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@Introduction e

| will present a recent ATLAS result using the full Vs=13 TeV Run 2 dataset:

» Test of the universality of T and u lepton couplings in W boson decays from tt

events at Vs=13 TeV/
[arXiv:2007.14040]

A new probe in the very active field of Lepton Flavour Universality.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-29/
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fundamental particles. Fermions Bosons
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» Leptons are among the lightest
fundamental particles.

» This new ATLAS measurement
focusses on the muon and tau
leptons.

» These belong to two
of the three flavours & -
of the lepton family.

§ Lepton Flavour Universality

r/rr}‘ﬂ

RKELEY
Standard Model of Particle Physics LAB
Fermions Bosons
Quarks Force
carriers

Leptons

! e I —

Source: AAAS
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§' Lepton Flavour Universality e

R
» The heart of the concept of LAB
Lepton Flavour Universality is:

» According to the Standard Model
(SM) each flavour of lepton only differ
in their mass.
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§' Lepton Flavour Universality e

» The heart of the concept of Standard Model of Particle Physics
Lepton Flavour Universality is: Fermions Bosons

» According to the Standard Model
(SM) each flavour of lepton only differ
in their mass.

Leptons

» |t is a fundamental axiom and
remarkable feature of the SM that
each lepton flavour is equally likely
to interact via the Electroweak force.

! e I —

Source: AAAS
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§' Lepton Flavour Universality e e

» The heart of the concept of 44
Lepton Flavour Universality is:

8e
I/e
» According to the Standard Model U
(SM) each flavour of lepton only differ
in their mass. W
J
» It is a fundamental axiom and v,
remarkable feature of the SM that T
each lepton flavour is equally likely
to interact via the Electroweak force:
ng:ge:g,u:gT
U
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§' Lepton Flavour Universality e e

R
» The heart of the concept of 44 HAB
Lepton Flavour Universality is: g,
1/6
» According to the Standard Model U
(SM) each flavour of lepton only differ
in their mass. W
S
» It is a fundamental axiom and v,
remarkable feature of the SM that T
each lepton flavour is equally likely
to interact via the Electroweak force:
8r=8.=8,=8;
U

» But this is an assumption - it's not guaranteed to be the case!
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§' Lepton Flavour Universality i

R
» CERN Courier article referring to the muon discovery: LAB

10

It 1s a lepton subject only to the types of force called the
electromagnetic and the weak . Its intrinsic angular
momentum or spin is 1/2. In all these properties it is
1dentical to the electron . The mystery of the muon stems
from the belief that the mass of a particle is a
consequence of the interactions it undergoes . In this
respect , the muon and the electron , as far as we know |,
are 1dentical — they are subject to the same interactions.
Where then does the difference in mass stem from 7

———
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R
» CERN Courier article referring to the muon discovery: LAB

11

It 1s a lepton subject only to the types of force called the
electromagnetic and the weak . Its intrinsic angular
momentum or spin is 1/2. In all these properties it is
identical to the electron . The mystery of the muon stems
from the belief that the mass of a particle is a
consequence of the interactions it undergoes . In this
respect , the muon and the electron , as far as we know |,
are 1dentical — they are subject to the same interactions.
Where then does the difference in mass stem from 7

——
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§' Lepton Flavour Universality i

» When the muon was it
first discovered there
was significant
experimental work on
the problem of

I
"how does the muon + - : X
differ from the electron” f
yer } hadrons }‘%} hadrons
» It was suggested that proton proton
the muon One-photon exchange One-X exchange  :anos

“might have a special | | |
Fig. 1. From Perl (1971): the interaction of a muon with hadrons through exchange

interaction with hadrons of a particle X, an example of the speculation that the muon has a special interaction
not po ssessed by the with hadrons that is not possessed by the electron.

]
electron
12 Josh McFayden | Liverpool | 14/10/2020
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§' Lepton Flavour Universality

» Today it is well understood that the lepton
masses originate from the Higgs Mechanism.

» The universality of lepton couplings with the
electroweak bosons is still an assumption of
the Standard Model.

» Despite very precise measurements that support
this assumption some tensions have also been
observed...

13

ATLAS Preliminary
's =13 TeV, 24.5- 139 fb™"

LT I“IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII|
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{'Tension in LEP measurements e
» The branching ratios of W—ev,uv are precisely known. AB

» Measured most precisely at LEP in the WW final state.

» However the uncertainties on T measurements are still reasonably large
making this interesting to pursue.

| [ [ [ [ [ [ [ [ [ ! [ [ [ [ [ [ [ [ [ [ |
» There is also some , . ,
tenSion With the SM BR(W—1tv) : :V " I | -t.H/sAclngagns-m
Sre) . W UAL i
in the Tt measurements: A =+ CDF
- ] J.Phys.G 34 (2007) 2457-2544, PRL. 68 (1992) 3398-3402
» In particular in the ratios L2 -
Of branChing ratiOS. BR(W—1v) -.-Phly_sEe;!?532(2o13)119
BRWnv) i -=- PDG averages
. PRD. 98 (2018) 030001
| | | i | | |
0.8 0.9 1 1.1 1.2
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¢ Tension in LEP measurements e

’ , BERKELEY
} T Martin Gonzalez-Alonso ) LA

Lepton tlavor universality: the LEP anomaly

)

2BR (W — 77,)

R}, =
™ BR(W —ev,) +BR(W — uv,)

=1.077(26) SM result: 0.999... [2.8 o]

Il reasonably large

“IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.

| . .
Winter 2005 - LEP Preli b . . o .
e ey =  Why there aren’t one thousand papers in the arXiv explaining this
. . . |
W Leptonic Branching Ratios m
S .. " anomaly? .
ALEPH 10.78 + 0.29 Ps
ESELPH' lg;gfggg A EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER®
OPAL ——t 1040 £ 0.35 b
LEP W—sev 10.65+ 0.17
ALEPH 1087 £ 0.26
=0 (o) - ]
ot o 021 % anomaly! .
OPAL —t 1061+ 035 I
LEPWouy o 1059 + 0.15 ZH/SAC:IL (1689) 15-61
S meR
o | - UA2
LEP W—stv o 1144+ 022 PLB. 280 (1992) 137-145
YIndf =6.3/9
LEPW—lv & 10.84 + 0.09 -V C D F
¥oindf=15.4/11 J.Phys.G 34 (2007) 2457-2544, PRL. 68 (1992) 3398-3402
........ _ |
10 11 12
Br(W-lv) [%] D O

PRL. 75 (1995) 1456, PRL. 84 (2000) 5710

4 LEP

Phys.Rept. 532 (2013) 119

-=- PDG averages

Possible loophole: cancellations? | PRD. 98 (2018) 030001
SMEFT with [U(2)xU(1)]° flavor symmetry
(17 operators): no way. |

(Filipuzzi, MGA & Portolés, 2012) ) -2
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& Precision electroweak measurements )

E KELEY

» Charged current:

» Low-energy measurements of the t lifetime and branching
fractions give a very precise test of lepton flavour universality:

» g¢/ g, =0.9999 + 0.0014. 0.032

| | | | | | |
ms=178.0 = 4.3 GeV
 my=114...11000 GeV -

» Neutral current:

» The vector and axial vector couplings between
leptons and the Z are also known precisely

from Z-pole measurements at LEP and SLD b -
Aa
» Per-mil level for ga,
. o _
Between per-mil and percent for gy.. oon v el
~ -0.503 -0.502 -0.501  -0.5

9l
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» However, these measurements probe a

Bellel7

I .

{' Tension in B-decay measurements 1
BERKELEY
» B-factories and LHCb have also recently seen discrepancies in their A8
tests of lepton universality from B decays involving t leptons:
» Specifically R(D(*): (*)
pecifically R(D(*)) R(D®) = BR(B — D) rv)
BR(B — D™ uv)
» Latest average shows 3.10 discrepancy N N A A D L B S PSP N
with the SM: " M F

. 0.2 ~+ Average of SM predictions HFLAV
rather different phase-space: | R
e, e e . 0.2 0.3 0.4 0.5
» Sensitivity to different mass range. R(D)

17 Josh McFayden | Liverpool | 14/10/2020



?Analysis strategy -l

R
» To conclusively prove either that the LEP discrepancy is real or that "B
it was a fluctuation, a precision of at least 1-2% is required.

» Confirmation of the LEP measurement with this level of precision would correspond
to an unambiguous discovery of beyond the Standard Model physics!

I I I | I I I | I I I |
—m— LEP (Phys.Rept. 532 119)

—

N T I TR R i ' R N N TR T SO I SO S T T T SR SN I R R
0.98 1 102 104 106 108 1.

R(t/u)=BR(W—1v)/BR(W—uV)

» This level of precision not previously thought possible at a hadron collider
» Large backgrounds and kinematic biases due to e.g. the trigger selection.

» How to obtain a large unbiased sample muons and taus from W decays?

18 Josh McFayden | Liverpool | 14/10/2020



§ Analysis strategy

» Achieved in this measurement by
using top quark pair events.

» The LHC is a top quark factory

» Over 100 million top quark pairs
produced in the latest run.

» This is a huge sample of W-boson pairs

» Order of magnitude more than from
WW production

19

BERKELEY

N\
rrrrrr ﬂ
ER
LAB

Standard Model Total Production Cross Section Measurements siaius: May 2020

o~ 500 bt
vl 10”£ gl ATLAS Preliminary i
bl Theory
B Run 1,2 /s =7,8,13 TeV
100 F LHC pp Vs =13 TeV i
: BEl Data 32-7938f01
0
105 — VAN o _
o
Ao A
10* F LHC pp Vs =7 TeV 3
BBl Data 45-46M!
10° i wnmsnmmnmmns o E
o O
2 !_ lllllllllllllllllllllllllllllllllll ‘0 |
10 A "o | H e A-—OEI'
= n to?al n - O .0
10" | 2.0 fo 50 3
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A
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- n ' m | =
(= |
n =g
A A
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PP W Z tt t Wt H WW WZ ZZ t ttW ttZ Low \X/VWZ
. —
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§ Analysis strategy e

» These W pairs are exploited in a

tag-and-probe approach: Tag:
- Trigger

» One W is used to select events

» The other is used to measure the fractions
of decays to tau-leptons and muons in an
unbiased way.

20 Josh McFayden | Liverpool | 14/10/2020



@Analysis strategy i

R
» The analysis focuses on leptonic (t—pvuve) decays HAB

» Hadronic Tt decays are more complicated to reconstruct and come with larger
uncertainties.

Leptonic Tau Decay Hadronic Tau Decay

» BR(T—pvyve) is well known (17.39 + 0.04 %) so we can extrapolate:

BR(W — uv) ) BR(W — uv)

BR(W — 7(— pvv)v) BR(W - 1v) _ R(t/u)

21 Josh McFayden | Liverpool | 14/10/2020



@Analysis strategy i

R
» Need to separate muons from tau decays LAB
and

» Use precise muon reconstruction
to exploit the lifetime of the tau
and its lower momentum decay
products by:

» Transverse impact parameter: |do#]. y
» Muon transverse momentum: pr. L,

22 Josh McFayden | Liverpool | 14/10/2020
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@Analysis strategy i

R
» Need to separate muons from tau decays LAB
and , .

» Use precise muon reconstruction /
to exploit the lifetime of the tau

and its lower momentum decay
products by:

» Transverse impact parameter: |doH]|.

y
» Muon transverse momentum: prH. L,
X

. are produced at the beam line.
e The Tt flies ~2 mm from before decaying.
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?Analysis strategy i

» Need to separate muons from tau decays AB
and . r >
» Use precise muon reconstruction /
to exploit the lifetime of the tau iy
and its lower momentum decay 5
products by: dfo\“,
» Transverse impact parameter: |do#]. y
» Muon transverse momentum: pr. L),(
. are produced at the beam line.

e The Tt flies ~2 mm from before decaying.
 dot = closest approach to the beam line:

- 0 for

- ~0.1 mm for T—p
25 Josh McFayden | Liverpool | 14/10/2020



?Analysis strategy i

» Need to separate muons from tau decays
and

» Use precise muon reconstruction
to exploit the lifetime of the tau

and its lower momentum decay Prompt L

>

products by: :—-ff (hadron decay)

| . M y
» Transverse impact parameter: |do¥]. % @
» Muon transverse momentum: prH. 3 §
O
N B

— — > >

-0.5 0.5 200

doH [mm] pt+ [GeV]
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N\

& Analysis strategy I

» Require standard di-lepton tt selection: S oof s o spaa
. . % 105 Signal Region Bt — u(top) -
» 2 opposite-charge leptons, 2-b-tagged jets, Z veto. g ek 11 (racron deca)
. . . 10 .Other SM processesé
» Select tag lepton (e,u) with single lepton triggers 7 Uneerainy

» Select probe muon with pt>5 GeV. r

-8 1.05
n:_ 190® Qﬁ‘«//-//9//—////74/////74////74///74//// e
S 0.95
} Main baCkgrou nds: 8 %% 005 01 015 0.2 025 03 035 0.4 |§@Tfmr:].5
’ EC s o
, o . . . 5 10°¢ s=13TeV, 139"  []Prompt k (top)
» Significant contribution in gy channel. R A = Wt N
kT 10 Post-Fit Z — uu B
LlZ — tt =
10° ® ] Other SM processes_
° N 72 Uncertain -
» Perform a 2D fit of the probe muon |do#| and pr#: . -
» Extract R(t/p) and the rate of tt events. N

} b a C kg rO U N d d rO p S q U |C k | y |n p-l-p S O th e 2 D g (1)33 ’/-/céf//—//é-//—////74////74/////-////%///*‘////%////%////%/////
g 0'90 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0.5

fit has regions with different sensitivity. | o
27 Josh McFayden | Liverpool | 14/10/2020



¢ Impact parameter definition )

° ° ° ° R
» The transverse impact parameter, |do#|, is vital for the analysis: LAB
» The distance of closest approach of muon tracks in the transverse plane.

» Defined with respect to the beam line:
» This definition is most process-independent.

» Allows data driven methods to determine s
| do#| shape and apply corrections. /
R
» Corrections applied: .,
» |doH|distributions for prompt muons taken from d,;\“;'g
/— Uty events in data.
» Resolution measured in data using the same region. yL

» Used to smear the MC to match the resolution in data

» The uncertainties on these methods are the most

important for the analysis.
28 Josh McFayden | Liverpool | 14/10/2020



§Impact parameter corrections ”jﬂ

KELEY
» | doH| distribution for is taken from Z—p*u- data.

» Determined in 33 kinematic bins in pt# and | n#|.

> Selection:
» Opposite-charge same-flavour leptons

. Before
» No b-tagged jets
B = = T T T T TS = 1075 L B B R
P 85 <m(ptp) <100 GeV E [ ATLAS ¢ Data B ° amas ¢ Data -
: S 10°5  |s=13TeV,139fo" [JPromptp(top) 5 2 10 (s=13TeV,139fb" [JPromptp (top)
) >99.9% Z purlty % 5 Before dg Corrections [t — u (top) B % -8 Before dg Corrections [t — u (top) -
g 1028 ey u(hadrondecay) = £ UE% pp u (hadron decay) =
o — - Q — -
O q0tg |z - < @ g0 2o =
I Other SM processes 3 = Z - 1t s
} PFO ce dure: 103 7. Uncertainty _; ’ 03‘_ ] Other SM processes_;
§ 72 Uncertainty §
» Obtain distribution in data 10° = 10° =
in each kinematic bin. 10 E 10

> Subtract small backgrounds g o5 , " B 105 .
. 15.__._,-- e/ o 50l 5l 1.-.--,--”-/-/- A H A Ao o S fo o i o S ot s o QY o i ol of ol i ot ot
using MC. 5 0.95:%e ¢ ¢ 3 5 095:%e * e _;

"CB' 09 ||||| Lo v b b by b s b b s b 149 "CB' 09 @ ' I L Ll L L Ll L1

) - O 005 0.1 015 0.2 025 0.3 0.35 04 045 05 o 005 01 015 02 025 03 035 04 045 05

» Normalise ‘ doH Sf“ape to the o] [mm] o] [mm]

o9 yield in each kinematic bin in SR. Pre-fit (only normalisation corrections applied)  joeh McFayden | Liverpool | 14/10/2020



§Impact parameter corrections ”jﬂ

KELEY
» | doH| distribution for is taken from Z—p*u- data.

» Determined in 33 kinematic bins in pt# and | n#|.

> Selection:
» Opposite-charge same-flavour leptons
» No b-tagged jets

3 = S B B I B B B B BN = 1O7§ L L S B B I

P 85 <m(p*p) <100 GeV E [ ATLAS ¢ Data B ° amas ¢ Data E

: o 10°  (5-13TeV,139fb" [JPromptu(top) = = 10°5  [5-13Tev, 139" [JPromptyu (top) =

p >99.9% Z pu rlty % -8 Afterd, Corrections [t — u (top) B % - Afterd, Corrections [t — u (top) B

% 10 § e—u u (hadron decay) § % 10 § —L w (hadron decay) §

i 10°E LlZ -t J 5 104 Z — up n

[l Other SM processes 3 = HZ - s

» Proce d ure: 10° 7/ Uncertainty _; 10° (1 Other SM processes__

- Z Uncertainty -

» Obtain distribution in data 10° = 0 =
in each kinematic bin. 10 E 10

» Subtract small backgrounds 3 ¢ ER- R

. i 1 w—.-g-n-A p vv—ﬁﬁ’i»’-/ﬁz‘ o o m e f o e o gl i f bl mfm f o 5 i e gt i f 5l ) i f o 5 i /v’-ﬁé Dt 1 ;*.-!v-ﬁ-ﬁ H ot e g o gl mfmf o ol o o gl i f 5l f mfm f ;’"—ﬁ/ o /i S 5l /o f 5l mfm o /v’-ﬁ%

USIng MC. é Ooggg_llllll:llllll|||||||||||||||||t||||||||||||||||_E % O.Oggg_lllllltlllfll|||||||||||||||||||||||||||||||||||_§

) o) 0 005 0.1 0.15 0.2 025 03 035 04 045 05 Ao "0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 05
» Normalise ‘ dgH Sl”ape to the o] [mm] o] [mm]
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¢ Impact parameter corrections e

R
» The systematic uncertainty on the |doH| distributions derived from  'AB
data comes from the extrapolation from a Z—pu*u- to tt final state

» Small biases from differing hadronic environment
and the finite pt# and |nH|binning.

Core | Tail
oreE al — 7o
. . . , n - {1
» The uncertainty is derived from non-closure in MC: =
» Get ratio of tt and Z—pu*u- in simulation in each bin. J
O)
O

» Rescale the data distribution to get uncertainty:
» The core of the |do| resolution,
» The tail of |doH|. +0.5%

-0.5% =
+10% -

-10%

dotl [mm] 0.5

31 Josh McFayden | Liverpool | 14/10/2020



¢ Impact parameter corrections e

R
» Using the same calibration region we also correct the resolution LAB
of |doH| for the non-prompt contributions:
muons from tau decays and

» The Gaussian core of the |doH| resolution is estimated ! — Data
in data and MC: MC
» Fit |doH| (for |doH| <0.02 mm) \
» For pr ~ 20 GeV the resolution is ~14 pm. |
» Corrections are applied to the MC to account for differences
in resolution between data and MC.
» Data/MC modelling after smearing is checked in a ,
Z— Tt validation region. 0-04
|doHl [mm]

» The associated uncertainty is half size of correction.
32 Josh McFayden | Liverpool | 14/10/2020



@Muons from hadron decays - eee

» The most significant background at high | dov |
is from

» This contribution comes primarily from semi-leptonic
tt events.

» Largest source from b-hadron decays with a

significant component also from c-hadrons. b Tag lepton

» Normalisation corrected to match data using a same-sign control regions
» One region is defined for each of tag-lepton channels (epy and pp)

» High purity of this background is obtained.
» b-hadron backgrounds contributes equally to same-sign (SS) and opposite-sign (OS) selections.
» c-hadron contribution is not equal in SS and OS, but has a significant component in both.

33 Josh McFayden | Liverpool | 14/10/2020



$Muons from hadron decays )

BERKELEY
» Normalisation from same-sign control region. HAB
> R B L B A B B IR L B
3 10°= ATLAS ¢ Data =
. . , , . — - {s=13TeV, 139 b’ u (hadron decay) 7
» Prompt contributions corrected in high-prregion. 3 I control Regior Wi+ processes
) ) ) § 1045— Same-§ign U—u Il Diboson processes =
» Normalisation correction factor L £ Post-Fit [ Other SM processes -

E 72 Uncertainty
» Take SS rate in data (subtracting corrected prompt) 10°¢

» Divide by SS rate in MC. —
10°E : Prompt corr.

| |
| |
| |
///‘//
/////

» Simulation used for: o
» Extrapolation from SS to OS,

.
7]

v

VA S S S S S — g 22 2 2 2 2.2

» | doH| distribution shape. ) ;
| ot | p 5 %// //

S 09 : :

08020 30 40 50 60 70 \
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§ Control region | p(hadron decay) fjﬂ

: : KELEY

» The normalisation
factors are; g T L R RN R RN RN RN RN RN R 105"|""|""|""|""|""|""|""
- ATLAS ¢ Data 1 O = ATLAS ¢ Data E
) NF(p-p) = 1.37 § ~ {s=13TeV, 139 fb" u (hadrondecay) 1 2 - (s=13TeV, 139 fb" u (hadron decay) 7
~ ,| Control Region Itt+V processes 1 o - Control Region [ tt+V processes -
) NF(e-p) = 39 % 10 = Same-sign p—u I Diboson processes = § 10* = Same-sign p—u Il Diboson processes —
i - Post-Fit ] Other SM processes | LU - Post-Fit [ Other SM processes -
72 Uncertainty & 72 Uncertainty i
10° = = =
» The data agrees well : ;
with simulation 107 _ B )
within uncertainties ., ;
in the control region. 1 E 10 — E
» This gives confidence 111 D : , 7

° ° ° D- D‘ . < 2
that the distributions 1 s T % ////////
: S 09 S 0.9 /ZA
OprUand‘doP‘ln 0.8, 0050101502025030350404505 084020 30 40 50 60 70 80
the SR are well o] [mm] p* [GeV]
modelled.
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» The normalisation
factors are:
» NF(u-p) =1.37
» NF(e-p) =1.39

» The data agrees well
with simulation
within uncertainties
in the control region.

» This gives confidence
that the distributions
of pt# and |doH| in
the SR are well

modelled.
36

Events / 0.05 mm

Data / Pred.

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
10°E ATLAS ¢ Data =
- {s=13TeV, 139 fb u (hadron decay) -
- Control Region Charge Flip .
10* - Same-sign e—u [tt+V processes =
- Post-Fit B Diboson processes I
] Other SM processes |
10° 722 Uncertainty _
10° =
10 E
1
1. 1
1
0.9F
0.85
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 05
o] [mm]

Events/ 10 GeV

Data / Pred.

10°

10

§ Control region | p(hadron decay) fjﬂ

72 Uncertainty

KELEY

L L L L B L LN IR IR

= ATLAS ¢ Data E
- Vs=13TeV, 139 fb™ u (hadron decay) -
- Control Region Charge Flip 5
=— Same-sign e—p [ tt+V processes =
- Post-Fit I Diboson processes -
b [ Other SM processes _

I I\IIIIIII I IIIIIIII I IIIIIIII

i A
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§Muon from hadron decay background =

R
» Uncertainties on the normalisation come from three components  "A°

» Limited size of the SS control region: ey = 4% uu = 4%
» MC modelling: el = 8% uu = 3%
» Subtracted prompt pr cut: eu=1.0% pu=1.3%

» Uncertainties are also derived to account for effects that can change the
shape of |doH|:

» These come from the choice of MC generator - more details later...

» The modelling is cross-checked in a fakes-dominated region that is a subset
of the signal region and good agreement in data is observed.
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$'Z background normalisation e

N\
BERKELEY
LAB

» In the py-channel there is a residual

» The my, distribution is fitted from 50 - 140 GeV.

contribution from the 2 [ amms | aba :
2 50000~ s = 13 TeV, 139 fb Z — up ]

P - Z Normalisation Selection [ ] Top -

. ' ' S BT il Diboson pr il

» Normalisation obtained from data £ 40000 Post.Fit B Other SM procosses—
, . . . . . - 22 Uncertainty -

» Selection identical to signal region without the Z-veto. — j -
20000} . .

» Breit-Wigner@Gaussian used for the Z—pup resonance 10000____.__{&
» 3rd-order Chebychev polynomial used for background. By esseses
» Other functions are tested to provide a systematic £ 105- +—
= 21 g i = - e, Tk o 2
uncertainty. g Jos i et D ‘(ﬁ%f#ﬁ/ﬁ

09 60 80 100 120 140 160
» Normalisation factor found to be 1.36 £ 0.01 M [GeV]
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?Reconstruction uncertainties e

» Precise muon reconstruction is a cornerstone of the measurement.
» Uncertainties on efficiencies corrections are most important.
» Measured in data and simulation using a tag and probe method.

» Scale factors correct MC to data: these depend on pr.

> Affect the and Tt differently resulting in impact on R(t/).
» Muon isolation and low pr muon identification scale factors most important.

» The pile-up modelling is also important.

» Simulated events reweighted to different <uy> to provide an uncertainty.
» Impact on R(t/M) is mostly due to the residual effect on pt# modelling.
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$Modelling uncertainties i

R
» MC generator uncertainties important for pr# and |do#| modelling. A8

» To improve the modelling of pt, the simulated tt events are reweighed in pr(t) to
NNLO in QCD.

[ATL-PHYS-PUB-2018-009]

- ? \ \ ‘ \ \ \ ‘ \ \ \ ‘ \ \ \ ‘ \ \ \ -
- Data —— -
Pow+Py8, hy =1.5, A14 —m— _
MG5_aMC@NLO+Py8 ——
Pow+Herw7, hy = 1.5, HFTUE —— -

—_k
o
N

» Different generator components varied:
» Amount of initial (final) state radiation,

1/c do/dpt"@? [1/GeV]
=
w

» Factorisation and renormalisation scales,

—h

<
N
|

ATLAS Preliminary
J/s=13TeV, 321" ]

» Powheg hqamp parameter,
» NNLO pr(t) reweighting,
» Parton shower and hadronisation

» For and T uncertainty is separated into 4 : g
COmpOnentSj O'60 200 400 600 800 1000

P29 [GeV]

MC/Data

» Low ptH, middle ptH, high pt#(norm.) and high pt (shape).
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' Fit model 1

R
» R(t/p) is extracted from a profile likelihood fit performed in 2D with: LAB
» Three bins in pt# =[5, 10, 20, 250] GeV,
» Eight binsin |do#| =[0, 0.01, 0.02, 0.03, 0.04, 0.06, 0.09, 0.15, 0.5] mm,

» In two channels, ey and pp,
» 48 bins in total

» Two parameters are freely floating: R(t/u) and k(tt)

» k(tt) is a constant scaling factor applied to prompt py and
Ty, tt and Wt components

do* [mm]

» R(t/p) only affects the T-muon components.

» Uncertainties are correlated between the prompt gy and tT—pu components
» Many only affect the overall event selection and tag-lepton requirements
» These cancel out in the ratio to have minimal impact on R(t/p).

» This includes uncertainties related to jet reconstruction, flavour tagging and trigger efficiencies.
41 Josh McFayden | Liverpool | 14/10/2020



after the fit to data.
» The two highest ptH bins have the largest sensitivity to R(t/p).

$'Results | Data/MC post-fit (ep)

» Excellent agreement between data and the expectation is observed

rrerererrér ﬂ

KELEY

» The lowest ptH bin helps to understand the y(hadron decay) background modelling.

£ 10° IE
E = ATLAS ¢ Data =
= - {s=13TeV, 139 fb™ Prompt u (top) -
> 10* = Signal Region Bt — u(top) E
= _ e—yu, 5<p''<10 GeV u (hadron decay) -
) T -
i 10° Post-Fit L]Z — 1t B
hd ] Other SM processes =
e 72 Uncertainty -
10° =
10 =
S 1
© 1 05 ) =
o N 95 o P5555555555 W/// i
"(E L1 11 | L1 11 | I .| | L1 11 | I .| | IIIIIIIIIIII | L1 11 | L 1 1 I—:
CDU 09O 0.05 0.1 0.15 0.2 0.25 03 035 0.4 045 0.5
IdOI [mm]
42

7~ Uncertainty

B ATLAS ¢ Data N
10°  {s=13TeV, 139 fb” Prompt u (top) E
- Signal Region Bt — u (top) :
10'F® e-u, 10<pi<20 GeV u (hadron decay)  —
E Post-Fit -Z — 1T =
10° I Other SM processes_;

1.05 _
1 ¢///////#////////////////////////// ////////////////////77
009 g L 111 | | * | | IIIIIIII | L 111 | L 111 | L 111 | L 111 | L 111 | L 111 g

O 0.05 0.1 015 0.2 025 03 035 04 045 0.5

Idgl [mm]

72 Uncertainty

F ATLAS ¢ Data E
10 = {s=13TeV, 139 b’ Prompt u (top) =
-8 Signal Region Bt — u(top) -
10 A =
e—u, 20<pT<250 GeV u (hadron decay) E

10° Post-Fit L]Z — 1t ]
[ Other SM processes =

1.05
1 Q/;/#//%/*//—/////%////%////%////%//;(%////%////%///%/////
Oi)ggIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
"0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05

Id:I [mm]
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Events / 0.01 mm

Data / Pred.

AN
0V

after the fit to data.

10° E
= ATLAS ¢ Data =
C {s=13TeV, 139 fb™ Prompt u (top) N
10 Signal Region Bl — u(top) =
= u—u, 5<p:_<10 GeV u (hadron decay) .
10° Post-Fit Z — uu _;
: Wz ;
C ] Other SM processes
10°E 7~ Uncertainty =
10 -
1 -
1.05 7’9 E
o /y//’/////////////////ﬁy/////////W/
L b b b b
09O 005 01 015 0.2 025 0.3 0.35 04 045 05
IdOI [mm]

@Results | Data/MC post-fit (up)

» Excellent agreement between data and the expectation is observed

- ATLAS ¢ Data -
10°  {s=13TeV, 139 fb” Prompt u (top) =
- Signal Region Bt — u(top) .
10°88 u-u, 10<pi<20 GeV u (hadron decay)  —
i Post-Fit Z — uu -
10° ®- L]Z— 1t -
= Fe ] Other SM processes 1
- B 72 Uncertainty _

10

1

1.05 =
1%’ /fy:/*//%/#//%//////////////////////*////////////////////72

009 g | 1 1 | | ] 11 1 | | 1 1 | | 1 1 1 1 | | 1 1 | | | 1 1 | | I | | | 1 1 | | ] 11 1 | l 1 1 | E
0O 005 01 015 0.2 025 0.3 0.35 0.4 0.45 0.5

IdOI [mm]
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» The two highest ptH bins have the largest sensitivity to R(t/p).
» The lowest ptH bin helps to understand the y(hadron decay) background modelling.

. ATLAS ¢ Data .
10 s =13 TeV, 139 fb Prompt u (top) E
05 Signal Re%ion Bt — u (top) _;

u—u, 2o<pT<250 GeV u (hadron decay) =

10° Post-Fit Z — uu _;
L]Z— 1t 3

10° hd [ Other SM processes__
7~ Uncertainty -

10° E

10

1

1.05
1 Q://{//%/*//%////%///////////////////////////////////////
Oi)ggIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
"0 0.05 0.1 0.15 0.2 025 0.3 0.35 0.4 0.45 0.5

Id:I [mm]
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@Results | Impact of uncertainties e

BERKELEY
» The total uncertainty is dominated by N L
Pre-fit impact on R(t/u): AR(t/w)
° ° ° ° ° ° —_ A
systematics with a non-negligible statistical 528\ 0004 0002 0 0002 0004
f Post-fit impact on R(x/p): AlTLAS | | | |
component: m— 0 = A
P Uncertainty group AR(T/ ) 0= 049 (s =13 TeV, 139 fo™
} Uncertainty on — —®— Nuis. Param. Pull | |

Data statistics 0.007 3 d, template tai
BR(T— HVth) 1S Systematics total 0.011 ) w(signal) 1 PS (high-p.)
_ . . - Data-driven backgrounds 0.005 B p———
1 egl Igl b | €. - Theory 0.006 I u(signal) top p_ reweighting
- Instrumental 0.007 - Low p_ w identification
- Normalisation factors <0.001 N Y E———r
- Limited MC statistics 0.002 N u(signal) tt hy,
- BR(W — v — uvvvy) 0.002 Pile-up
Total uncertainty 0.013 L el il P (e, )
I u(hadron decay) norm.(e —u) generator
I d, resolution smearing
» Dominant uncertainties come from: N d, template core
. . . . I u(hadron decay) norm.(u—u) stat.
» Modelling of |dot| distributions from data L isolation stat
> tT mode"ing Of Signal I u(hadron decay) norm.(u—u) generator

» tt modelling of p(hadron decays)
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$ Results 1

L B L L B BN
ATLAS —a— LEP (Phys.Rept. 532 119)

/s =13 TeV, 139 fb’

_— e
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$ Results 1

L B L L B BN
ATLAS —a— LEP (Phys.Rept. 532 119)

/s =13 TeV, 139 fb’

_— e
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$ Results 1

» The measured value is: CAB
R(t/pn) =0.992 £ 0.013 [ £ 0.007 (stat) £ 0.011 (syst) ]
» In very good agreement with the Standard Model!

» This forms the most precise measurement of this ratio to date.
» Almost twice the precision of the combination of LEP results.

ATLAS —a— LEP (Phys.Rept. 532 119)
y ATLAS - this result
/s =13 TeV, 139 fb Statistical Uncertainty

Systematic Uncertainty
—e— | otal Uncertainty

_— e

098 1 102 104 106 1.08 1.
47 R(T/M)=B( W%TV)/B( W*HV) Josh McFayden | Liverpool | 14/10/2020




§ Consistency checks e

R
» Consistency of the result was observed when performing the in LAB
several different scenarios:

» Subsets of the data (2015-16, 2017, 2018), amas L e

ATLAS . \s =13 TeV, 139 o'
M- =
» ey and pp channels, o .=
» Individual ptH bins,
» Separately for each lepton charge. .
o- s
Crtlannel | ii
» This all gives confidence in the I SO .
robustness of the result. - [ sttistieal ncert,
Nominal I-E-I Systematic Uncert.
: —o— Total Uncertainty
| | | | ;I | | | |

0.9 0.920.940.96 098 1 1.02 1.041.06 1.08
R(t/uw)=B(W->1v)/B(W-—->uv)
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§'Summary e

| o , BERKELEY
» A new technique exploiting ATLAS's LAB
[ 1T | | 1 1 | [ 1 1 i 1 1 1 | [ 1 1 | [ 1 |
huge Run 2 dataset and excellent ATLAS . {s=13Tev, 13910
: + |
muon reconstruction sheds new light  2Wouv) -
Id d B(W —ev) I_IZ_EI-I
on an old discrepancy. =)
} Yet anOther example Of the |mpreSS|Ve hlgh I __________________________________ _
precision measurements possible at the —_—
B(W—>tv) . | T |
LHC! ! ¥ : I
B(W —ev) +qpé1(989) B L
*UQ(ZQ9)3 145 E I_e_l
¥ CDF _
-‘_JH_l_t!((%p)O-?U
B(W—>1v) = EP 1 ATLAS - thi
= E. this result
B(W—puv) - ATLAS 5 Statistical Uncert.
;D(G : Systematic Uncert.
< ga(oa)?xoerages | ! |Total Unc|erta|nty

0.8 0.9 1 1.1 1.2

B(W— Iv)/B(W—= IV’
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BERKELEY

» A new technique exploiting ATLAS's -A
huge Run 2 dataset and excellent N | | '
muon reconstruction sheds new light LS ONLNL @
on an old discrepancy. —

» Yet another example of the impressive high
precision measurements possible at the
LHC!

¢ Summary A 0

A

Particle Physics Blog

Saturday, 1 August 2020

Death of a forgotten anomaly

Anomalies come with a big splash, but often go down quietly. A recent ATLAS measurement, just posted on
arXiv, killed a long-standing and by now almost forgotten anomaly from the LEP collider. LEP was an electron-
positron collider operating some time in the late Holocene. Its most important legacy is the very precise
measurements of the interaction strength between the Z boson and matter, which to this day are unmatched in
accuracy. In the second stage of the experiment, called LEP-2, the collision energy was gradually raised to
. . . about 200 GeV, so that pairs of W bosons could be produced. The experiment was able to measure the

} A 5 G d eVI a tl O n m Ig ht h a Ve b e e n m O re branching fractions for W decays into electrons, muons, and tau leptons. These are precisely predicted by the
Standard Model: they should be equal to 10.8%, independently of the flavor of the lepton (up to a very small
correction due to the lepton masses). However, LEP-2 found

fun...

Br(W — 1v)/Br(W — ev) = 1.070 £ 0.029, Br(W — 1v)/Br(W — pv) = 1.076 + 0.028.

While the decays to electrons and muons conformed very well to the Standard Model predictions,
there was a 2.8 sigma excess in the tau channel. The question was whether it was simply a statistical
fluctuation or new physics violating the Standard Model's sacred principle of lepton flavor universality. The ratio

- b Ut t h i S i S Sti | | a ( n Ot h e r) b e a u t i fu | Br(W — 1v)/Br(W — ev) was later measured at the Tevatron, without finding any excess, however the errors
were larger. More recently, there have been hints of large lepton flavor universality violation in B-meson decays,
confirmation of the Standard Model!

so it was not completely crazy to think that the LEP-2 excess was a part of the same story.
50 Josh McFayden | Liverpool | 14/10/2020
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» A new technique exploiting ATLAS's
huge Run 2 dataset and excellent
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Particle Physics Blog

» Yet another example of the impressive high

precision measurements possible at the o0z}
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fluctuation or new physics wolatlng the Standard Model S sacred pr|nC|pIe of Iepton flavor un/versallty The ratio

.o b u t t h i S i S Sti | | a ( n Ot h e r) b e a u t i fu | Br(W — 1v)/Br(W — ev) was later measured at the Tevatron, without finding any excess, however the errors

were larger. More recently, there have been hints of large lepton flavor universality violation in B-meson decays,

confirmation of the Standard Model!

so it was not completely crazy to think that the LEP-2 excess was a part of the same story.
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» A new technique exploiting ATLAS's

U pd ates Latest News, Physics Briefings, Press Statements, Feature Articles, Collaboration Portraits and Blog Entries from ATLAS

huge Run 2 dataset and excellent

New ATLAS result addresses long-

£ P ——
£ ATLAS Preliminary ¢ Data
m - - standing tension in the Standard Model 8 8= 13ToV, Tas " CJPrompt u (op)
u O n re C O n St r u Ctl O n S h e d S n eW | Ig ht This week, at the LHCP 2020 conference, the ATLAS Collaboration § :Z‘ g’;sf.g"gswev é;(_h.;éf;npgecaw

[ Other SM processes
Uncertainty

presented a precise measurement of lepton flavour universality using a

brand-new technique. Physicists examined collision events where pairs

[ )
O n a n O I d d I S C re a n C of top quarks decay to pairs of W bosons, and subsequently into
o leptons. They then measured the relative probability that this lepton is
a muon or a tau-lepton - a ratio known as R(t/p). According to the

Standard Model, R(t/p) should be unity - but there has been long-
standing tension with this prediction, ever since it was measured at the

» Yet another example of the impressive high S eiess.
precision measurements possible at the

| CERN OUR]ER | Reporting on international
I_ H C . high-energy physics

Data / Pred.

Id:I [mm]
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FLAVOUR PHYSICS | NEWS

7N\
ratir I Sign in Directory
ummary e reerer] [
Access to Collaboration Site and Physics Results

RKELEY
B

f
» A 50 deviation might have been more 9  LEP-erauniversalily discrepancy unravelled
g 28 May 2020
(%]
f a A report from the ATLAS experiment
u n o0 .1 ATAS pretiminary ¢ data The family of charged leptons is composed
10 Vs =13TeV, 139 fb! prompt . (top)
w0 :'jf‘;'_o'ig‘:?"( ooy MR of the electron, muon (u) and tau lepton ().
§ w0i4 L : o e According to the Standard Model (SM),
% 10° ey these particles only differ in their mass: the
° ° ° ° & 402 . .
muon is heavier than the electron and the
ooobut thIS IS Stlll a(nOther) bea UtIfU| . 0 tau is heavier than the muon. A remarkable
& 100 feature of the SM is that each flavour is

”A’tf#ﬁ’#ﬂﬂ/ﬂﬂllﬂ/?lﬂﬁ#ﬂﬂﬂw

£ 095
© T 1

CO nfi r m ati O n Of th e Sta n d a rd M O d e | ! Y oledgl lmn?;3 04 o5  equally likely to interact with a W boson.

This is known as lepton flavour
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ratio measurements:

BR(W— ev)

BR(W—puv)

BR(W-1tv)

BR(W= Iv)

¢ Individual BR measurements e
» The individual W—2v branching

BERKELEY
LAB
IlllIIIIIIIglIIII'IlIIIIIII
e—p— OPAL (arXiv:0708.1311)
_'_—. i D ELPHI (hep-ex/0403042)
ﬂ_:
* L3 (hep-ex/0408016)
e i ALEPH (10.1140/epjc/s2004-02048-3) |
—s— ——PDG averages
(Chin.Phys.C40 no.10, 100001)
*z
e | e
B
[ 1 1 | | [ 1 1 1 | [ 1 | I | I I | [ 1 1 | | I I
10 105 11 15 12 o

Josh McFayden | Liverpool | 14/10/2020



@ Cross-checks

56

» Lepton charge cross-checks

Negative
i Only

Positive
w Only

Nominal

N\

rrrrrr ﬂ
ER
B

B

LA

III|III|IIIIIIIII!IIIlIIIlIIIlIIIlIII

ATLAS \s =13 TeV, 139 fb’
H——

Statistical Uncert.

PE:'| Systematic Uncert.

—o— Total Uncertainty

09092094096 098 1 1.02 1.041.06 1.08

R(t/w)=B(W-—>1v)/B(W->uV)

KELEY
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' Possible interpretations

» The kinds of BSM models that could modify the
measured couplings are:

» Leptoquarks
r W
» Charged Higgs

t/b

t/b

t/b

S/
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$Results | Data/MC pre-fit - ep

» Pre-fit distributions in the signal regions.

> After application of data-driven corrections to the do modelling.

» Data-driven normalisation factors are applied.

= 0° il
£ ATLAS ¢ Data
S Vs =13 TeV, 139 b Prompt u (top) -
= 10° Signal Region B - u(top) E
= -, 5<p_ <10 GeV u (hadron decay) -
>
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10° 3
10 :
- 1
g 1.05 I LSS g
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~Uncertainty
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$Results | Data/MC post-fit - ep ’jﬂ

KELEY

» Post-fit distributions in the signal regions.

> After application of data-driven corrections to the do modelling.
» Data-driven normalisation factors are applied.

» NP pulls and constraints from the fit applied.

= 5
0 —=
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$Results | Data/MC pre-fit - pp ’\m

KELEY

» Pre-fit distributions in the signal regions.
> After application of data-driven corrections to the do modelling.
» Data-driven normalisation factors are applied.
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$'Results | Data/MC post-fit - pp

» Post-fit distributions in the signal regions.

rrerererrér ﬂ

KELEY

> After application of data-driven corrections to the do modelling.

» Data-driven normalisation factors are applied.

» NP pulls and constraints from the fit applied.
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@Muons from hadron decays eee

» The most significant background at high CAB
| doH | from
.. , NOSuthad) _ o A7OS.p(had)
» Normalisation from same-sign data MC
control region.
» Prompt contributions corrected in high-pr region. 5 _ N3 —SNyon#(had)
» Normalisation correction factor NSS p(had)
» Take SS rate in data (subtracting corrected prompt)
» Divide by SS rate in MC. ¢ Ndata NSS p(had)
Nss 4(had)
» Simulation used for: pr>30 GeV

» Extrapolation from SS to OS,
» |doH| distribution shape.
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, BERKELEY
» Baseline muons LA

» Required to satisfy the medium identification criteria.

' Object details =t

» Isolation
» Sum of the transverse momentum of other tracks within a cone of 0.3 in AR / p7<0.04

» Sum of calorimeter deposits within a cone of AR < 0.2/ pr<0.15
» [n]| <2.5

» Required to be close to primary vertex
» Distance of closest approach in r-z plane of less than 0.3 mm

» Transverse impact parameter with respect to the beamline, |d0| < 0.5 mm

» Tag muons
» pr>27.3 GeV to pass the trigger thresholds

» Probe muons
) PT~> 5 GeV
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§ Optimisation =

Variables considered in optimisation: CAB
» N b-jets and working point

» 3rd lepton veto

» Z-mass window criteria

> n criteria of probe leptons.

» z0 probe lepton - reject “fake" leptons from pile-up

» Muon Momentum Balance Significance: targets decays in flight of pi+ and Kx.
» the compatibility of the ID and MS muon tracks

» Track Isolation of Probe lepton: targets “take" leptons from heavy flavour decays
> ptcone, etcone, on top of gradient iso.

» AR(l, jet): targets “fake" leptons from heavy flavour decays.

» AR(l, b-jet): targets “fake" leptons from heavy flavour decays.
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$'Why not use do significance? e

» Using do significance introduces additional complication
» Need to control both dp and its uncertainty.
» More complicated that then data-driven template method we use.

» Even though do significance is more stable in different kinematic bins, both
do and o(do) do vary

» The consistency between data and MC is more complicated for do significance

» We checked the two variables are very close in final analysis precision.
» Given this and the additional complications we used dO
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¢ Impact parameter definition e
» The transverse impact parameter, |do#|, is vital for the analysis: LAB oY

» The distance of closest approach of muon tracks in the transverse plane.
» Defined with respect to the beam line:

. o , [IDTR-2018-008]
» This definition is most process-independent. . B —

_ . € 0.18F ATLAS Preliminary —— pata 2017 -
» Allows data driven methods to determine = 046F s =13 TeV ot 2018 E
|do# | shape. T 0.145 =
0.12E=+ =
0.1 '« =
» Corrections applied: 882 ~ E
» |doH|distributions for prompt muons taken from  o.04f Ry =
Z—1*l- events in data. 0.02¢ D
» Resolution measured in data using the same data. T 1.05 [ -
©

L S S
» Used to smear the MC to match the resolutionindata S '* REke o
| | E 095 ................................................................................................................................................... il

» The uncertainties on these methods are the most & T T

important for the analysis. track p,. [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2018-008/
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§' From concept to discovery

I The Standard Model of particle physics

Years from concept to discovery
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$'ATLAS | Detector

Muon Detectors
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$'ATLAS | Detector particle ID
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$'ATLAS | Inner Detector =t
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§ Using hadronic taus e

BERKELEY
» A self-calibrating, double-ratio method to test tau lepton LAB
universality in W boson decays at the LHC [1910.11783]
» R(bbWW): ~ N(tt—bblThaq)
ROWW) = N (tt—bbep)

» defined such that uncertainties from
lepton ID, b-tagging, trigger, ~cancel

R(7) = N(Z—)TT—)KThad)
» Sensitive to Thag identification uncertainties (Z) = N(Z—1T1—ep)
) :
R(Z) ROW 7 — R(bLWW)
» ~same sensitivity to uncertainties to (W2) = R(Z)
R(IbbWW ), in particular from TaulD _ N(tt—=bblryaq) X N(Z—>TT—rep)
> RIWZ): ~ N(tt—bbep) X N(Z—17—€Thad)

» Uncertainties from thaq ID ~cancel in R(WZ).
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https://arxiv.org/abs/1910.11783

' Theoretical origin of LFU o=

R
» LFU is related to the very structure of the SM LAB
» based on the gauge group SU(3)c x SU(2)L x U(1)y
» corresponding to strong and electroweak interactions

» There are three main features relevant for LFU:

» Fermion fields are organised in three generations with the same gauge charge
assignments leading to the same structure of couplings in all three generations
(universality).

» The Higgs mechanism for the breakdown of the electroweak gauge symmetry does
not affect the universality of the gauge couplings (including electromagnetism).

» The only difference between the three families comes from the Yukawa interaction
between the Higgs field and the fermion fields.
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