0.5/1 (49%)
e All electron fits combined

mw = 80406 + 25 MeV, y?/dof = 1.4/2 (49%)
¢ All muon fits combined

mw = 80374 = 22 MeV, x°/dof = 4/2 (12%)
e All fits combined

mw = 80387 = 19 MeV, x°/dof = 6.6/5 (25%)



p. (/) Fit Systematic Uncertainties

Systematic (MeV /c?) Electrons Muons Common
Lepton Energy Scale 10 7 5
Lepton Energy Resolution 4 1 0
Recoil Energy Scale § § §
Recoil Energy Resolution 5 5 5
u)| efficiency 2 1 0
Lepton Removal () () 0
Backgrounds 3 D 0
pr(TV) model 9 9 9
Parton Distributions 9 9 9
QED radiation 4 4 4
Total 19 18 16




