ATLAS Results on Weak Decays of B
Mesons

Dr Andy Wharton — On Behalf of the ATLAS Collaboration.

HEP2023 — Valparaiso, Chile: 10t January, 2023



Introduction %%%%%g}g}‘ 3%

ATLAS has a rich and diverse physics program.

Focus today on two b-physics results + future prospects:
CP-Violation in B, - J/U ¢ decays, Eur. Phys. J. C 81, 342 (2021).
Runl+2015-2017

The rare decay B, - u*W, J. High Energ. Phys. 2019, 98 (2019).
Runl +2015-2016
Also ATLAS-CONF-2020-049 for LHC combinations.

Other public results can be found here...
...and talks here at HEP2023.


https://link.springer.com/article/10.1140/epjc/s10052-021-09011-0
https://link.springer.com/article/10.1007/JHEP04(2019)098
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-049/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults

b-Physics in ATLAS pancaster s

139 fb! of pp collisions collected during the LHC’s Run2.

W rrrr mamns

Tracks + cuts for 3/4/5 track signals. 10%

-1 . 1 — — — — —

+26.9 fb™* during Runl. E’ EATLAS I \& N r(‘S)l l E

op e . B Data 2018 g;, P (1) >11GeV,p (1) >6GeV :

> 2 Million bb pairs a second S o7l 5= 13Tev, T TR

. . . ~ - 58.45 fb ] [(1)> 6GeV,p (n)>4GeV
b-Physics studies focus mainly on: @ | sib) BRI IG
. . E N Dimuon triggers: (1) > 11 GeV, p,(u) > 6 GeV |

Muonic states + full-reconstruction. = 10°
Low-p; (di-)muon triggers. . _;
Vertex/Mass cuts for J/-like triggers. 5 :
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CP-Violation in B, > J/y ¢ Decays



CP-Violation in B_ > J/{ ¢ Decays pancaster &

Neutral meson oscillation + Decay = Interference + CP-Violation.

Was (one of many) “Golden Channels” in b-physics for a long time...
NP in b = ccs, colour singlets, colour octets, and many, many others!
Focus now comparison of direct measurements vs global fits.

b, = —203, = —0.03696100‘%00007822rads [CKMFitter], if no NP in mixing.
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http://ckmfitter.in2p3.fr/www/results/plots_summer19/num/ckmEval_results_summer19.html

The Fit and Physics Parameters - 1 TAhverety &

Signal decay is pseudo-scalar - vector + vector...
Untangle CP-even/odd states with a time-dependent angular analysis.

The end-state is B, - J/{(ptp) d(KK)
Additional non-resonant KK contribution also fitted.

Four decay amplitudes + interference - 10 term PDF:
Each with an amplitude, kinematic, flavour, and angular component.
Measure signal candidate lifetime + angles (+ errors).
Production flavour of the signal candidate.
Fit for:
[, AT, @, 3 amplitudes + 3 phases for CP-even/odd states.
Fit other PDF parameters from public results.
AM, from the PDG, A, (direct CP-violation) is fixed to 1.


https://pdg.lbl.gov/2022/listings/rpp2022-list-Bs-zero.pdf

The Fit and Physics Parameters - 2
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The Fit and Physics Parameters - 2
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Kinematics.
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The Fit and Physics Parameters - 2 University ® ®
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The Fit and Physics Parameters - 2
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Flavour Tagging - 1 University ©

Tag the signal candidates flavour from the pair-produced b-quark.
Looking for muons, electrons, or b-tagged jets.

Build a "cone charge’, Q,, as sum of p; weighted charges.
Q — ZiCIi'pn'K
X

K
Pr
+ + h |
Callbrated/optlmlsed on the seIf tagglng B - J/LIJ K* channe
x10° . 2 45 o~ 77— 02 -
> T o 095_ ATLAS s g o 09F ATLAS 018(2
E 350 I}tﬁgsl'ev, 80.5 b ; :Tia _i % 0:8; F+ 1%;?: 80.5 b Tight muons —5115 ii“ % 0.8 \2 1%-;: 805 1" Tight muons %o.m;
g 300 E 07t 2 - B K Se 3 0.7 B oJiyK* . ol
g 250 kgro J1z 7 0.6 B —J/yK™ —osz ™
((_)% 200 e 0.5 —o-
3 0.4 —0.08
150 E 0.3 éo,oe
100 = 0.2 S~ = 50,04
50 =
L — X 4 0 S=———— ————— 2 —
O 51 52 53 54 55 56 -1 -0.5 0 0.5 1 12

m(Jhy K*) [GeV] Q, Q,
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Flavour Tagging - 2 [{ancaster &2

From the cone charge, build per-candidate tag probability.

P(Q|B™)
PBIQ) = paisy+riain
Classify taggers by efficiency, ,and tagging power.

How often, , how good over all...
Tag method €x [%0] D [%] Ty [Y]
Tight muon 4.50+0.01 | 43.8 0.2 | 0.862 +£0.009
Electron 1.57+£0.01 | 41.8+£0.2 | 0.274 +£ 0.004
Low-pr muon | 3.12+0.01 | 29.9+£0.2 | 0.278 £ 0.006
Jet 12.04 £0.02 | 16.6 0.1 | 0.334 = 0.006
Total 21.23+£0.03 | 28.7+0.1 | 1.75 +£0.01 13




Fits to Data
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® >§<1'?:'+L‘A's' """"" T Pata E
3 45— s =13 TeV, 80.5 fb” LTC?E; Fit —
Fit is performed using a 10D UML: g “F Babkgowd
Observables: 5 BE BRI R ANV
Mass, lifetime, angles. = E
Conditional observables: 3 E
Trigger weight, measurement errors, Q, =2 E
Fit PDFs for: =
Signal -~
Combinatorial background © E
Peaking backgrounds (B, and A,) % )
Punzi terms. - E
. . -3 E

Model differences for signal/background. A e A R IR B R B EE EE E 65

m(J/yo) [GeV]
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Fit Results

Compatible with SM predictions.

Some tension in Al',, second solution in §;- 6, plane.

Dominant systematics from flavour tagging.

Parameter Value Statistical | Systematic
uncertainty | uncertainty
¢ [rad] -0.081 0.041 0.022
AT [ps~'] 0.0607 0.0047 0.0043
Ty [ps ] 0.6687 0.0015 0.0022
1A (0)[2 0.2213 0.0019 0.0023
| Ag(0)[? 0.5131 0.0013 0.0038
|As(0)]? 0.0321 0.0033 0.0046
6, —0s[rad] | —-0.25 0.05 0.04
Solution (a)
0, [rad] 3.12 0.11 0.06
) [rad] 3.35 0.05 0.09
Solution (b)
0, [rad] 291 0.11 0.06
o [rad] 2.94 0.05 0.09

AT [ps]

0.1

0.08

0.06

Lancaster E<
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T

T

T T
ATLAS
Vs=7,8,13TeV
68% CL contours

: ‘ : : ‘
---Run1,7and 8 TeV, 19.2fb™

13 TeV, 80.5 b .
—— Combined 19.2 + 80.5 fb™
SM prediction

0o T 02
¢, [rad]
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Comparisons With Other Experiments

=4 HFLAV
DO 8 fb
0.13 68% CL contours
(Alog £ =1.15)
0.11 CMS 116.1 fb~!
CDF 9.6 fb!
0.09
LHCb 4.9 fb~1
0.07
ATLAS 99.7 fb~!
0.05-

0.5 0.3 0.1 0.1 0.3
cCs
s“[rad]

AT [ps™]

Lancaster M5,
University g

= HFLAV
10 BREID
0.141
CMS 116.1 fb 1

0.121
0.10{
ool ¢

LHCb 4.9 fb~ !
0.061 Combined”

I's errors scaled by 2.5 ATLAS 99.7 fb~1
0.04 - AT errors scaled by 1.77
CDF 9.6 fb~1
0-%%640 0.650 0.660 0.670 0.680
Fs[ps™!]

[HFLAV/PDG 2021]
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https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2021/

The Rare Decay B, > p*y

Lancaster E=3
University = °

17



The Rare Decay B, - pfu

FCNC decays are heavily suppressed in the SM. B oo - W g S - it
Loop and/or box diagrams, and helicity suppression. . 5

Typical SM branching ratios, Br ~ 107°
Significant enhancements possible with NP.

Aim to measure Br(B, - p*w) and Br(B, & ptp)
Measure branching ratios relative to B* - J/{ K*

Use B, = J/U ¢ as a control channel.
Extract yields from UML mass spectra.

Significant overlap between B, and B, signals due to mass resolution.
Many interesting backgrounds...

18



Background Modelling

Misreconstructed Backgrounds:
Same Side —b - cuX = s(d)uX’
Same Vertex —B - pruX
Incorrect muon ID — B - phX

Peaking backgrounds:
Mostly B - hh with two incorrect muon IDs.

Continuum background:
Combinatorics of random py, ph, and hh pairs.
Suppressed through a BDT.

Events / 40 MeV

Events / 40 MeV

Lancaster E<=
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I L L L B T T
10° ATLAS Simulation B
-1
Vs=13TeV, 26.3 fb )b wx
- B. decays
] 02 |:| Semi-leptonic decays |
| e
LB oww
10 -
1 I Ll 3
4800 5000 5200 5400 5600 5800
Dimuon invariant mass [MeV]
FT 1 1 T L B
0.8F ATLAS Simulation =
- Vs=13TeV,26.31b" .
0.7t —TotalB—>hh' 2
0.6; 1 Blindedregion 1 __ po s E
0.5F LB KK S
0‘45_ R : G
0'3;_ B - mKF o
0.2 ;— —;
VN =
07 = f|.|-1 - 7‘;'“1‘.."'"-1-.' S : | U T R
4800 5000 5200 5400 5600 5800

Mass of two misidentified muons [MeV]
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BDTs and Signal Extraction pancasier&=

BDTs trained to reject continuum background.
15 BDT inputs - Vertex, Muon, and Event.
Signal region is divided into 4 bins of constant signal efficiency.
Validated in reference and control channels.

8 1 08 T T T I L I L I 1 7T " T 17T [ L [ LI I T 17T I T % 1 8 —l ‘ ‘ ' I ' ' ! ' i ! ' i ! l ! ' i I ! ! —_
S P =Bl wMe ATLAS = ATLAS *  2015-2016 data ]
> 10"E ___ continuum bkg MC Vs=13TeV, 26.3 b = 16 Vs =13 TeV, 26.3 fb" Total fit B
4%‘ 10° * datamass sidebands » 14+ 0.4163 <BDT <=1 — - Continuum background —|
Lﬁ 105 § 12 Rhbl b—w',l* u'XbaCkground_E
0 a « Peaking background ]
o 100 = Bt + B o
10° 8f R £
10° 6 T
10 i‘“l 4 ; L # a 3 :E
it it o AT T

R LG0T s e o e

-1 08 06 04 02 0 02 04 06 Q1800 5000 5200 5400 5600 5800 20

BDT output Dimuon invariant mass [MeV]



ATLAS Results st

Channel ~ [SM | ATLAS2015+2016 ATLAS Run1 + 2015 + 2016

Br(B, > uu’) (3.66 + 0.14) x 10~° (3.211H x107° (2.8%3%8) x 107°
Br(By > pw) (1.03+0.15) x 1071% <43 x 1071 @ 95% CL <21%x1071° @ 95% CL

E 1'2;_ ATLAS ——— 2015-2016 data _; Event Count:
i 15_ Run 1 +2015-2016 data _E NS —_ 80 i 22
OT 0.85_ T — Likelihood contours for _E Nd - _12 i 20
0.6 ' ~.. -2 Aln(L)=23,6.2,11.8 = . .
) E Compatible with SM at 2.40
02 s Statistically limited.
oF N Though significant systematic
02 N effects from the di-muon mass
0 6 7 fitting methodology. 21

B(Be — u' w)[10°7]



LHC Combinations pancaster s

ATLAS CMS LHCb Summer 2020

Prehmmary
2011 - 2016 data

0.5

0.4

0.3

0.2

BB’ — utu) (107)

0.1

| 5
B(BY — pru) (107)

[
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Future Prospects
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HL-LHC Prospects for B, - J/U ¢ and

B, > LW

0.10
0.08
LHCb 3 fb~!
| ATLAS 19.2 fb!
0.06 " CDF 9.6 fb™! 68% CL contours
(A log £ =1.15)
-0.1 ' 0.1

[Report on the Physics at the HL-LHC, and Perspectives for the HE-LHC, Addendum]

S

ccs [rad]

B(B” — u* ) [107]

0.6
0.5
0.4
0.3

0.2
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ATLAS Simulation Preliminary
By — W »
working point x15 Run1 statistics stat + syst
— stat only

—}— SM prediction

g
o
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http://cds.cern.ch/record/2703572
http://cds.cern.ch/record/2651134

Summary University

ATLAS is producing competitive results.
And actively collaborating with our LHC partners!

B. - J/U ¢ remains a solid channel for NP searches.
But nothing interesting yet!

ATLAS’s B, - p*p result is broadly consistent with SM predictions.
All of these analyses are currently working toward full Run2 results.

We are well prepared for Run3 data.
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Backup
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The ATLAS Detector [ngg,cggitgyr

A4

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

27
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Fit Models - B, > J/{ ¢ Tancaster s

N
ln -E =Z wi - ln[fS ' ﬁ(mla tisamiso-l‘ia Qla Pl(Ble)’pTl)
i=1

+ fs - fgo - Fpolmi, ti, om;, 01, 24, Pi(B|Qx), pr;)

+ fs - Sap - Fa,(mis i, om0, 4, Pi(B1Qx), pr;)

+ (I — fo- (L + fpo + fa,))Fokg(mi, ti, om;, 0%
$2i, Pi(B|Qx), p1;)],

ﬁ(miatiaamiaatia Qis Pi(Ble)spTi)
— Ps(milami) ) PS(Umi |pT,;) . Ps(tia Qilatia Pi(Ble))
-Ps(oy; |pT;) - Ps(Pi(B|Qx)) - A(S2, p1;) - Ps(pT;)-
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Fit Projections - B, 2 J/U ¢ %%%%?%tfyl’
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Results - B, 2 J/U ¢

Parameter Value Statistical | Systematic
uncertainty | uncertainty
o, [rad] —0.081 0.041 0.022
ATs [ps™] 0.0607 0.0047 0.0043
T [ps'] 0.6687 0.0015 0.0022
|A||(O)|2 0.2213 0.0019 0.0023
|Ag(0)|? 0.5131 0.0013 0.0038
|A5(0)]? 0.0321 0.0033 0.0046
0, —0g [rad] | —0.25 0.05 0.04
Solution (a)
6, [rad] 3.12 0.11 0.06
0 [rad] 3.35 0.05 0.09
Solution (b)
0, [rad] 291 0.11 0.06
o [rad] 2.94 0.05 0.09

3.4

3.2

2.8

Lancaster E<=
University = °

ATLAS
Vs =13 TeV, 80.5 fb™

Solution (a)

_______________________

________
-----------

— 2AIn(L) = 2.30
- -2AIn(L) = 6.18
- -2AIn(L) = 11.83




Results - B, 2 J/U ¢
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AT I, A (O)* | 1A0(0)|* | |As(0)|° o) o) 6, —Os

b —0.080 | 0.017 | -0.003 | -0.004 | —0.007 0.007 0.004 | —0.007
AT 1 ~0.586 0.090 0.095 0.051 0.032 0.005 0.020
I, 1 ~0.125 | —0.045 0.080 | —0.086 | —0.023 0.015
|A}(0)? 1 -0.341 | -0.172 0.522 0.133 | —0.052
| Ao (0)]? 1 0.276 | —0.103 | —0.034 0.070
|As(0)? 1 ~0.362 | —0.118 0.244
5|| 1 0.254 —0.085
5. ] 0.001
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Systematics - Bs =4 J/LIJ ¢ University #

&5 AT I, A0 A0 As(O) 51 8 1 — s
[1073 rad] [1073 ps™'] [1073 ps~!] [1073]  [1073]  [1073] [103rad] [1073rad] [1073 rad]

Tagging 19 0.4 0.3 0.2 0.2 1.1 17 19 23
ID alignment 0.8 0.2 0.5 < 0.1 <0.1 < 0.1 11 7.2 <0.1
Acceptance 0.5 0.3 <0.1 1.0 0.9 2.9 37 64 8.6
Time efficiency 0.2 0.2 0.5 <0.1 <0.1 0.1 3.0 5.7 0.5
Best candidate selection 04 1.6 1.3 0.1 1.0 0.5 2.3 7.0 7.4
Background angles model:
Choice of fit function 2.5 < 0.1 0.3 1.1 <0.1 0.6 12 0.9 1.1
Choice of pr bins 1.3 0.5 <0.1 0.4 0.5 1.2 1.5 7.2 1.0
Choice of mass window 9.3 33 0.2 0.4 0.8 0.9 17 8.6 6.0
Choice of sidebands intervals 04 0.1 0.1 0.3 0.3 1.3 4.4 7.4 2.3
Dedicated backgrounds:
Bg 2.6 1.1 <0.1 0.2 3.1 1.5 10 23 2.1
Ap 1.6 0.3 0.2 0.5 1.2 1.8 14 30 0.8
Alternate Am, 1.0 < 0.1 <0.1 <0.1 <0.1 < 0.1 15 4.0 <0.1
Fit model:
Time res. sig frac 14 1.1 0.5 0.5 0.6 0.8 12 30 04
Time res. pt bins 0.7 0.5 0.8 0.1 0.1 0.1 22 14 0.7
S -wave phase 0.3 < 0.1 <0.1 < 0.1 <0.1 0.2 8.0 15 37
Fit bias 5.7 1.3 1.2 1.3 0.4 1.1 33 19 0.3
Total 22 4.3 2.2 2.3 3.8 4.6 55 88 39
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Branching Ratios - B, > pfu

N,
B(BY,) = u) = —L x [B(BY = J/$ KT) x B/t — wtp”)

B(B" = J/Y K') xB(J/Y = p'p) ~ fu
Dret fd(s) ’

Lancaster E=
University = °

] EJ/?,Z)K+ v f’u,
Nywpr+  Jags)
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- Lancaster E=
BDT - BS K4 |J-+ll University = °

Variable Description
p? Magnitude of the B candidate transverse momentum ﬁB .
—
XIZ’V DV xy Compatibility of the separation Ax between production (i.e. associated PV) and decay (DV)
» ) — —
vertices in the transverse projection: Axt ~EA_,’1 -AxT, where ZET is the covariance matrix.
X
AR Th : s s —T’B o . 2 2
fight ree-dimensional angular distance between 5~ and Ax: \/azp? + (An)
—_—
lazpl Absolute value of the angle in the transverse plane between ;TT’B and Axt.
— —
Lyy Projection of AxT along the direction of 77’? : (AxT'ﬁB )/| ;TT’B l.
IP%D Three-dimensional impact parameter of the B candidate to the associated PV.
DOCA,,, Distance of closest approach (DOCA) of the two tracks forming the B candidate (three-dimen-
sional).
Adpy, Azimuthal angle between the momenta of the two tracks forming the B candidate.
|do|™™-sig. Significance of the larger absolute value of the impact parameters to the PV of the tracks
forming the B candidate, in the transverse plane.
|do|™"-sig. Significance of the smaller absolute value of the impact parameters to the PV of the tracks
forming the B candidate, in the transverse plane.
P]'j’i“ The smaller of the projected values of the muon momenta along il
Io.7 Isolation variable defined as ratio of Ip_T)BI to the sum of | p_fBl and the transverse momenta of

all additional tracks contained within a cone of size AR = /(A¢)? + (An)? = 0.7 around the
B direction. Only tracks matched to the same PV as the B candidate are included in the sum.

DOCA i« DOCA of the closest additional track to the decay vertex of the B candidate. Only tracks
matched to the same PV as the B candidate are considered.
N:tl:’lfe Number of additional tracks compatible with the decay vertex (DV) of the B candidate with

In( Xim( py) < 1. Only tracks matched to the same PV as the B candidate are considered.

2

Xy xpv Minimum y for the compatibility of a muon in the B candidate with any PV reconstructed in

the event. 3 7



BDT - B, 2> p'Ww
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Systematics - B, - pfu

Source Contribution [%0]
Statistical 0.8

BDT input variables 3.2

Kaon tracking efficiency 1.5

Muon trigger and reconstruction 1.0
Kinematic reweighting (DDW) 0.8
Pile-up reweighting 0.6

Source BY [%]  BY [%]
f s/ f d 5.1 -
B* yield 4.8 4.8
R.. 4.1 4.1
BB > J/WK)YXBJ/W — utu) 2.9 2.9
Fit systematic uncertainties 8.7 65
Stat. uncertainty (from likelihood est.) 27 150
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