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Z production and asymmetry
at the Tevatron

» Z production kinematics
s D@ dimuon do/d¢* (10.4 fbt)
» Z decay (forward backward asymmetry - sin“0,)

s D@ dielectron (9.7 fb?)
s CDF dimuon (9.2 fb?)
o Indirect M, measurement

» Summary
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Motivation

» Drell/Yan production at the Tevatron: pp = Z/y* = [*/-
» Measure production kinematics do,/dp,

proton

a Sensitive to initial state radiation
a |[mportant background for searches
» Measure decay properties A_, and sin?0,,

antiproton

a Try to disentangle LEP/SLD tension
o A_°°(LEP) - 0.23221+0.00029
¢ A(SLD) - 0.23098=+0.00026 (3.20 away)

a |[ndirect measurement of W mass
» Tevatron measurement is complementary to LHC
a Z mainly produced by valence quark annihilation
a CP symmetric collider is ideal for asymmetry measurements
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DA pu kinematic distributions 10.4 fb-!

» Measurements of do/dp, are limited by . Bacop \ . s
. : Q" =tan sinb
experimental resolution on p_(Z) n

— _ ot

» Introduce new variable ¢* cost; = tanh (77 . il )
a Determined only from angles (good resolution) © 4

a Highly correlated with a /M, peron) P 7 plepond

a Less correlated to lepton isolation than p,

.....

» Split analysis by rapidity and M,, regions:

. Recoil
4 30<MH“<6O GeV: sensitive to small-x effects Vesterinen, Wyatt, NIM A 602, 432 (2009)

. Banfi et al., EPJ C 71, 1600 (2011
e 74k events (90% signal) et o
a 70<M <110 GeV: peak region

¢ 645k events (99.84% signal)
s 160<M <500 GeV: constrain ISR unc.
¢ 2k events (<70% signal)

» Correction factors in each ¢* bin to go to
particle level after FSR
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High ¢* disagreement: known RE%‘BOS absence of the NNLO correction facto?lfor
the photon exchange diagram.
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D@ kinematic distributions

» Calculate ratio of (1/0)(do/do*) between central and forward

rapidity regions

4 Reduce uncertainties from QCD scales to percent level
a Suggests new variable less sensitive to theoretical uncertainty
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» In summary:

q)*

n
Phys. Rev. D 91, 072002 (2015)

a Unprecedented precision in the peak region (645k events): tuned
RESBOS in excellent agreement

a Low-mass region (74k events) agrees reasonably well with RESBOS
4 High-mass region (2k events) seems ok, but limited statistics
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Measuring sin“9, |,

/x
» Measure the weak mixing angle from the RAN—
forward-backward asymmetry of the polar / ANy g
angle distribution in Z/y* lepton pairs / / E
» Dilepton frame (Collins-Soper): 6* polar & P
angle of the /- with the incoming quark Forward: cos6*>0
b At Born level: __ 97 x 1+ cos20* + Aycost® Backward: cos 6*<0
dcosO* ; M2,
ot —o— 3 sm@w—l——Q
s When p(Z) -0 Ars P 5
» A, term is parity violating from —
: 0.50 —
interference of vector and : / _
axial currents 0.25 - -
» Measure A_ in bins of M, s ; 003_ / i
» Produce MC templates for . /
A M, sin’0, —0.25 \/- -
» Extract sin°6, by a x* comparison T e N E
between data and MC 50 70 100 200

M (GeV/c®)
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Z peak
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D@ sin“B, from dielectrons in 9.7 fb™*

» Require two electrons with p.>25 GeV

a Tight track match requirement
2 CC(|n|]<l.1) and EC (1.5<]|n|<3.2)
» Use 75<M__<115 GeV - 560k events

» New method for energy calibration

a Apply scale factor as a function of L

first and then n

inst

# M__peak scaled to LEP value in each bin
a Separate calibrations for data and MC

Detector 1
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Z peak
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D@ sin<6, , dielectron analysis

» Corrections are applled to MC to £..F ooerw
account fOr v%/d.o.f=1.6 ——
a Smearing of electron energy 02r
a Efficiency corrections in p.(e), n(e) ok —
a L_.andz, reweighting to match data I
s Higher order effects: NNLO Z p_and y to Og__A_—K—  Data CC-CC
match RESBOS o  TPYHACLEC
» Produce 2D templates of M__ and cos6* » A

by reweighing default MC 2
(sin“6,=0.232) as a function of sin“6,

» Extract sin?6,, by fitting raw A_; to
templates with different sin26,, values 1o}

S (AFE" — Arg )
( Adam] —I—{GAHC]

bin

CC-EC events

» No unfolding: MC is carefully corrected
to describe the data 50~

u_l 1 1 1 |!*|

0.225 03 0235
sing,,,
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D@ sin“0,, dielectron results 9.7 fb!
sin?6,, = 0.23139 + 0.00043(stat) = 0.00008(syst) + 0.00017(PDF)

» Transform to sin*6’__ by

comparing Pythia and
RESBOS (with enhanced Born
approximation corrections):

sin2e! = 0.23146+0.00047

Aran Garcia-Bellido

<—— LEP and SLD Average
0.23153 £ 0.00016

0.1

A —e—i 0.23099 + 0.00053
A(P) e 0.23159 + 0.00041
A, (SLD) . 0.23098 + 0.00026
Ap" e 0.23221 + 0.00029
AnS —e—  0.23220 + 0.00081
Qe . 0.2324 +0.0012

A% (CDF), 2.0 fb™ ——e—— 0.2328 + 0.0011

Ac; (CDF),9fb" +—e— 0.2315 + 0.0010

A% (D@), 9.7 fb'  —e— 0.23146 + 0.00047

0.228 0.23 0.232
2 ol
sin” 0,
arXiv:1408.5016 Accepted by PRL
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CDF sin“0,, from dlmuons N 9.2 fb!

» Tight muon cuts: pT>20 GeV
» Dimuon pairs (|n,|<1, |n,|<1.5)
a All dimuon detector topologies

a ly|<1;M, >40GeV
» 276k events

» p. () calibration (Rochester methodﬁ

# Tune data and simulation to post-FSR -
generator level in 64 individually

calibrated n, ¢ bins
Bodek et al. EPJ. C72, 2194 (2012)
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CDF angular event weighting

» Extract A,(M,) in bins of cos6* and do x 1+ cos20*+

average the results dcost” y

# Assume (gA) = (€A)* in each bin 70(1 — 3c0s°0%) + Agcosd”

a A_(|cosB*|)=A_|cosb*|/(1+cos6*+...) A, =0 for p(Z) — 0
» Recast binned measurement into 4500¢

unbinned weighted event sum gggg:  Simteion PYTHALPHOTOS

o 3900°

a Weights depend on M,,, p,(£{), cosb*, ¢* %30005 S g S o oyt
» All acc. and effs. cancel to first order S’J’:ggg:
» Equivalent to ML fit, improves the 500 =

statistical precision up to 20% 0320 1 T3

» Does not take into account:

a Smearing due to detector resolution A. Bodek, EPJ. C67, 321 (2010)

a 2" order bias due to low acceptance
regions and non-uniformity: (eA) # (€A)*
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CDF unfolding

» Angular event weighting provides first order acceptance correction
» Use unfolding to correct for resolution and QED FSR:

a Two 16x16 unfolding matrices (16 mass bins, +, - regions)
» Bin-by-bin second order bias correction:

a Additive factor (True-Estimated) to unfolded A_; in M bins

0.5
0.8 _ CDF uu 9 b’
L 04—_ + Data
0.6 — - - RESBOS NLO EBA
L —= 0.3 FirstiLast Bin: Underflows/Overflows
: == n
0.4_— = 0.2
a | it -
{ = Q 01:— ‘I_n-rl-l_[i
o - f‘ 0:
0 0 12 —f—l
- 4—“1 CDF pu 9 b n f
i + Data - I
-0.2 i + Simulation: PYTHIA+PHOTOS -0.2— [ 1
-01.4_ l l I l | l l I I | l l I I | I l l l | I l l l -0 3?' | | | | | | | | | | | | | | | | | | | | | |
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CDF dimuon sin<6,, results

» Perform y? fit based on RESBOS templates with different sin<6,,

a Full ZFITTER EW radiative corrections, Enhanced Born Approximation
a4 |nclude full complex form factors (also compared to POWHEG, LO)

sin0' = 0.23150 + 0.00090(stat) + 0.00011(sys) + 0.00036(PDF)

» On-shell renormalization scheme,
sin“@,, = 1-(M,*/M_?) to all orders

sin6,, = 0.2233 + 0.0008 + 0.0004

40 — CDF uu 9 fb™
B A;(M) Measurement
y RESBOS NLO EBA template scan
35
=R 300
25—
20__....I....I....I....I....I....I....
0.22 0.221 0.222 0.223 0.224 0.225 0.226 0.227

sin’e,,
Phys. Rev. D 89, 072005 (2014)

LEP-1 and SLD: All Z pole &
LEP-1 and SLD: light quarks

0.23152+0.00016

CMS pp 1.1 fb™

o
0.2320x0.0021

ATLAS ee+up 4.8 b
—_— —

CDF ee 2 fb

CDF pu 9 fb™

0.2287+0.0032

0.2297+0.0010

——
0.2328+0.0010

0.2315x£0.0010
| L

0.226 0.228 0.23 0.232 0.234

.2 _lept
sin® 0
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CDF indirect M, measurement
» M, measured at the Tevatron dlrectly M,=80.385+0.015 GeV

» By measuring the on-shell sin?6 , we obtaln an indirect
measurement of M, : M, (indirect) = 80.365 + 0.047 GeV

s Using M, = 91.1876 + 0.0021 GeV sin’fy =1— —+
» Asin?,=0.00030 yields to AM,=15 MeV

Phys. Rev. D 89, 072005 (2014)

M,, (GeV)

80.42-— —— M,, (World Average), m (Tevatron) TeV and LEP-2 - 50.385+0.015
80.40 LEP-1and SLD (m)  ~e= 80.365+0.020
: 68% C.L. +

80.38—

I CDFee2fb’! +——o— 80.297+0.048
80.36—

i M, = 125 GeV CDF up 9fb’ —e—80.365+0.047
80.34—

M, = 173.34 £ 0.76 GeV | | | | | |

168 1?0 172 174 176 173 180 132 1sa 80 80.1 80.2 80.3 80.4 305 80.6
m, (GeV) W-boson mass (GeV/c?)
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Conclusions
» DJ (up, 10.4 fb!): do/do* is well described by the data
» DD (ee, 9.7 fb?): sin*®' . = 0.23146+0.00047

» CDF (uy, 9.2 fb): sin28’__ = 0.2315 = 0.00100

4 MW(indireCt) = 80.365 + 0.047 GeVy Gt o 0.23098 + 0.00026
» Still to come from D@: A - 0.23221 £ 0.00029

4 Sinzew uu channel AY (CDF),9fb" e 0.2315 + 0.0010

s Z decay angular coefficients (ee) A% (D@),9.7fb" e 0.23146 + 0.00047
» Still to come from CDF:; u.zlza o.lzs o.zlaz 0.2I34 o.zlas o.zlaa

a sin“0, ee channel Sin’ Oy

» Combining all channels for CDF and D4,
expect Asin?6, ~ 0.00030

a Similar to LEP and SLD
» Indirect and direct measurements of M, will have similar
uncertainties

Ardn Garcia-Bellido Z production and decay at the Tevatron 17
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The systematic error is smaller than the statistical error in all
bins of ¢* in the peak region.
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» DG

CC-CC CC-EC EC-EC Combined
sin” Ow 0.23140 0.23142 0.22986 0.23138
Statistical 0.00116 0.00047 0.00276 0.00043
Systematic 0.00009 0.00009 0.00019 0.00008
Energy Calibration 0.00003 0.00001 0.00004 0.00001
Energy Smearing 0.00001 0.00002 0.00013 0.00002
Background 0.00002 0.00001 0.00002 0.00001
Charge Misidentification |0.00002 0.00004 0.00012 0.00003
Electron Identification |0.00008 0.00008 0.00005 0.00007
Total 0.00116 0.00048 0.00277 0.00044
| CDF TABLE IV. Summary of the systematic uncertainties on
the extraction of the weak mixing parameters sin® HL?t and
sin? Oy .
Source sin’ H;Ft sin? O
Momentum scale +0.00005 +0.00005
Backgrounds +0.00010 +0.00010
QCD scales +0.00003 +0.00003
CT10 PDFs +0.00037 +0.00036
EBA +0.00012 +0.00012

Aran Garcia-Bellido
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Additionally:
Ahigher orders =
“small”

APDF = 0.00017
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New method to constrain PDFs

» Bodek et al., arXiv: 1507.02470
» Sensitivity plot of A_ (M) :
» 10 replicas of NNPDF3.0 and SRR
the default (261000) :

0.00 -
P sin206W is fixed at a value of BAgy :
0.2244

0.02

-0.01
P The difference originates :
from the differences in ~0.02!
d/u(x) and the antiquark
fractions for the different 0.010
PDF replicas :
» With the x2 AFB weighting Bala
method the PDF error in the AAg 0000 |
extracted value of sin26W is b B
reduced from 0.00027 to A
0.00020. §
S~ 80 w00l Hed MAD

M (GeV/c?)

Ardn Garcia-Bellido Z production and decay at the Tevatron 21



# Fermilab H Arie Bodek, ICHEP 2014

1st innovation: sin?@y, is constant --> sin?0, '*Pt (M, flavor)

Full FITTER EW radiative corrections Enhanced Born Approximation (EBA)

Implemented by the Rochester CDF group (Willis Sakumoto, A. Bodek, J.-Y. Han),
see Phys. Rev. D88, 072002 (2013) Appendix A arXiv:1307.0770v3 [hep-ex]

_r;{- Y + _f;;f; u¥s. The Born-level couplings are If RESBOS ic used then the EBA EW

, o correction to sin®@_..= 0.00031 +-0.00012
[ =1 20, sin? oy ff

gy =13 —2Qy sin” by Vs. stat error 0.00080 (p*u-)9 fb-1!

gt =1, Vs. stat error 0.00040 (e*e')9 fb-?

They are modified by ZFITTER 6.43 form factors (which are complex)

QCD

ﬂ{r —* M{T{ — 2Q Ky sin” Ay ), and SM(sin? ) 3 sin Boi(s) ¥— Ayls),
.q:l: —* 3/ fijTjr= AFH = {3JFB) Aﬂi

- T,andsin’8 - effective T, and sin’8_: 1-4% multiplicative form factors

—  On-mass shell scheme: 5inJE1ili =1 - MWE;’M; to all orders

sirﬁﬂe;*" = 1037+ sinEEN [ ZFITTER ﬁftsin*’-ﬂﬂ,ME} form factor ]
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