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Content ?

The search for physics beyond the Standard Model represents a large sector
of Flavor Physics:

* Processes are naturally suppressed in SM can be very sensitive to New
Physics through virtual loops involving new particles / new carriers at very
large mass scales.

* Quantum Mechanical oscillations allow the measurements of amplitudes
and phases, assessing CP violation and providing accurate tests of the SM

Two studies are discussed here:
* Rare decays of BO(dB), BJ (SE) to uTu~ pairs: FCNC mediated process
Result recently published

 CP violation search in BY = J/i ¢ : weak phases in BY mixingand b —
cc s decay amplitude

Preliminary results, presented this spring
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The rare decays
of BY and BY into u*u~ pairs




Motivation and available results ?

* FCNC process, further affected by helicity suppression, and predicted
accurately in the SM:

- BR(BO%->utu)=(3.65+-0.23)x10°7,

- BR(BO->p*u) =(1.06+-0.09)x10-10

- Sensitive to physics beyond SM

[C. Bobeth et al., PRL 112 (2104) 101801]

Examples of diagrams
with BSM contributions
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The long lasting search for the decay to muon pairs
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Analysis flow
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* Trigger: muon pairs: pr(1) > 4 GeV or 6 GeV, Selection: p;(B)>8 GeV, |n(B)|<2.5

* Require track reconstruction in both the inner detector and the muon spectrometer
(combined muons)

* Reconstruct signal BO->u+p-

and reference channels: B*->J/y K*, B%->J/U & (J/Y->ptu, p->K*K), used for
normalisation and calibration

* m(p+p-) mass range (blinded) for signal 5166-5526 MeV, wider for backgound
studies: 4766 to 5966 MeV ,

* Background:
* Combinatorial background: dominant component, small mass dependence

e Partially reconstructed B-> puX decays: low mass, the tail extends barely to the
signal region

* Peaking background from double-hadrons misidentification in B-> hh’
(smaller component, but overlaid with signal)

S. Palestini - ATLAS - WIN2019 6



Classifier for continuum background

* Enhance signal to background ratio by means of:

1. MVA classifier against continuum background, exploiting signal characteristics
(secondary vertex, collinearity etc.) against dominating backgrounds (muons
from different B decay, background tracks form same primary interaction and

from pile-up).
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Peaking background
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* Enhance signal to background ratio by means of:

2. Dedicated selection against fake muons: compare momentum measurements
in Inner Detector and Muon Spectrometer and quality requirements on track

* Low punch-through rates : background is mainly due to kaon and pion decays in
flight (two body, forward). Misidentification rate at < 0.1% after optimized

selection.
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Normalization
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The yield N, , Ny of BO9.->u+u-, BO->u+u- events is normalized to the channel:

BY = J/y(— p pu)KT
using the equation:

) s (BB IR x B — )] K S

s
Eptp Nyjwk+  facs)

B(B?S) —)‘u‘l‘#-) =

Systematic uncertainties enter in the fit model (Ng), Ny/psik+), in the efficiency ratio,
and in the external inputs (BRs and production ratio).

The statistical uncertainty largely dominates.

Signal extraction with likelihood fit over mass distribution, in different intervals of
continuum-BDT output.
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Muon pair invariant mass in four interval of BDT output
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Likelihood contour for simultaneous fit
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B(B® - u* ) [1079)

ATLAS, JHEP 04 (2019) 098 (arXiv:1812.03017)
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Run-2 2015/2016 results:
BBy - py) = (32155705 x 107

B(B® — ptu) = (-1.353157) x 10710
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B(B® — u* u)[10°7]

— 2015-2016 data

Run 1 + 2015-2016 data

Likelihood contours for
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Combined ATLAS results:

B(BY - p*p) = (2.8:98) x 107
BB - utu)=(-1.9+1.6)x 10719

<2.1 x 10719 ato9s%cL

Compatible with Standard Model
prediction at 2.4 sigma
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Comparison with LHCb
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https://doi.org/10.1103/PhysRevLett.118.191801
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Official combination of results not
available yet.

Unofficial ones (e.g. David Straub,
Moriond EW 2019) remarked a
combined 2 sigma deviation on
BR(BY,), with some impact to fits of
coefficients in effective field
theories.

BR(BP?) appears well in line with SM

prediction, but is not measured yet.

CE/RW
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Conclusions on rare decays ?
% H® LHCb
¢ ¢ CMS
1078 ?I ﬁ %]‘ 0 O ATLAS
) ® ® CMS+LHCb
% ! I *’]f & ¢ L Q
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10—10;, , ,V - $
_________ 2012 2014 2016 2018
* Vast improvement with LHC data
* BR(Bs) now measured at about 10% uncertainty
* Not there yet with BR(BO)
* Standard Model is still confirmed
* Further increase in sensitivity with full Run-2 and High Luminosity LHC:
e Statistical errors reduced by factor 2 and 6 respectively
* Theoretical uncertainty might enter the game in the future
* Already attempting to add the lifetime to the comparison: SM predicts the
decay for B, to occur through the B,y state (longer lifetime): need some %
lifetime accuracy to test.
C\E/RW S. Palestini - ATLAS - WIN2019 14
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Determination of ¢, and AT,
from the decay of Bqto J/w ¢




Quark mixing matrix %g

dr, Vud Vus Vaup

"9 i = FOHEWE — pyuydt — Vie V.

E(“L: et Wy Vekm | sp | +he, Vekm=VEVE' = | Vea Ves Ve
br, Via Vis Vi

I = A% /2 A AX3(p —in)
VOKM = —X 1 —X2/2 AN? + O(A\*) Wolfenstein, PDG:
AN(A—p—in) —AN? 1 A =0.22453 +0.00044, A = 0.836 +0.015,
F=03221 008 7j=0.85510.007 :

3 mixing angles (real rotations) and one phase in the unitary
mixing angles. Unitarity (orthogonality) can be illustrated in m
triangular constructions, like the (db) one, studied in the B°

~_  summer18
system: :
0.5 4

(P-n) CP violation: 7 # 0. ;,,__---—----j‘fff---
— *\,vﬁ

=

®
Via Vo

New Physics: break of

s ‘* 1 H 1 i ; /
Vea Vi unitarity, deviations / y
from predictions for %%~/
; amplitudes or phases L /
00) (1.0 4 /
-/ / /
u | o L 1o
1
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The BY. case
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* B9 mixing has become more accessible vV
with LHC, and a similar triangle can be 0 (Em g
‘/usvub &TI ‘/CS‘/Cb
drawn for the B, system - here (sb) : vV =
* Here the parameters have different o (0,0) \ (1,0)
values: P,
. and p have different values: _ * *
7ane p sy Bs = arg|—(VisVip)/ (VesVi3)]
Nsp ~ A*1 g~ 0(0.01) Y
 The small predicted value makes the s = =2Ps>
P a SM: @, =-0.0363 £ 0.0016 rad
value of g, more sensitive to the NP.
The approach used is viaa (b = ¢ C's) transition, namely in B2 -> J/i ¢:
tr,c,u b
§ —— > > > c s > 5
\\\_\\ c S
Wg gw = P
— S . C
b el < 5 b < < c
r,c,u
Decay amplitude with oscillation, weak Decay amplitude without oscillation,
phase = 2xarg(V Vi *)targ(Ve V™) weak phase : arg(V Ve ™®)
EE/RW S. Palestini - ATLAS - WIN2019
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The BY. case - 2
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e Vector-Vector final state: CP of final states depends of polarization, and must be
determined but studying the angular correlations in the final state
* (added complexity compared to, e.g. B°->J/p K)

* Lifetime difference: the B,y and B, eigenstates have different lifetime:
* the two contributions and their interference term can be used to to extract

@, from a time dependent study on the time scale of 7, and At (1.5, 0.15 ps)
» (This handle is not present in B° -> J/psi Ks)

* A better sensitivity is achieved by assessing the b / b flavor at production
* Need flavor-tagging, based on other observables in p p scattering
* Need decay-time resolution comparable to 1/Am,= 0.06 ps
« (Comparable to CP and decay-time correlations in e*e -> BY B® , with slower
oscillations)

cgfql
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Angular variables Q%

The “transversity angles” are used to A
describe the angular distributions:

¢ rest frame

J/ rest frame
L In the J/iys (or ¢) rest frames, the direction of ¢
(opposite to J/y) defines the x axis, and the xy-plane is
defined by the K"K decay plane, with K" oriented
towards positive y; 01 and @tare the polar angles of /",
Vi the angle between K and x-axis
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Flavor tagging
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Based observing a pr weighted charge sum
performed over cone centered on leptons
and b-tagged jets.
Tagging is calibrated on a sample of
B+ -> I/ K+

Tagging performance evaluated on B* sample

Tag method Efficiency [%] | Effective Dilution [%] | Tagging Power [%]
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-pT muon 3.12 +£0.01 20.9+0.2 0.278 + 0.006
Jet 5.54 +£0.01 20.4 +0.1 0.231 £ 0.005
Total 14.74 + 0.02 334 +0.1 1.65 +0.01

Effective dilution: 2 x P(B/Q,)-1

Tagging power:

Efficiency x Effective-dilution?

For comparison: LHCb’s TP=4.7% , including same-side tagging
And equivalent quantity larger in e+e- (B°B®bar correlation)

20



Angular and time dependent amplitudes

npr-p

10 terms corresponding to
- Z O(k)(t)g[k}(ﬁ-y, Wwp,er) ° 3squareterms of defined transversity
A amplitudes

* 3interference terms between
transversity amplitudes

e 4 terms for the square of the K+K- non-
resonant amplitude and the
corresponding interference terms with
the transversity amplitudes

d*T
dt df

Full list provided below as additional
material, here just a few terms shown
at first order in @, :

1) = |Ag|? [e7 Lt + 7Tt sin(Amg t) X X TP X p—0.5(0Am)? |
X 2 cos? Ur(l — sin’ 07 cos? oT)

1
6) = [Ap|]|A, | [5 (e TLt—e~THE ) cos &) X pste Tt cos(8, — Amgt)x TPx e~ 05(0thms)® | x

.
X7

(9) = |4g||AL | sin( 8, — 85)[e THt F e Tst sin(Amg t)xpgx TP x e~ 0-5@hms)* | x
X % V6 sin Y sin 207 cos ¢r

cgf@l
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Angular and time dependent amplitudes <g§

d‘T (8) () g®)
T Zo (01, %1, ¢T)

* Note the strong phases present in the interference terms
* CP =41 contributions enter with + in the fast oscillating term
 Amplitude and phase of non resonant K+K- contribution are extracted from the fit

TP=1.65% e 05(0tm)® = 0.47
(for comparison 0.72 in LHCb)

(1) = |4 |2 [e7TLt + e Tst sin(Amg t) X pgx TP x e~ 0-5(@hms)’ ]
X 2 OS> Yr(l — sin 2 07 cos? o1)

1
6) = |Ao||ALl [E (e TLt—e=THE ) cos &) X pste Tt cos(8, — Amgt)x TPx e 0-5(0thms)’
X % sin 2y sin® 07 sin 201
(9) = |4g||AL | sin( 8, — 85)[e THt F e Tst sin(Amg t)xpgx TP x e~ 0-5@hms)* | x
6 sin Y7 sin 2607 cos ¢r

CE/RW
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Combined likelihood fit
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Entries / 3 MeV

(data-fit)/c
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Fit projections
Unbinned likelihood fit on mass, decay time, angles, using per-event errors
and fitting lifetimes, amplitudes, weak and strong phases.
Backgrounds: Bg — JIWK”™ Ay — J/ypK~ bb — J/YyX pp— J/YyX
Main systematic uncertainty from tagging uncertainty
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Fit results
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Al'y [p5_1]
o
N

0.12

0.1
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ATLAS Preliminary
Vs=7,8,and 13 TeV
68% CL contours

----------

--.7and 8 TeV, 19.2 fb 5
----13 TeV, 80.5 fo |
— Combined 19.2 + 80.5 fb™
— SM prediction

T T T T T

Gain on Run-1 from
sample size and better
decay time resolution

Part-of-Run-2 results:

ps = —0.068 +0.038 +0.018

AT, =

ATLAS-CONF-2019-009

S. Palestini - ATLAS - WIN2019

0.067 £ 0.005 + 0.002

Combined ATLAS results
Run-1 + part-of-Run-2
(preliminary)

Parameter Value | Statistical | Systematic

uncertainty | uncertainty
¢s[rad] -0.076 0.034 0.019
AT ([ps7!] 0.068 0.004 0.003
[ [ps™!] 0.669 0.001 0.001
|A(0)? 0.220 0.002 0.002
|Ap(0)[? 0.517 0.001 0.004
|Ag |? 0.043 0.004 0.004
0, [rad] 3.075 0.096 0.091
o) [rad] 3.295 0.079 0.202
0, —0s [rad] | —0.216 0.037 0.010

24
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Preliminary part-of-Run-2 result
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s Al [ A (0)? A0 As(0)f oL 0 0. —0s
[rad] [ps_1 1 [ps™ o [rad] [rad] [rad]
Tagging 04x103 03 x1073 02x107° 02x1073 23x1073 19x102 22x102 2.2x1073
Acceptance 0.7 x107° <107 <107*  08x107% 0.7x107% 24x107 33x1072 14x1072 2.6x1073
ID alignment 0.7 %107 0.1 x1073 0.5x107  <107* <107 <107*  1.0x1072 72x107°  <107*
S—wave phase 02x107% <107 <107 03x107%  <107*  03x107 1.1x1072 2.1x1072 83x1073

Background angles model:
Choice of fit function 1.8 x1073 0.8 x1073 <107 1.4 %1073 0.7x1073 02x1073 85x%x102 19x107! 1.8x1073

Choice of pr bins 1.3x1073 05x10% <107 04x107% 05x102 12x107° 1.5x107° 72x107° 1.0x1073
Choice of mass interval 0.4 x1073 0.1 x10™3 0.1 x107> 0.3 %1073 0.3 %1073 13 x107% 44x1073 74x1073 23x1073
Dedicated backgrounds: ~ ______
( 1
BY 23x107 1 1.1x107% 0 <107 02x107 3.1x107 1.4x1073  1.0x102 23x1072 2.1x1073
Ap 1.6 1073 04 %1073 02x103 05x107° 1.2x107° 1.8x1073 14x1072 29x107%2 0.8x1073
Fit model:
Time res. sig frac 14x1073 TLIx103 <10 05x107 0.6x107 0.6x1073 12x1072 3.0x102 0.4 x1073
Time res. pr bins 33 %107 TAXI07) 0.1x102 <10~ <10%  05x1073 62x1073 52x107% 1.1x1073
Total 1.8x1072 02x1072 0.1x1072 02x1072 04x1072 04x1072 9.7x1072 2.0x107" 0.1 x107!
Statistical uncertainty 3.8x102 05x102 0.1x102 0.2x102 0.1x102 0.3x102 1.0x10! 82x102 3.7x10?2
Systematlc uncertainties AT T A OF | 1AoOF [1AsO)F 5 5 5. o5
P —-0.111 0.038 0.000 —-0.008 -0.015 0.019 —-0.001 | -0.011
AT 1 ~0.563 | 0.092 | 0.097 | 0.042 | 0.036| 0011 | 0.009
Iy 1 —-0.139 | —-0.040 0.103 | —0.105 | —0.041 0.016
|A)(0) 1 -0.349 | —-0216 | 0.571 | 0.223 | —0.035
|Ao(0)? 1 0.299 | —0.129 | —0.056 | 0.051
|As (0) 1 —0.408 | —0.175 0.164
Fit correlation matrix O ! 0.392 1 ~0.041
0, 1 0.052
CE?W
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Overall combination of measurements

0.14 DO 8 fb_l ‘ Spring 2019 \
68% CL contours
5. (Alog £ = 1.15)
CMS 19.7 fb!

0.10 .
CDF 9.6 fb!

0.08 Cowbined

0.06 ATLAS 99.7 fb~
04 02 00 02 04
¢s°* [rad]

Preliminary HFLAV combination:
¢s = —0.055 £ 0.021 rad
AT, = 0.0764%39935 ps1

LHCb combines
measurements on
J/\ K*K~(non resonant)

and J/Ap mt ™ final states
(Preliminary, Moriond-EW

2019)

ATLAS result compatible with SM, and with LHCb result (also updated in 2019)
(Some tension on values of [, respectively about +2/-20 from previous world averages.)
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Conclusions

npr-»

ATLAS, and LHC in general, has achieved very significant results
on B physics, aiming at evidence of new physics.

Deviations from the SM based predictions have not been found,
while the allowed phase space of NP models has been reduced.

Large steps forward are expected from HL-LHC, which will
complement the programme of Belle.

g@ S. Palestini - ATLAS - WIN2019 27
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ADDITIONAL SLIDES
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Rare decay:

npr-p

Variable Description
p{f Magnitude of the B candidate transverse momentum pp5.
_
X%’V DV xy Compatibility of the separation Ax between production (i.e. associated PV) and decay (DV)
> — —
vertices in the transverse projection: AxT-ZK;l -AxT, where ZET is the covariance matrix.
XT
—
ARgignt Three-dimensional angular distance between TJ’B and Ax: yasp? + (An)?
RN
laopl Absolute value of the angle in the transverse plane between P18 and Axr.
— —
Lyy Projection of Axt along the direction of 7)’? : (Axt-prB) /B,
IP;P 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).
Aduy 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.
|d0|mi“—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["i“ The smaller of the projected values of the muon momenta along ﬁB .
Ioq Isolation variable defined as ratio of | p_T)BI to the sum of | ITT)BI 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,ft'flfe Number of additional tracks compatible with the decay vertex (DV) of the B candidate with
In( Xitrk,DV) < 1. Only tracks matched to the same PV as the B candidate are considered.
,\/i PV Minimum x? for the compatibility of a muon in the B candidate with any PV reconstructed in

the event.

S. Palestini - ATLAS - WIN2019

Variables used in MVA
classifier against
continuum background

29



Rare decay:

npr-p

Events / 25 MeV

Pull

s SRR BRI ERE S S e

ATLAS e 2015-2016 data

Vs =13 TeV, 15.1 fb —— Total fit result
----- B> Jy K

Partially recon-
structed decays

----- Non-resonant bkg.

e B’ Jiy '

III|IIII|1III1IIII|IIII|IEII|IIII|IIII|IIII|IIIr

5000 5100 5200 5300 5400 5500 5600
My K [MeV]

S. Palestini - ATLAS - WIN2019

Mass spectrum of B*
candidates
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Rare decay:

Source Contribution [%]
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 [%] B° [%]
f S / f d 5.1 -
B™ yield 4.8 4.8
R, 4.1 4.1
BB > J/WKY)YXBU/Y — utu) 2.9 2.9
Fit systematic uncertainties 8.7 65
Stat. uncertainty (from likelihood est.) 27 150

CE/RW S. Palestini - ATLAS - WIN2019

\
Y

Systematic uncertainties on
efficiency ratio (B*/B9))

Systematic uncertainties
on branching fractions
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Rare decay: LHCb+CMS 2015 and ATLAS 2016

Likelihood contours

ATLAS

& BT
o i ATLAS Preliminary
e /7 N Ns=7TeV,491b"
+ N N\ 1s=8TeV,20fb" A
> b &l & g/ CMS-&LHCh \ 1
T 4_ \ +"‘. J o
= A T \“«.‘ " :I,' &l
3 : ‘:}‘\ A :
X ol o T R
I _, SM, i

|||||||||||||||||||

& “Contours for -2A‘I'n(L)=2.3, 6.2,]
_2 — 1 1 1 1 [ 1 |! 1 1 I 1 1 1 1 I 1 | 1 1 I I11I.8Ifr9rr|] thel mlaxlirrllum IOfIL I
0 1 2 3 4 2] 6 7

CE/RW
\

NS
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B(BY — utu)[107]

The contours corresponding
to -2AIn(L)=2.3, 6.2, 11.8 are
shown relative to the
absolute maximum of L,
regardless of its position
outside of the natural
boundary.

The minimum within the
boundary of non-negative
branching fraction is shown
with the error bar for the
frequentist 68% confidence
range for BR(BO, -> p*u)

Also shown are the contours
from the combination of

CMS and LHCb
[Nature 522 (2015) 68-72]
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@.: angular and time dependent amplitudes

npr-p

CE?W
\
Z/

k | 0®@) 9" Or, ¢, ¢r)
| %IAO(O)I2 [(1 + cos @) e 4 (1 —cos¢y) e Tt £ 2 H sin(Amyt) sin ¢s] 2 cos? (1 — sin® O cos? ¢r)
2 | 4a,0)2 [(1 +cosdy) e T+ (1 = cosdy) e TH! + 2e7T sin(Am,t) sin ¢S] sin® (1 — sin? 07 sin® ¢p)
3 | AL [(1 - cosgy) e 4 (1 + cos ¢y) e Tt 3 2o Tt sin(Amyt) sin ¢ | | sin® Y sin? 67
4 | $1A0(0)[IA;(0)| cos 5 \L@ sin 27 sin’ O sin 2¢7
(1 + cos ¢y) e 4 (1 — cos ¢y) e T 4 26T sin(Amt) sin ¢
5 | IAO)IAL )[4 = eTH") cos(5, — 6)) sin g, _ sin2 Yy sin 2607 sin ¢y
+e 1 (sin(6, — 0))) cos(Amgt) — cos(d — J)|) cos ¢ sin(Amyt))]
6 | LA(O)IAL(O)[A(e L — e TH") cos 5, sin g 5 sin 2y7 sin 207 cos ¢
+eTs'(sin § |, cos(Amgt) — cos 8, cos ¢ sin(Amt))]
7 %|As ) [(1 — cos ¢y) e"r(LS)t + (1 + cos ¢y) e"rg)’ T 2¢7 T sin(Am,t) sin ¢s] % (1 — sin® O cos? ¢T)
8 | alAsO)IA O™ — e TH") sin(5) — 5s) sin ¢ L6 sinyr sin’ 0y sin 2¢7
ie"rst(cos(dn — 05 ) cos(Amygt) — sin(0) — s ) cos ¢ sin(Amit))]
9 | $elAs(0)IAL(0)|sin(S, — Js) 1 V6sinyr sin 207 cos ¢r
[(1 —cosdy) e U+ (1 + cos ) e 11 F 27T sin(Am,t) sin ¢s]
10 | a|Ap(0)||As (0)|[%(e"r(ﬁ)t - e_r(LS)’) sin O sin @ % 3cosyr (1 — sin? 07 cos? ¢T)
+e st (cos ds cos(Amygt) + sinds cos ¢ sin(Amit))]
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