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B-Physics at ATLAS

o LHCOATLAS producing 2.5 M bb pairs/second, Bs, Bc, Ay, etc. available

e Program focused mostly on muonic final states (trigger), fully reconstructable by the inner tracker

(combinatorial background suppression)
e Typical trigger: low-pt di-muons at low invariant mass, using information from tracker and muon detectors

e Exceptions: di-electron triggers introduced in 2018; analyses with soft « or neutrino in the final state

New Physics Searches

e Observables with precise SM prediction, experimentally
accessible and potentially deviating from SM

e Precision measurements: CP violation, oscillations

i =
e FCNC rare decays ‘ ‘{,jl\\\ - n
//‘\*\ ey v g s
e Other program: HF production, spectroscopy, exotic |/ o magnets | | ar elecromagnetc catorimeters
‘Muon chambers Solenoid magnet | Transition radiation tracker
states Semiconductor fracker
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B(OS) — pp BR and lifetime measurement

Very rare decay, FCNC & helicity suppressed

Measurement

B(B* = J/YK*)-BU/Y = uu")  fu
Cptp— fd(s)
€J/pKE

B(BRy — " 1™) = Nygs) -

NJ/wKi .

° B(B(os) — ) measurement relative to B(BT — J/yK™)
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e Along with combinatorial background incorporates also partially o

reconstructed b-hadron decays and 2-prong hadronic decays e

* 20152016 Data
Signal + Background Fit

e BDT based background suppression, trained on sidebands data

ATLAS
Vs=13 Tev, 26.3 o

e Yields Ny() and N+ obtained from UML fits to the mass spectra

Events/40 MeV/

SSSV Background
— -~ Combinatorial Background

e Relative reconstruction efficiencies estimated from MC (corrected for
data-MC differences)

e Known branching ratios from PDG, fu/fd(s) from HFLAV
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e Lifetime extracted using SPLOT technique and fitting MC lifetime
templates (x® minimization)

P. Reznitek B-Physics EFT in ATLAS, 780 LHC EFT WG meeting 24 Apr 2024 3/23


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2018-09
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2020-07
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e Combined Run 1 + 2015 + 2016 data result:
B(BY — pp) = (2.875%) x 10~°
B(B® — pp) < 2.1 x 1071° at 95% CL
e Compatible with SM at 2.4 o

e Stat. uncertainty dominates, largest systematics from di-muon

mass fit procedure

o Effective lifetime:
0.997%42 (stat.) &

0.17 (syst.) ps
e Consistent with SM

e Dominant syst. from
data-MC discrepancies
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2018-09
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2020-07

Angular analysis of BY — K*0upu

NP potentially strong enough to modify the differential decay rate
Measurement
e Extended unbinned maximum likelihood fit in decay angles and m(uuKm) (sequential mass — angles)

Folded angular distributions to cope with small statistics

Potential backgrounds from radiative resonant decays and other semileptonic rare decays treated in
systematics

e No K/m separation in ATLAS — 11% wrong tag of B-flavour

T T
ATLAS {s=8TeV,203fb"
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2013-02

B — K*Ouu Results

e Results ~ compatible with Standard Model predictions and with other experiments

e Largest (local) deviations of 2.70 for Pi and P;, follow LHCb observation
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2013-02

CPV in BB — J/1¢ and the measurement

CPV due to interference of direct decay and decay with mixing, CPV phase ¢s >~ —2;

Measurement: time-dependent angular analysis
o Initial BY flavour: opposite-side flavour tagging using b(b) — I~(*) transitions
e Unbinned maximum likelihood fit including m(uuKK), per-candidate detector resolution and tag prob.
e Ams fixed to PDG, direct CP A to unity

e Detector acceptance & time efficiency modeled by MC

Bso tagging performance €x = tag efficiency, d = 1 - 2X wrong-tag fraction, tx = exd2 = tagging power

Jj

Tag method ‘ €x [070] ‘ Dx [U]o] ‘ Tx [070] % Zz E{w%s:: 805" Tight muons j ; % g‘: G‘:‘?%::: 80.5fb" Tight muons
B, 5 07E EZB' - Ik’ s 07 BB gk
Tlght muon 4.50 +0.01 43.8+0.2 | 0.862 + 0.009 B -JyK - 06F ESB UK
Electron 1.57 £0.01 | 41.8£0.2 | 0.274 = 0.004 o
5 Low-pr muon | 3.12+0.01 | 29.9 +0.2 | 0.278 + 0.006 b=
% Jet 12.04 £0.02 | 16.6 £0.1 | 0.334 + 0.006 o
/ Total 21.23+£0.03 | 28.7+0.1 | 1.75 +0.01
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2018-01

B? — J/4¢: Results
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certaint; taint e . .
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e Almost 500 k signal candidates

e Weak phase ¢s as well as decay width difference Al's compatible with Standard Model
e Dominant systematics on ¢s measurement from tagging
e Accounting for pile-up dependence, calibration curves model and MC precision, " Punzi” PDFs variations,
difference between B* and B? kinematics
B-Physics EFT in ATLAS, 780 LHC EFT WG meeting
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2018-01

B? — J/4¢: Results

Comparison with other experiments
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2018-01

Older results
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2015-01
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2014-14

Summary

ATLAS searches for NP in B-physics in number of channels
e No significant deviation from SM found yet though...

e Others in progress: updates with full Run 2 data (139fb™"), LFV & LFU measurements

e Limits mainly at the trigger (low-pt signatures, high background rates) == complicated trig. signatures

e Program continuation in Run 3 and HL-LHC

e HL-LHC projections CERN Yellow Report Monograph 7 (2019), p.867-1158: Opportunities in flavour physics at HL/HE-LHC

B? — pp projections

BS — K*°u*pu~ projections
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http://dx.doi.org/10.23731/CYRM-2019-007
https://doi.org/10.23731/CYRM-2019-007.867
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B-Physics at ATLAS

e Producing 2.5 M bb pairs/second, Bs, Bc, A, etc. available
e Program focused mostly on muonic final states, fully reconstructable
e Typical trigger: low-pt di-muons at low invariant mass, using information from tracker and muon detectors
e B-physics trigger rate up to ~ 200 Hz
44m
e T T R R
() EATLAS Preliminary 3
= [ Data 2018 lowm @ Iy B Y(nS) ] )
3 107 ?E: 13 -Eev im W P> 1oevp ) >6cev - g
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Measurement of the CP-violating phase ¢; in Bg — J/1 ¢ decays
in ATLAS at 13 TeV

Eur. Phys. J. C 81 (2021) 342
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2018-01

CPV in BB — J/1¢ and the measurement

e Interference of direct decay and decay with
mixing into the same final state of BY — J/4¢
gives rise to time-dependent CP violation

1,c,u b

5

o b B <
b T

T.c.0
Decay amplitude with mixing Direct decay amplitude

Decay rate ~

e In the Standard Model (SM) the ¢ is small:
¢s ~ —2f3s = —0.036961%92072 rad

e New Physics (NP) could contributed to the
mixing box diagrams, potentially enlarging ¢s

e Whole system described by:

e weak phase ¢s and direct-CPV parameter A
e CP-state amplitudes (and their phases)
e the mixing parameters Ams, Alg, s

P. Reznitek
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Measurement

e Final state: admixture of CP-odd (L = 1) and
CP-even (L = 0,2) states

e Distinguishable through time-dependent angular
analysis: % =32, 09(t) g™ (07, yr, 1)

e Analyzing signal final state
B? — J/(pt T )¢(KTK™)

o S-wave decay B? — J/1K'TK™ contribution
included in the differential decay rate

24 Apr 2024
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Opposite-side flavour tagging

e Use b — b correlation = initial B flavour
o b(b) — I~ () transition
e diluted by oscillations and b — ¢ — /

e Key variables: charge of pr-weighted tracks in
cone AR(¢,n) around the opposite side lepton

Qx -

N track:
Z,' racks

qi - (pri)”

Z,N tracks (PT/)N

u

e Building per-candidate tag probability P(B|Q)

tagging performance

Four taggers

e Muon: tight-ID or low-pr,
k=11 AR=05

Electron: pr(e) > 0.5GeV,
k=10, AR=0.5

Jet: b-tagged jets, Kk = 1.1,
AR =10.5

e Search order based on best
purity

ex = tag efficiency, d = 1 - 2X wrong-tag fraction, ty = exd2 = tagging power

Candidates /5 MeV.

e Calibrated on self-tagged
BE — J/ykE data

0

ATLAS
350F {513 TeV, 805 "

5 &1 52 53 54 55 56
m(Jy K) [GeV]

Tagmethod [ & [%] [ Di[%]l [ Ty [%]
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
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Unbinned maximum likelihood fit

e An unbinned maximum likelihood (UML) fit performed in 10 D space
N
fx(m,- 1 @ O't.(pT»)
InL =" {w-In(fFs + fifgoFgo + ffa, Fa, + (1 — (1 + fgo + fa,)) Foke) } s iy Om; s 05 (PT;),
,Z:l: o T 07,97, 67, P(B|Q))

Observables

e Base B? decay observables: mass, time, angles
e Conditional observables: per-candidate tagging Qx and mass/time resolutions (pt(B) dependent)

e Full time-angular PDF including S-wave
e Fixed parameters: Ams = PDG, direct CP A =1

e Trigger causing decay time inefficiency, modeled in MC
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Study of the rare decays of Bg and B mesons into muon pairs
using data collected during 2015 and 2016 with the ATLAS detector

JHEP 04 (2019) 098
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2018-09

Analysis of rare B?s) — pp decays

e FCNC in the SM proceeding via loop and box diagrams,
and helicity suppressed = B ~ 10~°

e BSM can significantly contribute, modifying the branching ratio
Measurement

_ B(B* — J/wKE)-B(J/b — utu”)

Ny prt - LB fa(s)
J/yK € /pKE
o B(B{,) — j11) measurement relative to B(B* — J/yK¥),
> T T T T T
0 2 o Bl . pMC i
3 s~ KK ATLAS Simulation
B — J/4¢ as control channel S df —oomeommn A S
A 3 A A A . = n B’ — u' rmMc ]
e Blinded signal di-muon invariant mass region § b oomeowssan
& s E
& 1

e BDT based background suppresion, trained on sidebands data

10F

e Yields Ny) and N,/ = obtained from UML fits to the mass spectra

st

e Relative reconstruction efficiencies estimated from MC (corrected for e N
. 4800 5000 5200 5400 5600 5800
data-MC differences)

Dimuon invariant mass [MeV]

e Known branching ratios from PDG, f,/fys) from HFLAV
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Backgrounds

Partially reconstructed b-hadron Continuum background

decays e Combinatorics of u and

uncorrelated hadron decays
Reduced by BDT

Linear shape constrained in

Hadronic B? decays where
e Mostly in the low di-muon hadrons are misidentified as

mass region muons

e Shape free in the mass fit Simulated and fixed in the

S mass fit the mass fit across BDT bins
2 10° L ATLAS Simulation B o
E 5= 1 E g
§ = pfs=13Tev. 263 o - wux E 3 ‘ ‘ 3 e Systematics due to B~ — J/yuv
2 E Wl 5. cecors ] = ATLAS Simulation E
8 L ] _ 1 E|
g [ sermieptonic decays g (5=13Tev, 26.3 10 E and B2 /A9 — huv decays
fir e 3 P —Total B - hh'] (s)/ b
8 Ly q § © Blindedregion 1 . go e
1 m d 3
. i —B! . KK 3 fal T T T T T T T T
E| : ) E 3 ——Bl - upumc ATLAS
E| 8. 3 = 10 Continuumbkg MC {5 = 13 TeV, 26.3 fo*
1 0 - 3 2 « datamass sidebands
- 5 10
d 4 3 3
i L3 3 T
4800 5000 5200 5400 5600 5800 3 10
Dimuon invariant mass [MeV] G:‘ s 1 Tl | 1 d
4800 5000 5200 5400 5600 5800 10
Mass of two misidentified muons [MeV] 10°
1
L L
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BDT and signal yield extraction

e BDT formed from 15 variables

30045 T T T T T 3
e kinematics, isolation, B-vertex separation from PV % o0af Soiﬁﬁmga{;?;;rreevvvvzlggm% E
f $0.035F ATLAS Simulation 3
e BDT output validated on reference B* — J/z[JKi and B oat E
. 5 0031 E
control BY — J/1 ¢ channels, observed difference So025F 3
. . . 3 E
applied as a correction to signal channel g 002f E
0.015 - -
e Signal region divided into four BDT bins with constant 0.01F E
signal efficiency 0.005 & : : : E
o’\ L HI L H| Lid L L L Il |

. . 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
e Simultaneous extraction of B — pu and B® — pupu BDT output

yields from unbinned maximum likelihood fit to di-muon
mass distributions in the four BDT bins
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& 400 Peakingbackground 2 caing background g 4 peskmbecigond 3§ 33 2N Peaking background
SB B BB A B R R 1003 R |
300 ' 30 El 8 El
200 20 E 9
E| 4
100~ 10 E 2
e b el e 10 gELa L e B o S e o
%800 5000 ~§200 5400 5600 5800 5200 5400 5600 5800 %800 %800 5000 52005460 5600 5800
Dimuon invariant mass [MeV] Dimuon invariant mass [MeV] Dimuon invariant mass [MeV] Dimuon invariant mass [MeV]
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e Contours obtained using Neyman construction
Standard Model

B(B® — up) < 4.3 x 1071 at 95% CL

$ L L

S 12F arias Run1 data B(B? — ) = (3.66 +0.14) x 10~°
NS T 20152016 data B(B® — up) = (1.03 £ 0.05) x 10~ °
it 0 8:— Run 1 +2015-2016 data

OT . ; » ;"V ....... RN ) leehhnod_comnursfor ATLAS 2015 4 2016 data

o 0.6 T e 24In(L)=23,62,11.8

® ok ' B(BS — pup) = (3.2174) x 107°

ATLAS Run 1 + 2015 + 2016 data
B(B? = pp) = (2.8155) x 107°
B(B® — pu) < 2.1 x 1071 at 95% CL

6

B®S — 4t 1) [107]
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e Combined measurement compatible with SM at 2.4 o
e Statistic uncertainties dominate

e Largest systematics contribution from di-muon mass fit procedure

P. Reznitek B-Physics EFT in ATLAS, 780 LHC EFT WG meeting 24 Apr 2024 22 /23



Combination of ATLAS4+CMS+LHCb

ATLAS-CONF-2020-049 / CMS PAS BPH-20-003 / LHCb-CONF-2020-002

ATLAS CMS LHCb - Summer 2020

‘g E 7 " Preliminary - ATLAS 1
= o5F 2011-2016data __.cMS 3
" - ZETTTEES.L ---LHCb ]
2 04f; ~~J — Combined
3 F/ J
" osf :
@ o2f E
Q 1
01 3
01 5
BB} - p*ur) (107
LHC SM
B(B? — ) x 107° 2.697%3% 3.66 +0.14
B(B® = up) x 1071% < 1.9 aoswcr 1.0340.05

Ratio of above < 0.052 at95% cL

TBO—s [ps] (tHebems) 1. 91+% 3;‘:

P. Reznitek

0.0281 + 0.0016
1.609 + 0.010

—2AInL.
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e Combining binned 2D profile likelihoods,

fs/f4 the only source of correlation between

experiments

ATLAS, CMS, LHCb - Summer 2020

ATLAS, CMS, LHCb &Amma 2020
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-049/

B(OS) — pp: HL-LHC projections

& LI L B BB B
o |+ sm _

A 0.6 — ATLAS 1o
."\ CMS 1o i
+j‘ r LHCb 1o 1
=3 - 3 1
e Theory prediction limited by | V| T 04 N
o _T o 4
o Experimental uncertainty on B? dominated by £ /fy % L _
e Mass resolution improvements will help distinguishing r T
the B and Bf peaks 0.2 .
e Additional information from effective lifetime and CP I )
asymmetry i 1
e Distinguish RH and LH contributions I | | | | | i

e Inclusion of BY — pury studies to probe vector coupling 0.0 2 3 4 5 6
B(B; — 1" 1) [107]

e Computations in SUSY unified models
(PRD 91 (2015) no.9, 095011)

e Subset consistent with other measurements
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http://dx.doi.org/10.1103/PhysRevD.91.095011

Angular analysis of B® — K*0ut 1~ decays in pp collisions at /s = 8 TeV
with the ATLAS detector (Run 1 data)

JHEP 10 (2018) 047
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2013-02

Analysis of rare B® — K*0uu decays

e FCNC in the SM proceeding via loop and box diagrams b T s b I
et M’
e BSM can significantly contribute, modifying the differential decay WQL\\</ S
rate ;
Measurement

N N
e A ~
L= T HZanU(mKﬁuM,COSHK,COSQM¢; p, 9)

i=1 j

e Extended unbinned maximum likelihood fit of the 3D decay angles
distribution (and B-candidate mass)

e Dependent on di-muon invariant mass? g (ignored range above c¢)

e Blinded fit results

e Study of number of potential backgrounds from radiate resonant decays
and other semileptonic rare decays

e Treated in systematics, no need to include in default fit
e Detector acceptance (sculpting of the angular distributions) from MC

e No K/m separation in ATLAS —> 11% wrong tag of B-flavor
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Fit simplifications

Low statistics (~ 340 signal events) does not allow full fit = simplifications:

Angular distribution folding

e Full angular distribution — four simplier distributions

e Lost sensitivity to Sg and So

1 d‘r 9 |31-FL) ., ) 1-FL .,
= —|——="sin“ Ok + Fr cos” Og + ———sin” Ok cos 20
dr'/dg? dcos 6.d cos Oxdpdg? 32r 4 4
—Fr, cos? Ok cos20r + 83 sin? Ok sin? 61, cos2¢
+S4 8in 20 sin 261 cos ¢ + Ss sin 20k sin 01, cos ¢
+S6 sin? Ok cos O + S7sin 20k sin Oy sin ¢
+Sg sin 20 sin 26, sin ¢ + So sin? Ok sin® 61, sin 2¢j
1 d*r 9131-F) ., ) 1-FL 5
= — sin” Ok + Fp cos” Ok + sin” O cos 26,
dU'/dq? d cos O¢d cos Ok dddg? 87![ 4 SOk + FrLcos™ Ok g S OK oSSt
-Fr cos? Ok cos 20, + S3 sin’ Ok sin’ 0y cos2¢
Fi, Ss, Ss,f’; : $=-¢ for ¢<0 +8S5 sin 20k sin 6, cos ¢
: 0 > -0 torF/L>§ —
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Fit simplifications

Low statistics (~ 340 signal events) does not allow full fit = simplifications:
Angular distribution folding

e Full angular distribution — four simplier distributions

e Lost sensitivity to S and So

B-candidate mass distribution pre-fits
e B-candidate mass distribution pre-fitted and fixed in the angular fit

e Mass nuisance parameters extract from fits to control channels (B° — J/3K*, B® — 1(2S)K*)

Rough g2 binning
e 3 bins only in g GeV]: (0.04 - 2), (2.0 - 4.0), (4.0 - 6.0)
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Fit projections

e Example of fit projections for the extraction of Ss (resp. PZ) parameter for g° bin (4-6) GeV

E ATLAS {s=8Tev, 2031

| S5 fold, ¢? 0[0.04, 6.0] GeV? _| 2 2
§ 109 q- [GeV~] Nsignal Nbackground
8 vom [0.04,2.0] | 128+22 122+22

----- [2.0,4.0] | 10623 113+23
[4.0,6.0] | 114+24 204 +26
[0.04,4.0] | 236 31 233 +32
[1.1,6.0] | 275+35 363 +36

| L L
5200 5400 5600
i, [0.04,6.0] | 342+39 445 +£40
ruae
E T T T « T T T 3 80 T T T T
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S 60F-S5fold, g° [J[0.04, 6.0] GeV? —— Total Fit Model —{ < 8o|-SSfold, q? 01[0.04, 6.0] GeV?  — Total Fit Model 3 [ S5 fold, g° (1[0.04, 6.0] GeV? — Total Fit Model
= 2 F Signal
2 & & 60 ... Background  —|
< 2 2
o i} i}
i
o | | | | | I
1 2 3 -1 -0.5 0 0.5 1
¢[rad] cos 6,
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Results

e Results

~ compatible with Standard Model predictions and with other experiments

e Largest (local) deviations of 2.70 for Pi and P;, follow LHCb observation

- L
w

1.

1.

1.

0.
0.
0.
0.

pIS

1.

F T T T T ] E T T T T |
GLATLAS 5=8TeV, 203" J 2EATLAS Vs=8TeV, 20317
£ - ATLAS - BaBar ] 1.5 -4~ ATLAS E
4= -#-LHCb CFFMPSV fit 3 E —#- LHCb E|
F -+ CMS theory DHMV 7 1= —— CMS =
2 - Belle theory JC | E theory DHMV El
1:, 3 0.5 theory JC E
£ == E o= 3
3 ..H%: | 1 -05g E
6 (= E! E E
- 3 -1E e
4 —— E E E|
3 -15F E
25 —l— 3 E El
0 L L L L L 3 —2F L L L L L4
2 4 6 8 10 2 4 6 8 10
2 [GeV?] ¢ [GeV?]
E T T T R © T T T e
2EATLAS s=8TeV, 203 b’ 2EATLAS (s=8TeV, 203 b
E -4 ATLAS CFFMPSV fit 3 E -4 ATLAS 3
5 -4 LHCb theory DHMV 3 1.5 —&- LHCb -
£ ~+CMS theory JC 1 E —4- Belle 3
1= i Belle B i theory DHMV
= 1 E theory JC E|
5 E 0.5 3
of 3 o:—ii =*=§=,=. E
5 E -0.5E jF E
- + E -1F E
E | | | | L E | | | | .3
0 2 4 3 8 10 0 2 4 6 8 10
2 [GeV?] 2 [GeV?]

P. Reznitek

ATLAS Rare B Decays

<

o

E T T T T E|
2EATLAS 5=8TeV, 203"
15 —4- ATLAS |
£ 4 LHCb E|
1= —#— Belle =
E theory DHMV E
05F theory JC 3
oF E
70.5; —+—+$ é
-15F E
—2F Il Il Il Il L E

2 4 6 8 10
o [GeV]
E T T T e
2EATLAS Vs=8TeV, 20.3 fb™
£ -4 ATLAS |
15p —&- LHCb =
E —- Belle ]
1= theory DHMV -
E theory JC |
05F E
of jf E
-0.5 -
-1E E
E | | | | I

0 2 4 6 8 10
¢ [GeV?]

15 Dec 2021

16 / 17



	Measurement of the CP-violating phase phi_s in Bs -> J/psi phi decays  in ATLAS at 13 TeV    
	Study of the rare decays of B0s and B0 mesons into muon pairs  using data collected during 2015 and 2016 with the ATLAS detector  5mm JHEP 04 (2019) 098 

