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Introduction

Why measure sin?0e ?
New triple-diff Drell-Yan Cross Sections d3o
Systematic Uncertainties

Extraction of sin20e

Measurement of the Drell-Yan triple differential cross section
in pp collisions at Vs = 8 TeV HepData tables:

httol://dx.doi.orq/1 0.1007/JHEP12(2017)059 httos://www.hepdata.net/record/ins1630886
arXiv:1710.05167
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

W

Status: July 2018 [Ldt =(32-79.8) fo! Vs=8,13TeV
miss -1 .
Model £,y Jetst ET™ [Ldt[fb™] Limit Reference
L] L] L] L] I L] L] L] L] L] L] L] L] I L] L] L] L] L] L] L] L] I L] L] L] L]
o ADD Gkk +g/9 Oepu 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
S ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n =3 HLZNLO 1707.04147
B ADD QBH - 2] - 37.0 M 8.9 TeV n==6 1703.09127
§  ADDBH high ¥, pr >lepu >2j - 32 | My 8.2 TeV n=6, Mp = 3 TeV, rot BH 1606.02265
£ ADD BH multijet - >3] - 3.6 M 9.55TeV n=6, Mp = 3TeV,rot BH 1512.02586
g RS1 Gyk — yy 2y - - 36.7 | Gk mass 1 TeV k/Mp = 0.1 1707.04147
§ Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gkk mass s k/Mp = 1.0 CERN-EP-2018-179
I} Bulk RS gkk — tt leu =1b,>1J/2) Yes 36.1 gk Mass ‘ r/m=15% 1804.10823
2UED/RPP leu 22b>3] Yes 361 |KKmass Tier (1,1), B(AWY — 1) =1 1803.09678
SSM Z' — (¢ 2e,u - - 36.1 Z’ mass 4.5 TeV 1707.02424
g SSM Z' - 17 27 - - 36.1 Z’ mass g 1709.07242
8 Leptophobic Z" — bb - 2b - 36.1 Z’ mass Q = 1805.09299
.8 Leptophobic Z7 — tt leu =1b,>1J/2) Yes 36.1 Z’ mass «e 3.0 TeV r/m=1% 1804.10823
® SSM W’ — ¢v lep - Yes  79.8 | W’ mass ,\"b . \6 5.6 TeV ATLAS-CONF-2018-017
g’ SSM W’ — v 17 - Yes 36.1 W’ mass % . \(\\<\ 3.7 TeV 1801.06992
8 HVT V' - WV — gqqqqg modelB O e, u 2J - 79.8 V’ mass /\ . @ 4.15 TeV gv =3 ATLAS-CONF-2018-016
HVT V' - WH/ZH model B multi-channel 36.1 |V’ mass 2 % 2.93 TeV gv =3 1712.06518
LRSM W, — tb multi-channel 36.1 | W’ mass \A"O % 3.25 TeV CERN-EP-2018-142
" Clgqqq - 2] - 370 |A 6@ (\0 21.8TeV 7, 1703.09127
QO | Cltlgq 2e,pu - - 36.1 A (%) \6 4 40.0 TeV 7, 1707.02424
Cl tttt 21epu 21b,21) Yes 36.1 @O\ (\Q 2.57 TeV |Cael = 4n CERN-EP-2018-174
s Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 39 O\\ 6\@ 1.55 TeV £4=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
a Colored scalar mediator (Dirac DM) 0 e, 1-4j Yes C) 0 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
VVxx EFT (Dirac DM) Oen  1d<1j Yo d\fb‘ Q) 700 GeV m(y) < 150 GeV 1608.02372
4
o Scalar LQ 1%t gen 2e > 2] N 6 \)(\6 Jass 1.1 TeV B=1 1605.06035
1 ScalarLQ 2" gen 2u >/ ‘{O g ZQmass 1.05 TeV B=1 1605.06035
Scalar LQ 3™ gen Teu 2 %Q . (\g =0 1508.04735
i VLQ TT — Ht/Zt/Wb+ X  multi-ch 6{ O\&\ 36.1 T mass 1.37 TeV SU(2) doublet ATLAS-CONF-2018-032
S VLQBB - Wt/Zb+ X me” AN 6((\ 36.1 | Bmass 1.34 TeV SU(2) doublet ATLAS-CONF-2018-032
S VLQ T5/3Ts3|Ts3 » Wt + X /) Yes  36.1 Ts/3 mass 1.64 TeV B(Tsj3 — Wt)=1, c(Ts;3Wt)=1 CERN-EP-2018-171
> vLQY -» Wb+ X $ 71 Yes 3.2 Y mass 1.44 TeV B(Y — Wh)=1, c(YWb)=1/v2 | ATLAS-CONF-2016-072
&  VLQB o Hb+ X 0,21 Yes 79.8 |Bmass 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
% VLQQQ - WqWg z4]  Yes 203 |[QESIe0cEw 1509.04261
4
-g Excited quark 2j - 37.0 q* mass 6.0 TeV only u* and d*, A = m(g") 1703.09127
5 Excited quark 1y 1] - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
“_5 Excited quark b - 1b,1]j - 36.1 b* mass 2.6 TeV 1805.09299
2 Excited lepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
S Excited lepton v* 3eut - - 20.3 A=16TeV 1411.2921
i
Type Ill Seesaw Tepn >2j Yes  79.8 | NOmass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2e,pu 2]j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
L Higgs triplet H** — ¢¢ 234epu(SS) - - 36.1 870 GeV DY production 1710.09748
o Higgs triplet H** — {7 3euT - - 20.3 DY production, B(H* — (1) =1 1411.2921
"o" Monotop (non-res prod) 1eu 1b Yes 20.3 Anon—res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059

*Only a selection of the available mass limits on new states or phenomena is shown.
+tSmall-radius (large-radius) jets are denoted by the letter j (J).
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Standard Model Total Production Cross Section Measurements status: July 2018
e~ 500 ubL
g 107 Fago ATLAS Preliminary
beed Theory
5 Run 1,2 s =7,8,13 TeV
E 'OfOb~ BB Daa 45-46M! E
_ o //795 i
10° £ an LHC pp Vs =8 TeV i
A AOQCOS B Data 202-203fb
» 'ec -
10* F — fo"o,r‘9 LHC pp Vs =13 TeV E
- 3 X feno, BEl Daa 32798t .
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. Electroweak Precision Observables - sin®@er #7705 : ., \‘QSI
g SRS (Y AN\ | VR =

GFitter 2018

With known mn EW sector of SM is over-constrained
mz = 91.1876 GeV

G, = 1.16637 x 10 GeV-2

xqep(0) = 1/137.035

.... several others ....

Global EW fit of all precision data
M| oo
- o3
-0.2

sin?Bw is a fundamental SM parameter of the SM

-1.5 Specifies the mixing between EM and weak fields

-1.0 Relates the Z and W couplings gz and gw (and their masses)
-0.9

A(LEP) 0.1

A(SLD)

.2 - lept
Sin“O (QFB)

sinZGLept(Tevt.)

2 2
_ 9w _ mw

-2.1 At leading order sin? Ow = 2 2
0.7 9z "z

0.1
. |08
Al —— |24 Higher order EW corrections modify this 0

Al 1 |oo toan effective mixing angle Sin2gefff:( _m_W).(1+AT)
Al = os dependent on fermion flavour f me

Rl | o0
Ryl = o7

o M ] 0.5 EW scheme dependent
Ao M) @ |02 corrections incorporated into
wM)| - s |13 Ar — Ar(m, Miop , ...)

-3 -2 -1 0 1 2 3
(Ofit - omeas) / Gmeas
Eram Rizvi UCL Seminar - 26t October 2018 4



https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-6131-3
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In context of EFT extension to SM

EW scheme dependent EW oblique parameters S, T, U, Y, W
corrections incorporated mto_ incorporate new BSM dim-6 operators
Ar — Ar(my , Mtop , NEW physics) in self-energy terms
; 80-5 | 1 1 l T 1 1 I 1 l T ] Ll ] 1 ] 1 1 [ T | ] I 1 T T _ .
(3 " 68% and 95% CL contours () LEPISLC = o - Measurement of one observable can predict the other
O, 80.48 - direct M, and sin’(6},) measurements - mw < SinZ0w
E; 80.46 — o fit w/oM,, sinz(e'fﬂ) and Z widths measurements .
- fit w/oM SInz(G ) and M_ measurements .
80.44 — fit w/oM Sin?(8,), M, and Z widths measurements — 2 WCK(O) 1
E 3 m —
= . W :
80.42 = = V2G , sin® Oy 1 — Ar
80.4 =
80.38 ;— —; mw and sin?Ber allows self-consistency check of SM
80,36 [ M vorid comb. = o = New physics hidden in the higher order corrections ?7?
80.34 F_ E Valuable test in absence of direct BSM signals
80.32 E_ GFitter 2014 _f . N .
E s S e ] Final Precision on sin20es
0.2308 0.231 0.2312 0.2314 0.2316 0.2318 0.232  0.2322 LEP: + 29 x10°5
i’ (Ogy) SLD:  +26x10°
CDF+DO0: + 35 x10®  First LHC results on sin?0.
sin?Ber precision + 50x10-° equivalent to £ 25 MeV in mw CMS(7TeV): =+ 320 x10~

ATLAS(7TeV): + 120 x10°5
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https://link.springer.com/article/10.1140/epjc/s10052-014-3046-5
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.. Electroweak Precision Observables - mw

- # Y 4 ‘
N - g - )

S LT D J | LALONL AT LA L ] | | |
ALEPH
ATLAS - ATLAS ® m,
DELPHI @ «u Stat. Uncertainty
— Full Uncertainty
L3 @
LEP Comb. 80376+33 MeV
OPAL ® ®
CDF —— Tevatron Comb. ° 80387416 MeV
P? ___________________________________________________ LEP+Tevatron @-20385:15 MeV
ATLAS W* ——
® Measurement ATLAS 80370+19 MeV
. S L 3
ATLAS W «u Stat. Uncertainty
ATLAS W* — Full Uncertainty +| Electroweak Fit —@-8035618 MeV
LA 1 l A A 1 1 l AL A 1 l Al A l AL 1 1 l A AL 1 l 1 l l
80250 80300 80350 80400 80450 8050C 80320 80340 80360 80380 80400 80420
m,, [MeV] my, [MeV]

ATLAS approaches precision of combined LEP + Tevatron measurement
Theory prediction from EW fit has uncertainty 8 MeV
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https://arxiv.org/abs/1701.07240

Electroweak Preusmn Observables Slnzeeff‘l- 2y X \st
e T N A" /;_\’; - ! c;—

Physics Reports 427 (2006) 257-454

0,

: . . Aq —&—] 0.23099 + 0.00053
Previous generation of sin“6w measurements LEP/SLD
Several different observables and asymmetries used A(P.) B 0.23159 £ 0.00041
Al = polarisation L/R asymmetry at SLD <:
Ars = forward/backward asymmetry in Z—bb A]?k;b vy 0.23221 + 0.00029
0,
Long-standing 3.20 discrepancy between LEP and SLD Abe * 0.23220 + 0.00081
Qe = 0.2324 + 0.0012
Average g!ly 0.23153 £ 0.00016
[0° - x/d.of:11.8/5
S
> _
S
EI
107 - EEE Aol = 0.02758 + 0.00035
i B m,=178.0 £ 4.3 GeV
0.23 | | | O.2IS4 | |
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https://www.sciencedirect.com/science/article/abs/pii/S0370157305005119

. Drell—Yan Measurement at ATLAS "% \‘QSI
R Sy AT AT s T : b WYY X (S,
> ; . N 3 A A ~ - ] ! /8 B3 BE LA oE——
6 q 1+
o 10 g Drell—Yan cross section
10 4 \s =13 TeV Total NLO Cross Section Large event rates and clean final-state
103 - Z Contribution allow high experimental precision Z/
10 — y* Contribution g I-
102 — Z/y* Interference (Modulus) 109
10 WJS2013
X X, = (M/13 TeV) exp(+y)
1 1,2
101 10°F Q=M M =10 TeV 4
10 :
107 107 13 TeV range
10
10°° Drell-Yan / :
10 10° M=1TeV Ao foneensy
107 ' | |
102 | | | N; 105
1075 102 10° &
Q (GeV) (or muy) = 10"
. " . " d30_ NO
Measure triple differential cross sections: dmzed|yee|d cos 6 10°
] _ do d?o 10°
Can be integrated to derive 7, = dmy,d[yy|
. fixed
Measurements access range of 10 HERA target
X > 4x104 10° saasnd 2 a0s
0<|y|<3.6 10" 10° 10° 10" 10° 10° 10" 10°
46 <m < 200 GeV X

Eram Rizvi UCL Seminar - 26t October 2018 8



-‘--,._j-'-l';rlple:-,;llfferentlal,Z[-ﬁy IVLeasurement Motlv tion | 5% \‘QSI

N ) - . . 4 |/ v {5400 b 4 — 3

Pree  DiPy —PiD;

lepton and quark angle or
anti-lepton / anti-quark angle

leptonic decay angle in Collins-Soper frame cos 0™ =

mee|p,ecl
\/ Mo+ P1ec

d3o

dmgedyeed cos 6% 3m€€ S

ZP fa(x1.0%) f7(x2.0%) + (g & D]

2) = : :
pure y* P, = eze (1 + cos2 * ) fqa(x, Q%) = parton density functions

2 2
2my, (my, — m7)
. 2
sin” Oy cos? Ow [(m7, — m2)? + [5m? ]
4

m
pure Z + £ [(a% + v{%)(aczz + vé)(l +cos? 0%) + 8arvea,vy cos 6 |

sin® Oy cos* Ow [(m3, — m%)? + Tom? ]

[vevy (1 + COS> 6") + 2aca, cos 0" |

interference Z/y* *+ €jé€q

0.3 - - - - — forward = cos 6* >0 Asymmetry
backward = cos 6* <
d3o(cos0* > 0) — d*o(cos 6* < 0)

0.15¢}
d30(cos 8* > 0) + d3o(cos 6* < 0)

ArB

Afpp =

Sensitive to sin? Bw
Sensitive to PDFs f{x,0?)

0.0

ZIl vertex more sensitive than Zqq to sin? 6w

-0.15 . : . . - mi / GeV _
60 80 100 120 140 160 180 200 (by factor ~ 5u - 20d,s)
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. Triple-differential Zfy"'M

easurement Motiv ‘ .

%

N .\ -

x10° sensitive to difference in u-type and d-type
= B * .
<351 due to Z vs y couplings on- and off-shell
In different m regions s o
y spectrum shape changes B B
dramatically for my # mz 2.5 250
- Z boson exchange -
L N § [V L
2 — dd 21~
B cC B
150 s§ 150 vy exchange
itivi e — bb ~ —
Sensitivity to uy & dy valence | : — g
quarks at |y| > 1 \1} 1 cC
L SS
0.5F 0.5F
%5 5 %54 3 2 1 0 1 2 3 4 5
Y, yv
y dependence measures x distribution of PDFs _ _
x10° ——dd —+— gd+gd
e 4y £ -
$1,2 = ——¢€ o 2200 —— Uuu e gu+gU
\/g L-'; 2000 —~—SS -
5 1800 ——cC+bb —+—g(s,c,d)+g(s,c,d)
g 1600
Z

Ambiguity dilutes Ars Additionally cos 8* spectrum has
Dilution is reduced at large |y| due to valence quark boost sensitivity to gluon PDF via gq terms

= greater sensitivity to sin?Bes at larger y

At LHC direction of incoming quark is unknown ;_
Therefore there is ambiguity in defining 6* ed \/,\/
(not a problem at Tevatron) 1200;

-

zero sensitivity at y=0

Eram Rizvi UCL Seminar - 26t October 2018 10



§ S 4 R Y /% TN 4 3 h
. Triple-differential Z fy" Measurement Motivation %
\ ‘ : A T I { et o KA P“'
ATLAS.eCC | ATy AS O A
ATLAS, e CF O
ATLAS, u | G—
ATLAS combined | ———
cms [ 0 —
Previous ATLAS measurement of sin? Ow Do | o=
JHEP09(2015)049 “OF L T
LEP, AL .1 O
5 fio-! LEP, A% [~ —o
Vs =7 TeV SLD,A . | o
LEP+SLC | [s=7TeV,4.8fb" B
PDG Fit | | R |
0.225 0.23 0.235
sine.r
Uncertainty CC electrons CF electrons Muons Combined
Source x10-° x10- x10- x10-
PDF 100 100 90 90
MC statistics 50 20 50 20
ATLAS measurement of sin? Qe Elec energy scale 40 o0 — 30
limited by PDF uncertainty Elec energy res. 40 50 — 20
Values are in units of 10-° of sin? Be Muon energy scale _ _ 50 20
higher order corrs 30 10 30 20
Other source 10 10 20 20

Eram Rizvi UCL Seminar — 26t October 2018
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https://link.springer.com/article/10.1007/JHEP09(2015)049

Run-l Measurements from ATLAS

d3o

triple-differential cross sections d3c =

dmged|yee|d cos 67

Ars(m,|y]|)
On-shell DY 8 TeV
Neutral current - e & u channels Use d3o to derive do
46 <m < 200 GeV ancillary measurements dmyy
Extended to high y with FCAL analysis for purely visual purposes
arXiv:1710.05167 dQJ
S dmyged|yee]

\o}
o

| | ! | | |
. ATLAS Preliminary \s=28TeV
~ [ LHC Delivered

[__] ATLAS Recorded
I Good for Physics

N
o

Total Delivered: 22.8 fo ™
Total Recorded: 21.3fb™
Good for Physics: 20.3 fb

Complete 2012 data set analysed

Centre of mass energy Vs = 8 TeV

—_
(=)

[£ dt=20.2 b

Total Integrated Luminosity [fb]
o

/M di-electron events (CC)

9M di-muon events (CC)

i 6 /8 110 1112 1M forward di-electron events (CF)
Day in 2012

Eram Rizvi UCL Seminar - 26t October 2018 12



http://arxiv.org/abs/arXiv:1710.05167
https://www.hepdata.net/record/ins1630886

4

S

N < T b .

Muon Selection

e > 2 isolated muons
e muon |n| < 2.4

e muon pt > 20 GeV
e opposite charge

Central-central topology (CC)

.-ATLAS Z[y" dc Cross Section ¥s = 8 TeV, ##72 | 7% W)

JHEP12(2017)059

Central Electron Selection

e > 2 good quality “medium” electrons
e electron |n| < 2.4 excl. 1.37 <|n| < 1.52
e electron Et > 20 GeV

Central-Central:
I

— ||

Two leptons with |n| < 2.4

Il

| — —

Forward Electron Selection

e 1 good quality “tight” central electron
e electron |n| < 2.47 excl. 1.37 <|n| < 1.52
e electron Et > 25 GeV
e 1 good quality “tight” forward electron
e electron 2.5<|n| <4.9 excl.3.0<|n| <3.4
e electron Et > 20 GeV

|dentical dataset and almost identical selection as
ATLAS angular coefficients analysis (see later)

Central-forward topology (CF)
One electron with |n| < 2.4
One electron with 2.5 < |n| < 4.9

Central-Forward:

Eram Rizvi UCL Seminar - 26t October 2018 13


https://link.springer.com/article/10.1007/JHEP12(2017)059
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.Performance Considerations’

"

" "2 . .4 = "‘ /‘\
-~ . & *s. . . : g’

Already good precision achieved for run-Il !

Need to ensure phase-space corners are well covered e.g.
boosted Zs access high pT lepton efficiencies

For run-I lepton pT ~ 200 GeV

(For run-Il we should reach lepton pT ~ 400 GeV)

Electron Channel Muon Channel High Rapidity Electron Channel
Energy scale typically <1% in In peak region at m~mz Energy scale / resolution dominates
peak region momentum scale dominates sys error at large |[cos 0% &y
dominates error at large |cos 6| error — ~0.6% — ~5% compared to ~3% stat error
— ~3% compared to 0.8% stat error

Tracking misalignments <1%
efficiency error typically <0.5% in  upto 2% at small cos 6* or large y
peak region
larger at at large cos 6* (even at
small |y|) —» ~2-3%

Combination of channels constrains correlated systematic uncertainties

l

Improved precision for combined central channels

Eram Rizvi UCL Seminar - 26t October 2018 14



-Electroweak Backgrounds . o Hen . v

\ ‘

Several sources of so-called “electroweak” backgrounds yielding isolated leptons pairs:

DY — tau production modes found to be negligible contribution t W=

top background
2-10% contribution top (largest at high cos 8%)

below 5% for high y channel
background estimated from MC

b\
9&999

diboson background i t t
3-6% contribution

estimated from MC

q W+t q 74 q A

I diboson (ZZ)
q W- q/ Z q A
diboson (WW) diboson (WZ2)
g A

photon induced background
2-5% contribution (largest at large m) photon induced (yy)

background estimated from MC

Y [~
Eram Rizvi UCL Seminar — 26t October 2018

15



Trlple dlfferent|al Z/Q{ Cross Sectlons \/s .' s 7 \“QS’

! | ¥ i ) ‘ §

\

multijet background
multijet production has large cross section at LHC

contributes to background via:
- b,c quark leptonic meson decays
- misidentification of hadron jet as calorimeter electron

soft leptons produced typically
contributing processes involve complex hadronisation simulation
= use data to estimate this background

electron / muon channel at m ~ mzb/g is <0.1%
significant off-peak upto to 15% low mee
less than 5% everywhere in muon channel

Electron Channel Muon Channel High Rapidity Electron Channel
% L rY17°7° T L L B | T T T T 4‘ % 109?|||||||||||||||||||||||||||| % :v ™ L ™ T1°° L B ™ T 3
0] L ATLAS ¢ Data Bzy e o} - ATLAS ¢ Data Oz - (0] ~ ATLAS ¢ Data @zy > 4
o~ 10 E 1s=8TeV,20.1 b’ Ozy" - e [ Fake lept. = o 10825 {s=8TeV,20.2fb" Jziy* - pu [l Fake lept. N 106;5‘ 1s=8TeV, 2011’ 2y - ee [ Fake lept. 3
b4 © Central rapidity e channel  \ Pred. unc. W —oee - 3 = Central rapidity p channel N Pred. unc. [llvy - uu b4 ~ High rapidity e channel N Pred. unc. [l§1y — ee 3
% 108 k- Iy ) < 1.0 [ Divoson [l Top quark o % 107 ly,, | >1.0 [OJDiboson [l Top quark .g. 105k Wed < 24 [ Oivoson  [l) Top quark .
w E 3 w C = " 3
i i F Simulati i ]
. - ulation | - i
3 10° describes
E 10t data well -
= 10°
10
g ‘og' 3 b 8
[~ — 105_ [~
a \\\\\ “ o 1 a
s o088 s 995 ©
.- A A A -— . 1 .- | " -
S 700 120 140 160 180 200 S a 80 90 100 110120 130 140 150

Mye [GeV] M, [GEV]
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Entries / 0.04

Data / Pred.

Entries / 0.04

Data / Pred.

ATLAS Z/y d3o Cross Sectlon '\/s =

ee channel

x1
S — -
140” ATLAS 4 Data mly >t
1205 15 =8 TeV, 20.1 fo’ [JZ/v* - e [Fakelopt. -
- Central rapidity e channel N\ Pred.unc. [llyr—ee
100k 80 <m < 91 GeV [loiboson [ Topquark
a0] :
60} ]
i 80 <m <91 GeV
40—
20}
0 2 4 3 1 P | ]
bg& T L 'l T
o’oo
W&'& \\&'\\\'\\\\\m
098N\ e
D T B R 20 Y
cose*
S ——
4000'— ATLAS ¢ Data Bz -
as0r 'S =8TeV, 202" D)y - un [l Fake lept.
E Central rapidity u channel  \ Pred. unc. [llvy — uu
3000_ 116 < m,, < 150 GeV @ ooson [l Top quark

*

2500;

[rrrr T
.11;11-11L.luu-ux-lxuuu-df

vvvvvvvvvvv

I bgg\w)\)*\ t&ﬁwtﬁﬁwﬁ;«m\‘%\\\\\#

AAAAAAAAAAAA

-f 08 0604020 0204 0808 W
cosH*

/

Entries / 0.04

Data / Pred.

’

Entries / 0.04

Data / Pred.

B
—’Q

160— ATLAS

140 Central rapidity u channel N Pred. unc. [llvy — wn
120
100~

I
8:

8 TeV, ;f/

MU channel

..... ey
¢ Data BEzy -
DZ"'{‘ — uu .Fake lept.
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. Triple-differential Z fy" Binning .

Central Rapidity Channel
my = [46, 66, 80, 91, 102, 116, 150, 200] GeV 7 bins
lyi| = [0.0,0.2,0.4,0.6,0.8,1.0,1.2,14, 1.6, 1.8, 2.0, 2.2, 2.4] 12 bins
cos 0°= [-1.0,-0.7,-0.4,0.0,0.4, 0.7, 1.0] 6 bins
Total bins = 504
X2 channels
measure in electron + muon channels
check for consistency of channels
combine both measurements
account for 331 correlated systematic errors Binning choice optimised for
improved result for both statistical & SyStematiC preCiSion e control experimenta| bin migrations

« statistical precision
* physics sensitivity

High Rapidity Channel

my = [66, 80, 91, 102, 116, 150] GeV 5 bins
lyi| = [1.2,1.6,2.0, 2.4, 2.8, 3.6] 6 bins
cos 8°'= [-1.0, -0.7, -0.4, 0.0, 0.4, 0.7, 1.0] 6 bins

Total bins = 150
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- rve o~ a A ;‘ : /4 N ~ it , kS
.. Triple-differential Z fy" Unfolding & Combina k i

i)

. "-'
L

N

Remove influence of ATLAS detector by unfolding
Unfolding Use ATLAS detector simulation to quantify event resolution migrations and efficiency losses
Define the particle-level phase space of the final quoted result

CC fiducial cross section definition CF fiducial cross section definition

lepton pr > 20 GeV lepton pt > 25 GeV & lepton |n| < 2.5
lepton [nf < 2.5 lepton pt > 20 GeV & lepton 2.5 < |n| < 4.9
46 < my < 200 GeV 66 < my < 150 GeV

Unfolding to Born level lepton kinematics Unfolding to Born level lepton kinematics
(dressed level available as a correction factor) (dressed level available as a correction factor)

Cross sections unfolded using iterative Bayesian unfolding

) 1,J,k = reco bin indices
data g T
o o Nije — Niji 1 l,m,n = Born bin indices

ijk L Amge = 20y Acosor ‘M = inverted response matrix
A = bin widths in each variable

dmee d|yee| d cos 6%

I,m,n
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Combination Combine CC electron & muon channel measurements in averaging procedure
Minimise difference between two measurements
Taking correlated uncertainties into account

i data points
j systematic error sources

' —m (1= 9%b))]?
Xtotmb 252 L +Zb?

1, statluimi(l o Zj fy;bj) + (5’i,uncmi)2

bin-to-bin correlated error sources j including (' = measurement
* lepton trigger, ID, isolation efficiencies m' = averaged value
* lepton scale and resolution uncertainties b; = systematic error source strength

» background contributions

L e nuisance parameter left free in fit but constrained

no extra degrees of freedom due to additional constraint
y’; = correlated sys uncertainty on point i from error source j

Method allows cross-calibration of systematics between e and y channels
Improves statistical and systematic precision
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.-‘.‘:. g £20% . . ; _ rvi_ « AU 'n; / \y ; . .
.~ Single-differential Z/y" Cross Sections Vs = &

N 4 W R

2
Integrated single differential cross section }: e T 1 T T 1 S
S - Central rapidity channel # Data -
do = I g Total unc.
dm ol g X Prediction
2 ’°|-c> 10E E
electron & muon CC channels combined s 7
electron/muon combination gives | |
x2/Indf = 12.8/7 | == =
Prediction from Powheg with CT10 PDFs | . |
Partial NNLO (QCD) + NLO (EW) k-factors included: 101 -
— 1-dimensional in my - ATLAS P .
Calculated with FEWZ in G, EW scheme - \s=8TeV,20.21b - -
— k-factor ~ 1.03 ===
g 1.05 «
~ 1 BN i . - 3
H H 8 0'95 _l L l l&l ' l | 1 ) I — l 1 Ll l | l ) I l Ll :
Powheg .has knoyvp mismodelling qf Ao angular = 60 80 100 120 140 160 180 200
polarisation coefficient (goes negative) m, [GeV]
— reweighted vs prz and vy
Computed with DYNNLO orange band: data uncertainty (excl. lumi £ 1.9%)
blue band: MC stat + PDF uncertainty
d2o (CT10 68% eigenvectors)

dmeed[yee| 2d cross sections in back-up
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. Triple-differential Z fy" Cross Sections Vs =
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d3o Central rapidity electron & muon combined result
Large forward-backward asymmetry at low mass, decreasing to ~zero at m; ~ mz
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Upper plots: shaded regions highlight equal |[cos 67|
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. Forward-Backward Asymmetry .
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o3 R I

Arg

02F g it 4 1E j

ok ENS -5 1k wpm
C 1F 1F m ]

oF - 1F - 1 e T 3
: 1t S W ]
0.1 . 1 F - 1F ]

- 1.8<lyl<20 20<lyl<22 22<lyl<24 ]
02 ! ! ! L I T 1 1 L.y JE Lol 1 1 I
180 200

P PR PR B P PRRTIRN BTSN T U TN W T RN Y ' A 1 PRRTIRN BTSN T U TN W T RN Y
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200 60 80 100 120 140 160
m, [GeV] m, [GeV] m, [GeV]
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orward-Backward Asynlmetry_'T high rapidit

o A T
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- .
. S
S »
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-
-

N

¥ Data

8 Prediction +
- '

;
;

+
+

ATLAS Preliminary
\s=8TeV,20.11b"

1.2< Iy"I <1.6 1.6 < Iy"I <2.0

o
(o8]
1
h
']
N

r— . 28<ly|<3.6 _
_06 lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII||

2770 80 90 100 110 120 130 140 150 70 80 90 100 110 120 130 140 150
mg. [GeV] m.. [GeV]

o

-0.4

2.4 < Iy"I <28

High rapidity channel

For Ars measurements uncorrelated sources dominate:
data stats are factor 2 larger than MC stat / multijet unc / bg MC stats
correlated sources ~ factor 10 smaller

Eram Rizvi UCL Seminar - 26t October 2018 27



=
> 5
0
~
o)
o
sy 4
(7]
(@]
O
o] ke,
ol >=
5 3
£
©

« New d30 measurement of DY cross section at Vs = 8 TeV available
e on-shell analysis covers phase space 46 <m < 200 GeV
e Precision of 0.5% attained at m = mz

e B Y A OO DPata

ATLAS Preliminary [ a

o Prediction cos8*[£0.7—+1.0] |
(s=8TeV,20.2fb" Ac Prediction cos8*[+0.4—%0.7]
80 <m, <91 GeV [ Ac Prediction cos8*[+0.0—+0.4] ]

. . I @ Data s Pred. [-1.0<c0s6%<-0.7]
 Data compatible with NNLO pQCD ® NLO EW g ' I
. . . 3 = ’ A N
« Data available on HepData with full systematic breakdown R o
g 1_15_ m Data 222 Pred. [-0.7<cos8*<-0.4]
< T —
s 0.92—
% HE v Data === Pred. I[-O.4<Icose*l<0.0]l
% 1 i e e e e e et . St Bt i
209
Now extract sin20.ss using this data S | {E_ wwData-<Pred. [0.0<cos’<0.4]
% BA= A= - A= - A- - A- - A- - A--A--—A--A--—A- -
. . o
Method of using unfolded d3o cross sections never used before = °'9E e é
§ 1.1E- =
S = = —
L 0.9~ Eaaas =
% 12%_ ol Datalséélgred. =[0.7<éose*<=1.0] : : _%
S B S BB ool Ol
L o8 TIOR3
0 02 04 06 08 1 12 14 16 18 2 22 24
ly,
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Extracting sinBen. & || 0 G4 e W W)

»

N

Typically experiments measure Ars
— unfold detector effects / dilution — fit for sin20es
— or, perform detector level template fits to Ars
— estimate PDF uncertainties on extraction

DO + CDF combination 2017
sin? 91P* = 0.23148 £0.00027 (stat.)

+0.00005 (Syst.) worse at LHC due to pp collisions
worse at larger \'s due to lower x (more dilution)

At LHC / Tevatron largest uncertainty ~ PDFs

+0.00018 (PDF)
ATLAS 7 TeV

sin? 6 P" = 0.2308 + 0.0005(stat.) & 0.0006(syst.) + 0.0009(PDF) = 0.2308 + 0.0012(tot.)

CMS 8 TeV

sin? 0.°F" = 0.23101 + 0.00036(stat) + 0.00018(syst) + 0.00016(theory) + 0.00030(pd)
sin? 0.°F" = 0.23101 =+ 0.00052.

LHCb 7 & 8 TeV

sin? 6% = 0.23142 £ 0.00073(stat) £ 0.00052(sys) & 0.00056(theo)
dominated by PDF
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https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/EW/E44/
https://arxiv.org/abs/1509.07645

Extractmg Slnzeeff—«PDF Profllmg %

£ /;\

Varlatlon of AFB from PDF replicas and S|n29w

T T T T |""-| /I,—' . 2 . .
5Sin261 _ £0.0004, £0.0008, £0.0012 -~ sin“Bw variations correlated across m spectrum

NNPDF3 0 uncertamty /:::,/:;;;;:;:i:‘::;—__% PDF variations anti-correlated about m=91

0.005 =

These correlations can be exploited

m Use data to constrain PDFs — reduce uncertainty
3
° For NNPDF incompatible replicas rejected by data
Other PDF sets: uncertainties given as eigenvector variations
~0.005 Introduce nuisance parameters for each PDF eigenvector
Fit data + PDF nuisance parameters to constrain PDFs
m, (GeV N . .
n ) Approximation to performing full PDF fit to data
uy compared to MMHT reference dv compared to MMHT reference
PR Q? = 8317 GeV? P Q? = 8317 GeV?
S 11 %% MMHT14 ¢} l % MMHT14
Zi> _ »>x MMHT14 profiled 5> 1.4 . »>x MMHT14 profiled . ]
E H+ NNPDF3.1 =i EEE;;!; H+ NNPDF3.1 Example of profiling using d3c pseudo-data
[ [ »""‘ ,,,/,,..3,,:,,1';‘;‘;‘:‘02:5: Pseudo-data produced with NNPDF set
3 1 g .' R ""‘3i§fi;:!' Rl Predictions generated using MMHT
"l '||| Pseudo-data are profiled using predictions
{ 5 ll ’ Profiled PDFs move towards MMHT
0.9 0.8
i /’/ : N / \| .y .
- - e Profiling works for uy but fails for dyv where
0.8 | *Ffﬁffl I | Wﬁl \ PDF set has insufficient flexibility
1073 102 0" 1073 102 00 — use several PDF sets
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ATLAS-CONF-2018-037/

ATLAS uses 2 methods (same data set / similar selections):

Triple Differential cross section analysis

_ _ Ai - Angular coefficient analysis
Fit to unfolded d3o cross sections

methodology used here arXiv:1606.00689

differential in m,|y|, cos6*

Use QCD predictions from NNLOJet Use QCD predictions from DYTurbo
NLO EW - :
Use higher order EW corrections Comcrgfrg ors »  Use higher order EW COFre_CEIOHS
event weights to vary sin?Qef event weights to vary sin“Bes
Perform PDF profiled fit to d% data Perform PDF profiled fit to data

Both analyses were blinded to value of sin?Bes

l

Compare sensitivities and results
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
http://arxiv.org/abs/1606.00689

. Extracting sin%@ere — d3%@ | 7 s , \.Qsl
s keSS AT TR s . e T T R (O,

LHC EW Working Group:
https://indico.cern.ch/event/707971/

NNLO |yi;| Triple Differential [Central Region]

NNLOJET Js= 8 TeV
6 F | | | =
0.7 0 1.0 —

J1<my <162 Gey 01 < §§§E9§ S Parton level event generator at NN(N)LO
= ¢ | NNPDF 3.1 NNLO +0 < cos(0) < 0.4 —— | QCD using antenna subtraction
2 Gy EW scheme: mw, mz, G, input params _
= Processes available:

- , L= 8. g 0 0 . i} pp — H, H+J,
x 4 LML ./V///A Z/ Z, 7+,
wn a @~ a N PN A
é : B S S < A Wi, WiJ,
=3 o VAN . VH,
= T 5 dijets
%:'. : DR 4 ep — 1,2J
) ) ete™ - 3J...
© %%
1 0, -
)@ N SN
0 ‘ ‘ | @ ° S —
0 0.5 1 1.5 2
11l
Comparisons to NNLOjet - collaboration with IPPP (Nigel Glover & Duncan Walker)
Provide fiducial NNLO QCD predictions for varying sin?6Bw
Full set of NNLO predictions = ~3-4 days grid time
Applfast interface under development (for PDF uncertainties)
QCD scale uncertainties pr & pr ~0.5% ...
...but larger dependence observed in some kinematic regions...
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‘Extracting sin36

: 1 ; Q. . o, 9 o !
" % % 4 A I ! - i ¥ "’

X 4 | ; e iy %
LR R ()

n < x> : i S -

Slides from Duncan Walker

Using LO kinematics, we can write cos 6" a function of the
difference in rapidities of the leptons:

sinh(Ayy) cos 0F < sinh(2(y" — |yu]))
1 + cosh(Ayy) — 14 cosh(2(y]" — |yul))

cos 0 =

Region corresponds to

Constraints on Ay from the cuts give constraints on cos 6*. Z recoiling against jet

Only NLO in these bins at O(a%) — use NNLO ZJ calculation? \
NNLOJET L0 Constraints on cos(8)* NNLOJET LO Constraints on cos(8)*
1 \ \ \ \ 1 x T T
T Max cos(8)*(A yi1) I L0 Allowed
\\ Allowed region \\ LO Part. Allowed
0.7 < cosB* < 1.0 0.7 < cosb* < 1.0 LO Forbidden
0.8 - 0.8
0.6 - 0.6 - A/
x 0.4 < cos®* < 0.7 x 0.4 < cosB* < 0.7
D B
; 0.4 0.4
8.2 |0 < cosO* < 0.4 0.2~ |0« cosB" < 0.4
. | | ’ 0 0.5 1 1.5 2
0 0.5 1 1.5 2 ' o '
ly11l Y11
= Use differential Ars in “forbidden region” scale choice u22= m? + pr
.Observ.e large theory stat.&.scale errors Scale uncertainty cancels in Ars ;E\Sf'cvfc'fc”é }grﬁr‘ecac;[ile(e)t opoiogy
in “forbidden region” predictions All data points can be used in fit
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N < D

ATLAS-CONF-2018-037/

- = 0.05
< 02! ATLAS Preliminary Data NNLOJET < ATLAS Preliminary Data NNLOJET
-1 ) #= |cosd| < 0.4 0.04¢ 1 () #= |cosd| < 0.4
8 TeV, 20.2 fb~', eecc + uuce M 0.4 < cos| < 0.7 8 TeV, 20.2 fb~ ", eecc + pupcc - 0.4 < [cos| < 0.7
011 66 GeV< m! <80 GeV Y joost 507 0.03f 80 GeV<m' <91 Gev Voo w0t Data NNLOJET
0.0f Be® 0.02f
j—— : t e, R O 4= |cosf| < 0.4
—0.1t [ 0.01¢1
- f . [ 0.4 < |cosf| < 0.7
-0.2f T 0.00} !—H—‘— t — : ¢ I
: ool + o Y “== |cos6| > 0.7
-0.3 '
0.5 1.0 15 2.0 —002 0.5 1.0 15 2.0 _ _ _
a 2 Triple differential Ars(m,|y|, cos 6%)
. - 06
< ATLAS Preliminary Data NNLOJET < ATLAS Preliminary Data NNLOJET : :
015/ 8Tev, 20210 eecc e § TN O3] BTV 202 ceccemee § L [Arg| increases with y
91 GeV< m! <102 GeV Y b |cosd| > 0.7 0.4+ 102 GeV< m' <116 GeV Y #= [cos| > 0.7 AFB negative m<mz
0.10f + 0.3l
o) Smallest for cos 6* ~ 0
. 0.2} !
0.05} " ii"-,..
Y= oo 1 v, " .
] L o | :
0.00| B=t—e—e** 00 $=F—w e
05 10 15 2.0 041 05 1.0 15 2.0
| A
= 030
< ATLAS Preliminary Data NNLOJET
0251 8 TeV, 20.2 qu’eeCF : . ‘()(.:Ziel\;:;<0.7 L H H * :
020 91 GeVem! <102GeV Y - josi0r Use predictions of differential Ars(m,y|, cos 8%) from NNLOjet
v i.e. defined in slices of equal |cosB*|
0.157 v [
| |
010y : 3 . Apply identical event reweighting to vary sin?0es
0.05; * for NLO EW effects in Improved Born Approximation (IBA)
0.00
—0.05— 5 2.0 25 30 35
Yl
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ATLAS-CONF-2018-037/

ATLAS uses 2 methods (same data set / similar selections):
e Perform fit to unfolded Ars from d3o cross sections differential in m,|y|, cos6*
* Ai - Angular coefficient analysis (methodology used here arXiv:1606.00689)

U+L factorised
do 3 do 4~ production dynamics

Angular Coefficients — _ :
dp% dyz dm?Z dcos 6 dgb 167 dp% dyZ dmZ /— from decay kinematics

1
{(1 +cos20) + = Ag(l — 3cos®0) + Ay sin20 cos ¢
Full 5d cross section decomposed into 2

9 polynomials & 9 coefficients Ai(m,y,pT) _|_l Ay sin® 6 cos2¢ + A3 sinf cosd + As cos
Description is complete to all orders in QCD 2
- only in full phase space of decay leptons +As sin® 0 sin2¢ + Ag sin 26 sing + A7 sin6 sin ¢}
App = §A4 As and A4 related to sin?Oe
3 (As contributes for
in full phase space prz > 100 GeV)

Using y and m binned data allows PDFs to be profiled Bin data in m, |y|

CC (x2 channels): CF
m:- {70, 80, 100, 125} GeV m:- {80, 100} GeV
lyl:- {0.0, 0.8, 1.6, 2.5} ly|:- {1.6, 2.5, 3.6}
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http://arxiv.org/abs/1606.00689
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Analysis method uses folded MC templates in full phase-space ATLAS-CONF-2018-037/
ATLAS 1
< © : 0.8 ‘f Perform likelihood fits to folded templates on m & |y| bins
unfolded < Use event-wise reweighting to vary sin?6es in templates
é § Like performing analytic interpolation:
a” - known harmonic polynomials fitted to data

known harm

. - reduces PDF sensitivity
polynomial

Use linear interpolation model to extract sin20e

‘llllllllllllllllllllllllllllll

04-02 0 02 04 06 08

-1 -0.8 -0.6 1

9 < 0.1 1 _I L T T 1 T T 71 | T T 71 | T T 1 | T T 71 | | L | I ]
Detector c08 Bes N ATLAS Simulation Preliminary 7
simulation 0.1 Vs =8TeV, Z/y* (NLO QCD) ]
_ 80 GeV <m’ <100 GeV ]
ATLAS Simulation  ee,.: mlegrated - ]
\s=8TeV, p = 22-25.5 GeV 0.09— A Improved Born Approximation —
93 0.04 :8 E‘ L . W Effective Born E
0.03 @ 0.08— N A —]
B . a _
{| =002 2 B N A |
{ oot & - ma_ -
folded o 0.07 oA ~
0 ° - PN ]
001 = - T -
; V3 0.06— mr —
{I-0.02 & C m,
b— — _|
-0'03 0-05 _I 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |.IA_
-0.04 0.229 0.23 0.231 0.232 0.233 0.234 0.235

2170.8-06-04-02 0 0.2 0.4 0.6 0.8 1 sin2o/

eff
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ATLAS-CONF-2018-037/

-

Consistency checks: pull of sin?6es for different data sub-sets

—e— CT10
ATLAS Preliminary —=— CT14
8 TeV, 20.2 fb™' —+— NNPDF31
—— MMHT14
%o HHee €Ccr
70 <m"'< 80 80 <m'<100 100 <m' < 125 70 <m' < 80 80 <m'<100 100 <m' <125

Pull

0<ly"<0.8
0<ly''<0.8
0<ly''<0.8
0<ly"<0.8
0<ly''<0.8
0<ly""<0.8

0.8<ly'l<1.6
16<ly'l<25
0.8<ly'l<1.6
16<ly'1<25
0.8<ly'l<1.6
16<ly1<25
08<ly'l<1.6
16<ly'l<25
0.8<ly'l<1.6
16<ly'l<25
08<ly'l<1.6
16<ly'l<25
16<ly'l<25
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Uncertainties on sin?0es x 10-°

5 Po .__ ' o~ X \,,f
xtracting sin%Bes — Ang

-

ular

Coefficients

ATLAS-CONF-2018-037/

Channel eecc HUCC eecr | eecc tpupucc | eecc t Hucc teecr
Central value 0.23148 | 0.23123 | 0.23166 0.23119 0.23140
Uncertainties

Total 68 59 43 49 36

Stat. 48 40 29 31 21

Syst. 48 44 32 38 29

Uncertainties in measurements

PDF (meas.) 8 9 7 6 4
p% modelling 0 0 7 0 5
Lepton scale 4 4 4 4 3
Lepton resolution 6 1 2 2 1
Lepton efficiency 11 3 3 2 4

Electron charge misidentification 0 1 1 <1
Muon sagitta bias 0 5 0 1 2
Background | 2 1 1 2
MC. stat. 25 22 18 16 12

Uncertainties in predictions

PDF (predictions) 37 35 22 33 24
QCD scales 6 8 9 5 6
EW corrections 3 3 3 3

Extracted value / uncertainties of sinBet from d3c agrees with angular analysis
Better precision from CF channel than CC (higher sensitivity / less dilution)

Dominated by PDF uncertainty
Sizeable uncertainty from data statistics
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" ATLAS Sin%0esr | VS =;8 TRV A w7/ f \‘QS,
S LR IPLER R e Gl L e W VER =
ATLAS-CONF-2018-037/

N

sin’ Hfﬁ = 0.23140 = 0.00021 (stat.) + 0.00024 (PDF) + 0.00016 (syst.).

CTI0 | CTI4 | MMHTI4 | NNPDF3I
sin? 0 || 0.23118 | 0.23141 | 0.23140 | 0.23146

ATLAS reaches precision of single LEP/SLD experiments
and combined CDF/DO precision

Uncertainties in measurements

Total 39 37 36 38
Stat. 21 21 21 21 x 107
Syst. 32 31 29 31
ATLAS Preliminary
LEP-1and SLD: Z-pole |  re4 | 0.23152+0.00016
LEP-1and SLD: A | —e—i | 0.23221+ 0.00029
SLD: A, B —e—i | 0.23098 + 0.00026
Tevatron B —e— N 0.23148 + 0.00033
LHCb: 7+8 TeV B : . . | 0.23142 + 0.00106
CMS: 8 TeV : — o : 0.23101 + 0.00053 Preliminary resul
ATLAS: 7 TeV | . : 0.23080 + 0.00120 Released at ICHEP 2018
ATLAS: eecctun . | — o8 | 0.23119 + 0.00049
ATLAS: ee,, B —— e | 0.23166+0.00043
ATLAS: 8 TeV B — - | 0.23140 + 0.00036
023 0231 0232
sin®6/

eff
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. Summary - I1

ATLAS determination of sin?Ber is nearing completion
Timescale - aim for final publication spring 2019
More detailed validation of DY Turbo vs NNLOjet

cross sections have larger angular coefficients reduce
PDF sensitivity allowing PDF sensitivity through
in-situ PDF constraints known harmonic polynomials
Triple Differential cross-section method: Angular coefficients method:
- Use NNLO Z+j predictions in “forbidden region” ? - adjust to d3c experimental selection
- use mixed method: - evaluate statistical uncertainty with bootstraps
fit Ars(m,|y|,|cosB*|) for |cosB*| < 0.4 & m< 66 GeV - a few experimental checks to complete (SFs etc)
fit d3o for m> 66 GeV & |cosB*| < 0.4 - PDF profiling tests
(we already did this and find PDF uncertainty is reduced!) - PDF reweighting tests
- using full d3c in fit yields smallest PDF uncertainty - include A3 ?

- perform complete NNLO QCD fit (not PDF profiling)

Project is actively pursued in LPCC Electroweak Working Group: ATLAS / CMS / LHCb / Theory

Much to be gained from LHC combination
- LHCDb has higher y acceptance (but lower luminosity)
- CMS measurement has no ‘forward’ acceptance but complementary central channel

Now have 150 fb! of data at Vs=13 TeV — factor 15 higher statistical sample (incl factor 2 from cross section)
...but larger Vs means lower x — worse dilution
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d2 electron & muon channel
i i i g inati 2/ndf = 103.4/84
Integrated double-differential cross section d d combination X“/ndr = :
mged|yge|
o ~E SIS RIS SIS B SIS LA AL BLALELE SLELELE BLALELE SLELELE SLALE = [~ YT TITYT YT, o _v LS B SRALELE BLLELE SLALILE SLAL AL BLALELE SLELELE BLALELE SLELIL A S AL
2 0.25- 2 04 2 8L r
8 ““¥L" Central rapidity channel % Data - 1o} “F Ce tral rapudlty channel # Data 3 3 Ce tral rapidity channel % Data -
el . 46 <m, < 66 GeV W Total unc. 8 0350 66 <m,<80GeV W Total unc. £ 7t~ 80 <m, <91 GeV Wi Total unc. -
— 02k % Prediction — - % Prediction — . % Prediction 1
> » N > . = . . —
q% “\\\ ~ : .4% 03 AR VNN L RN o q% 6.. .
0.15f 0.25; - St 3
C : 0.2} . 4 r
°":‘ Experimental precision exceeds theoretical precision e
[ 0.1 - 2 —
005 ATLAS B 005 ATLAS 3 - ATLAS E
~ \s=8TeV,20.21b" P \s=8TeV,20.2 b - - \s=8TeV,20.2fb" -
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8 b 91<m<102GeV ™ Total unc. £ - 102 <m, < 116 GeV W Total unc. - 8 ~ 116 <m, < 150 GeV W Total unc.

— % Prediction 1 — 0.255 % Prediction - — s ¥ Prediction -

> . > 0. . > 0.05 . .

% iR g ]

6 - 0.2f - 0.04} -

S 3 : : : ]

3 0.15 - 0.03 -

4 : T C b - 7

3 _;: 0.1___ ; 0.02 _E

2 3 : : : :

ATLAS E 005 ATLAS - 0.01— ATLAS -

1= \s=8TeV, 20.2 b’ = - \s=8TeV, 202fb' . - \s=8TeV, 202fb' .
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In pp Drell-Yan collisions we do not know direction of

incoming quark — ambiguity in defining cos 6*

Rely on valence quarks! At high x quarks dominate not anti-quarks 10
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m
12 = —— expiy

Large |y| — large x
NG less dilution

Q* (GeV?)

TN
o
~

WJS2013
X, , = (M/13 TeV) exp(ty)
=M M=10TeV
13 TeV range
M=1TeV A ceeeeendeannaass

HERA

10° 10° 10* 10° 10° 10" 10
X
parton momentum fraction of proton
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~"NLO EW Corrections;
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Change to A4 using NLO corrections

_I LI L | LI | L | LI | LI | LI | LI I_
= ATLAS Simulation Preliminary 3
- Vs =8 TeV, Z/y* (NLO QCD) -
" o4 ]
- v, o © © © O
- % ® g 00 *° y -
— --- $2,=0.23113, EW LO —
- ® s2,=0.22352, EW FF no boxes -
N sg, = 0.22352, EW FF with boxes ]
_I 1 1 1 | I I | | I | | I I | | I | | I I | I | 1 1 | I_
O 80 90 100 110 120 130 140
m’ [GeV]
weak boson box diagrams
e w d e w u
Ve d
e W d e |44 u

150

NNLO QCD predictions determined using LO EW theory

Close to Z pole:

QED corrections can be factorised
from higher order EW corrections

Improved Born Approximation absorbs NLO EW effects

into form factors

Initial / final state QED/QCD radiative effects are factorised

calculation performed using DIZET library 6.21

Parameter Value Description
Measured
my 91.1876 GeV Mass of Z boson
myg 125.0 GeV Mass of Higgs boson
m; 173.0 GeV Mass of top quark
mp 4.7 GeV Mass of b quark
1/a(0) 137.0359895(61) QED coupling constant in Thomson limit
Gy 1.166389(22) - 10~ GeV 2 Fermi constant from muon lifetime
Calculated
myy 80.353 GeV Mass of W boson
sin” By 0.22351946 On mass-shell-value of weak mixing angle
a(mzz) 0.00775995
1/a/(m22) 128.86674175
ZPAR(6) — ZPAR(3) 0.23175990 sin*0. . (m3) (e, 1,7)
ZPAR(9) 0.23164930 sin®0" . f(mé) (up quark)
ZPAR(10) 0.23152214 sin®64 ; f(mzz) (down quark)

e
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Z— ff corrections

boson self-energy corrections

fermionic self-energy corrections
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W and Z box diagrams
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Existing MC samples used for analysis are missing higher order EW corrections
Factorize gauge invariant set of EW corrections from QCD, and interface with existing MC samples via “after-burn” approach

- Interface to DIZET and KKMC libraries adapted to pp collisions, developed for LEP, to compute EW form factors

- Exact O(a) + higher order terms
- Dependent on event kinematics s, t = s*(1-cos0)/2

- Insert as event weights in MC sample
Weights can also be embedded for effective (LO) EW scheme

- Difference between this and EW FF is quoted to be ~22*10- for Tevatron and CMS (studies ongoing to confirm)

Allows us to study EW effects at the per-mil level, and scan sin’6w within a single MC sample
Studies to be done cross-checking with PowhegEW generator
More detailed info here. Will have dedicated talk in next meeting from Elzbieta!
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. Extracting sin%Besr, — QCD predictions
eSS NI Y AN | A

“92.";, \G,Q‘B,

| DYTurbo - Stefano Camarda
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Of)b 25 ] P BPEPEP PP BPEPEF BPEPE BPEPEP BPEPEFE B EPEPEFE BPEPE BPEPE P
© ' N 0O 02 0406 08 1 1214 16 1.8 2 22 24
. ly |
2 — I
] -8 11—
_ & [ ]
1.5 —: ’5 "
1 ] |>—_ 1.05 O O —
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P N R NN
0.5F -] Q & B H B o O
OEIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1°7 1 III: %O.gs_ D o
0 02040608 1 12141618 2 2224 as
Dat 0*<0 - - * MM EPEFEPE BPEPEE B B EPEPETE EPEETE EPEPETE B B BTN PR
B Dot (cost = 0) 0.7<lcos"l <1.0 ly | 09 02040608 1 12 14 16 18 2 22 24

— POWHEG (NLO+K-factor) ~ ~ 0.4 <lcos6*l <0.7

= = DYTurbo (NLO+NLL) = = 0.0 <lcosb*l < 0.4 I

Initial comparisons of DY Turbo (NLO+NLL) with Powheg (NLO x [NNLO ® NLO EW] k-factor)

Prediction code needs tuning / optimisation for:
e integration time & precision for fiducial d3c
¢ large QCD scale yr & Pr dependence observed in some kinematic regions
e optimisation of resummation scale pJresum in NLL

Could indicate improved resummation is needed (move to NNLL?)
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. Extracting sin%8.s — QCD predictions,

N b . —

New ATLAS method:

Perform QCD & EW fit to d3o cross sections differential in m,|y|, cos6*

Target precision on sin?6er about 30 x 10 (total uncertainty) :

e use large 20 fb! luminosity data sample at Vs=8TeV

¢ include FCAL forward electron kinematic region - better sensitivity
e use unfolded d3c to gain PDF sensitivity

e perform simultaneous fit to PDFs and sin20er on same data

Method combine best NNLO QCD & NLO EW predictions

Use xFitter framework to perform x? fits

Use method of PDF profiling to optimise PDF eigenvalues arXiv:1402.6623
Account for correlated experimental systematics

Scan for optimum value of sin?0ex

Ingredient list: State-of-the-art fiducial QCD predictions ® NLO EW corrections

NLO (+NLL?) d30 measurement is inclusive in pTz
NNLO ( + NNLL ?) but resummations may be important in some kinematic regions

Toolkits:

Eram Rizvi

DYTurbo : (NLO + NLL) or (NNLO + NNLL) resummation for small ptz predictions

MCFM: NLO

DYres:

Powheg: NLO + PS This is very much work-in-progress !

NNLOjet: ?7? Can illustrate status since d3c cross sections are published
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DYTurbo - Stefano Camarda
xFitter - Sasha Glazov & co

P P A TeV;J L =203 0"
8 Tr Tune resummation calculation on ATLAS 8 TeV Z pr data
- S
5 0.06F (oQ‘Gs e non-perturbative parameter g
o - e ® PR & PF & PResum
N_- 0.04_— \NO(
o K
ke, -
1e 0.02:—
o) [
- 0 - —e— ATLAS Data .
C & 5uncorrelated Default settings
-0.02 N S total MR = MF = MResum =0.5 m
[ — Theory —CTi4nlo g=1.0 GeV?
—0.04-__. heory + shifts — CT14-opt
© = Initial optimisation prediction
T MR = 0.34 x m
2 1f uF = 0.49 x my
>
B . MResum = 0.41 x my
_ — 2
2 0.95F | | g =1.04 GeV
= 0 20 40
p$ [GeV/c]

Alternatively - switch to using Ars in some regions where scale errors are large?
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* actual schedule slipped by 1 year
e.g. LS3 starts 2023

Large increases in intensity
Requires significant changes to LHC magnets
Higher intensity means faster degradation of experiments

Vs=7 TeV
L ~5fbT _

o Peak LHC Intensity - J = Total amount of data collected
8.0E+34 L 7 oy : — . ,— . . P— ~ ———— _ : —1 4000 \'—_'
| : | o)
| - ; e o e o Y=
7.0E+34 Vs=8TeV | | Vs=13TeV | |\s=14TeV ? | Vs=14 TeV ? 3500
= L~20fb1 | L~120 b L ~ 300 fb L ~ 3000 fb™* "g
< 6.0E+34 i = ¢ i | e | 3000 =
= | o
O, | | 5 ‘ o
S, 5.0E+34 - | * o | 2500 %
= | | | ge)
2 B, N ™ ‘-
o 4.0E+34 | U N v ° - 2000 S
= - — — ‘ c
% 3.0E+34 | - . 1500 g
3 - | We are here! | =
'fg 2.0E+34 | | } o o o High | | - 1000 j_S
S_’ run 1 i P Lumi | '2
1 0E+34 | run 2 run 3 Upgrade| ‘ soa |
__/—-L / | | | )

0.0E+00 i — - 0

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Year End
LS = Long Shutdown for repairs and upgrades
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T High Mass W/Z/Y 5 1L 2 e e QY

st
WJS2013
X, , = (M/13 TeV) exp(+y)

10°F Q=M M=10TeV /4

107 13 TeV range
Classic problem: how to constrain PDFs 10° M=1TeV - -
at high x for BSM searches?

M =500 GeV—
Measure cross sections at high rapidity N; 10°
[0
FCAL forward electrons — PDF Qo )
sensitivity up to x=1 at m=500 GeV 10 M =100 GeV
N
e/
10° , |
y=,/6 4
10° ‘ '
M=10 GeV
10’ HERA fixed
target
10°

10"  10° 10° 10* 10° 10% 10" 10° x
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General models of new physics SM Lagrangian extended by dimension 6 operators
They describe new physics appearing at scale m > s
* new EW vector bosons
* new EW fermions
* EW compositeness...

Effective field theory (EFT) attempts to encapsulate this
For DY production 4 propagator form-factors introduced:

S, T,Y,W
e Y and W increase with s
e S and T do not grow with Vs

LHC data can help constrain Y & W

Current constraints based on neutral
current HMDY 8 TeV data

= Cannot yet compete with LEP

Yx 103

https://arxiv.org/abs/1609.08157

LEP Il

[ CMS Vs =8TeV 19.7fb™
" ATLAS Vs = 8TeV 20.3fb™

4

-2
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°© : 1 2 10°F é
2 r ZIy* - 1 18 = s=13 TeV + O
o O — o 10%F —— W'NLO Cross Section
T ;oo 10°F :
% 5:_ ] | 1 02 ; —— W NLO Cross Section é
2 : 10E .
> 4 - I E
= : 108 E
™ gL ] 107 = E
W F L0tk
@ 23_ - 10 = sensitive to PDF flavour E
©  p ) 10_2 = decomposition at high x E
13_ E 10_7 = W* > u/dbar + c/sbar 3
N 1 10_8 = W~ — d/ubar + s/cbar E
- ] 10 E
O L1 | L1 1 | L1 1 | L1 | | L1 1 | L1 1 | L1 | | L1 1 | L1 1 | L1 1 1 0'9 I | ] ] L1111 | ] ] | I I | |
200 400 600 800 1000 1200 1400 1600 1800 2000 10 e pe
m, (GeV) Q (GeV)
Neutral current Charged current
Cross section enhancement > factor 5 at large my First measurement off-shell high mt W# production
Similar for charged current Analogous to neutral current Z/y* measurement
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Three measurement regimes: Q (GGV)
Muy < Mz — low muon pt/ low x partons

myu = Mz — ultra-high precision

Muy > Mz — high muon pt / new physics / high x partons

e At large Q o(W*) > o(W") >= o(y*)
by ~ factor 2

* Run-Il total JL~120 fb™’
e Lumi ~ 4-5 times larger than Run-|

* Factor >2 larger cross section at 13 TeV
= order of magnitude more data

High mass DY reaches high x region
Factor 5 higher x than on-shell Z at 8 TeV

At M=300-500 can achieve ~ 2% precision
for |y| <1
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. High'Mass W/Z/y" Production atV/s = 13 TeW= == z \‘QSI
Stringent constraints on Y & W from LEP
100 fb-! of NC data Z/y" — I*I- reaches LEP precision
20 fb-1 of CC data W — Iv surpasses LEP by factor 4! https://arxiv.org/abs/1609.08157
15 _I T T T T I T T T T I T T T T : T T T E' I T T T T I T T T T I_
: | dotted: 8TeV, 20fb™
| . 13TeV, 0.1ab™" |
10l | solid: 13TeV, 0.3ab™ ]
| dashed: 13TeV, 3ab™
Discussions with Andrea / Riccardo et al | '
Request for unfolded cross sections i : 1
Additional gains in NC channel measuring decay angles L
cos 6* i
yi S }
mi| "% 0 i
— triple differential cross sections > : i
: * .“xl‘
—5_‘ L i
Started analysis of high mass DY cross sections o
in run-Il @ Vs=13 TeV j 5 |
~10+ LEP |-l ; i _
Simultaneous measurement in NC & CC channels [ pp-~>/T1" : a
_ pp->lv i i
_15_|... P T .|£. ..:L o T
-15 -10 -5 0 3 10 15
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