Heavy Flavor Rare Decays from ATLAS
(Search for B, — u* )
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Flavor Changing Neutral Currents (FCNCs)

- 0RO
o FCNCs are highly suppressed in the SM Fully reconStruCtedY(4 BB event
u,c,t
b S
W

— forbidden at tree level and FCNC loop
diagrams are kinematically suppressed

* F irst F CN C in heavy quar kS dlS cover ed ‘
in BB mixing by ARGUS in 1987 e

ARGUS, PLB 192, 245 (1987)

Vi & Vi

r q £
b 4 __CLEO, PRL71, 674 (1993)
D _0 . j"*- | 1 T
Bq Bq 6 :'.".°: -1
5 - O K;w_
T, v vy ° T -
. . . o 2 s Observation .
o First FCNC in exclusive radiative b — 3] -
s v decays observed by CLEQ in 1993 o ]
. _ |
B(B"— K y)=(421+0.18)x10" "HEL B 1
B(BO s K 0)/) _ (433 + O 1 5) X 10 5 5200 5.220 Ms(f:;;(eevs;.zeo 5280  5.300

PDG World Averages
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Flavor Changing Neutral Currents (FCNCs)

o CKM-suppressed radiative b — d y transitions BaBar, PRD 78, 112001 (2008)
LT T rrTrTrTTTTT LENLINLENL I B LR )

discovered by BaBar and Belle Sy E
B(B—> py)=(1.39+£0.25)x10"° E
PDG World Average § _§
. . . . E
» Semi-leptonic box diagrams rarest B decays & E
SOfC”" measured S W N S e S e 1.1§
523 524 525 526 527 528 529 53
BB— KT )=(1.08+0.11)x10™ Mes(CeVE)
PDG World Average

B(B*— 7 l'[)=(24+0.6+02)x10" % e
LHCb preliminary @ ICHEP 2012 g Preliminary
S Gallas (ICHEP 2012) 3
» All observed FCNC in neutral B decays 2 3
have a “non-participating” spectator quark ¢ I B — wwu E
* No observation of annihilation or exchange 1} [E | H } E
loop diagram in decay, yet with, R E

6000 6500 7000
My, (MeV/c?)
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Motivation to search for B, — u"u~

o Standard model prediction

BB, —u'uw)=032£02)x10" g wh

o

Buras et al., PLB 694, 402 (2011) S

* New Physics models

— Virtual SM particles in loops could be
replaced by heavy NP particles and thus
significantly enhance the branching ratio

o Search for New Physics

o

s(d)

— Due to its small and precisely calculated
branching ratio B, = u"u" is a very
sensitive mode for NP at very high masses

|+

— Search is complementary to direct T oo

searches at the energy frontier i ,}:i*
* Best published limit on BR(B, = u 1)
from non-LHC experiments by CDF

10

5' x 0.2

O:I 11 1 1

0.97 <v, <0.987 0.987 <v, <0.995

ST
CC+CF

vy >0.995

NSNS o 5 BN,

FhLL H

N

5231 5279 5327 5231 5279 5327 5231 5279 5327 5231 5279 5327

BB —u'u)<4.0x 10° @ 95% CL

2
m,, (MeVic?)

CDEF, PRL 107, 191801 (2011)
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The ATLAS Detector

Tracking — )

— Pixel, (microstrip) Semiconductor ..
Tracker (SCT) and Transition
Radiation Tracker (TRT) in 2T
solenoidal B field

Muon System (MS)
— Dedicated trigger and tracking

\ : ) LAr hadronic end-cap and
forward calorimeters
Pixel detector \

C hamb er S Toroid magnets . LZr :Iecf:)m:gneﬁc calorimeters
Muon chambers Solenoid magnet ransition radiation tracker
_ 0.5 _ 2 T toroidalﬁeld Semiconductor fracker
Tracking performance . o o o _
- : o 7 ATLAS Online Luminosity \s = 3
— 10 um impact parameter resolution 2 't ninEkuminasty’ NB=7Tev ;
Z b 7] LHC Delivered g
o'(pT)/pT~ 0. 05%pT69 1.5% é : [ ] ATLAS Recorded :
g 5 - Total Delivered: 5.57 fb” -
Data sample 3 b ol Recored: 521 .
Q C =
— 5.2 fb ! recorded in 2011 S . E
_] . . . g E E
(2.4 fb~! used in this analysis) =g E
. o . O - &l
— Instantaneous luminosity steadily " E E
increasing during 2011 - E

0
28/02 30/04 30/06 30/08 31/10
Day in 2011
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Analysis Strategy

Relative BR measurement

— Partial cancelation of uncertainties (luminosity, cross-section, efficiencies, ...)
— Use reference decay B* » J/w K" u ' u K~

N . €.
(Bi e'-]/Z/JKi %M-I-M_Ki)xf;l X MVJ]XQJ/U}K_ X JIYK*

f 14, €,
§ JIYK™ wu wu
=N ,  XSES
uu
BR of reference channel and Acceptances and efficiencies
relative production rate *  Determined with simulated events
Taken from PDG and recent weighted to match data distributions
LHCbH measurement *  Similar selection criteria for
B, = u"u and reference channel
Signal yields Single event sensitivity SES
* Count B, = u*u events in signal region * Corresponds to branching ratio that
and “subtract” background estimated would yield one observed event in the
from mass sidebands data sample

* Fitfor B* = u*u K*signal yield
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B Reconstruction and Event Pre-Selection
Trigger

— Level 1 di-muon trigger, require p; > 4 GeV for both muons
Inner detector tracks
— at least 1 pixel, 6 SCT and 8 TRT hits

— |yl <2.5andp; >4 GeV (> 2.5 GeV) for muon (kaon) candidates

— require muons to be matched to MS tracks
B decay vertex

< 6 for B = J/w K (99.5% efficient)

> [ T LI | T T T T T LI T T T T _]
(O] 7 __ Trigger |
10" = ATLAS Preliminar — EF 2mu4_DiMu E
— form B vertex from B daughter tracks = g Y cr omed_spsmums =
8 - J/IP - EF_2mu4_Bmumu 1
— require vertex y?/DOF 5 10°F YIS e
. 2 - Y(2S) @ er g =
o ZfOI” BS _’IUIU (85% efﬁClent), "E‘ 105 :_ l Y (3S) [ EF_mu4mu6_Upsimumu ]
LIJ § —e— EF_mu20

B candidates 10* ;"jﬁwi“ —é

— pr(B) > 8 GeV, |ngl < 2.5 L N

Primary vertex (PV) - -
— determined from non-B candidate 102? \s=7TeV f Ldt~2.3fb"

tracks and constrained to pp beam spot B 1' I '1'0 e '1'(')2

— if multiple PVs in an event, choose one m,, [GeV]

Total of 200,000 B, = puu and
140,000 B* — J/w K* candidates

closest in z to B decay vertex
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Backgrounds

Continuum background

originates from bb = u" = X
smooth variation with B mass

» background yield in signal region can
be interpolated from events in B mass

sidebands

Resonant background

B decays in which one or two hadrons
are misidentified as muons

Probability for a charged K (m) to be
mis-identified as muon is 0.2 (0.4) %

Main backgrounds
* single-fake events (eg. B, K™ u*v)
* double-fake events (eg. B, > K"«
B —>n"n,B 2K "'n)
Estimated with simulated events to be
0.24 events total (after final selection)

*(2 :l LI T I T T T I 1 T T T I T T R | l T T T T I 1 1 T l:
g 0.06[~ —B./B; > KK ATLAS simulation
- —B.—->Kn* i 7

- e Vs=7 TeV :
© 0.05F 5 2K* .
% [ —BJ/Bs—onn L L‘ i
S [ BBk T Bf171 MeV &
0.04[ B~ K : : .

m 2;" " i BA33MeV | ]

0.03F TN T I

: Tk BA116]MeV | ]
0.02- 1§ R A
0.01F -

5%00 5100 5200 5300 5400 5500 5600

Invariant mass [MeV]

Channel Signal Region

Sideband Regions

B® = putp- [[5066,5666] MeV]

[4766,5066] MeV
5666,5966] MeV

£ 5 JWKY/ | [5180,5380] MeV

|
[030,5130] MeV
(5430,5630] MeV

v 4

/

Blinded until analysis finalized
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Background-discriminating Variables

* [4 variables combined into Boosted Decision Tree (BDT)

— discriminate against backgrounds from prompt tracks, muons from different b decays,
secondary vertices with additional particles, and non-B processes

— most of the variables exploit precisely measured displaced secondary vertex originating
from the long B, lifetime

2 5IIII'III'IIII'III'IIIIIIII'IIIIIlI 2 TTT [T T T T[T T T T[T T T T[T T T T [ TT T T [TT T T [TTTT w LI I B B I e e
- « 10*F 5§ W - ATLAS 3
o ' Background] © 3 1 E - s ]
- = . = -t -1
o Ldt=241b - Ldt=241fb i © 7 s=7TeV
| - [ . - - - ol | 554 = -1
(] 10 E (1) L ] b— 7
3 N -
Kol 3 0 Z
. 3 T z -1
2 o a s s A e i e u s ru s s ans — / Ldt = 2 4 ﬂ)
- T YT E E / =0
5 - =1 3 777227y = 1 3 =
= 7 z 3 = = 3
o - = 3
i Voo o ousssarsoalssnrsonsssnssnrronrrsnrrrnsrsdtdon
3 vy - L L e -1 I~ A
10° B - e e o o) L -
= i 3 1 e surssnss LTIy rrrry
B = W e o) (] - 4
N P, . N N Iy P T s s rr oy rrrrrry N
. O e . . = VorssasssasssnrssnrRensssnssnsssnrssnrssnsssnsssnsssnsssrnsd -
a T T a - A A A A A AR A A
R OSSR - - Pursrnrrsnsev — -
T e e l.(u:;urruonrrcuoo-rccuonc:nrrruoo = 3
sy 4 E g & o A A A = E 3
cectevereccteceenls e PRI IRI I IS SIS SIS A ARSI S PRI ARSI ARSI ARSI IS A ARSI ARSI 2RI 2 7 - AL —
— R e - AR b 10 ey s - - (L -
o
o R A A AR 0l Rt e - (=] s (o] o -1
= AR A | | R | deireeiris 3 .- sRssaRs s sA, 7
z - I T e S e, - - o | R | e e 3 Z SIS I ARSI ING SSRGS IR SR IsInsanr s IR s s s eas s s sas s rnsss] Z - -
=1~ 3
B e e s o | o b | e M= A A A A A A R
W A LA A A A AR O 0 A E A LR - T " AAAA RS AR A -
O R R AR A Ao v O R - Prusssnrssnsss SEIS IR s
W Lt ) VT T e s AL :
R o ARt B PN s n s s s s s ans s sns s ansrns e ] 7 iy
T e T Ty - LA i russsns s ssnsssnsrsnsssissnsssn ] 41 7 oy 10 -
e e IR 1B e i A E
O A A A A LA R i SO DA A LR o A 77 e 1 -
E A AR AR A AR LA AR O O A A . Wl 4] fo b o 41 -
R l:,a, ﬂ,a,a Ty v VL r VLV IV vy r vy vy rvry, | Crvry  rrrrvs | v 4 4-HIH- o -
I Ok, Tt Lo o O S0 A 40 i o0 WL O ¢ A B2 €0 ) L0s ots Ol o T IO = e T R L A A )’1'1’(’!'(2771’1’ e el 4 H - ’ ‘ a ]:‘E“('ah:i

0Ly mm] T[GeV]

o, = angle between Ax projection L,, = projection of Ax on p2 = B transverse momentum

in transverse plane and B transverse momentum

B transverse momentum

AX =X, - X,, = vector between B decay vertex and primary vertex
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Sensitivity of BDT to Pile-up

2105'l"'l"'l"'l"'l"'l
& Jmas * Pile-up = multiple pp interactions per bunch
(1T s=7TeV .
5 10° I , Crossing
5 Ldt=241
‘g’ 10° — Average # PVs in the data sample is 5
Z : : : : :
B 102 * Isolation 1, is the variable in the BDT that is
N .. .
- most sensitive to pile-up
& 10
< - B
‘ - 7 ith AR = \JA¢” + A1
, I } 07 = =38 - irack wit =yAp" +An
0O 02 04 06 08 1 Pr ‘ + 2 ‘ T
Isolation (I0 7) AR<0.7
a 1:| T T ] T T } T !,\! I h‘ﬁcl !'I ,:m,!p\,! I '!"!"! i T E
& 0.9F A Moo v P somcen 1, ; strongly depends on # PVs, if all tracks
o _f T e o ' : :
5 08 e (except the B daughters) are included in the
3 07F E calculation
C - -
o 0.6¢ g B P . .
8 o5t arins Limiting th? calculation to tm‘cks coming
2 4 =77V 3 from the primary vertex associated with the
o- af JLdt:2.4 ' 3 B candidate almost completely removes the
025 f\i\ \\ dependence
0.1 ly;> 083 Kf —\
061 e BT 11‘21? Data = sideband-subtracted B — J/w K events
_ _ MC = simulated B — J/y K events
Number of primary vertices
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Variation in B Mass Resolution

» Split signal candidates by |n| region™ and optimize subsamples separately
—  Three regions Barrel (B), Transition (T) and Endcap (E)
* B mass resolution becomes worse with increasing |7/

— more multiple scattering and smaller magnetic field integral at large |7

— B mass resolutions: 60 MeV (B), 80 MeV (T), and 110 MeV (E)
— Most B candidates are in Barrel region (51% (B), 24% (1), 25% (E))

ID end-plate 2

B T =

Solenoid coil ;
L : 2 &
' PPF1

...r—-|

R1004 - mi=2.0

|

A1066
! l-"’/
@ Cryostat
& Ini=2.5
%ﬁf (en cap)

1. Pixel PP1

..... ¢ \—
” e

— — - R343

g b 934 12999 114 2ns2 2508 2720.2
495 0501 853.0 10015 1399.7 z(n)

* The maximum |n| of the 2 muon tracks determines the subsample.
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BDT Performance and Optimization of Signal Selection

ATLAS Preliminary

* Boosted Decision Tree (BDT) - o J |
L : : 00 |Ldt=241b" ys=7TeV
— Multivariate classifier chosen to combine [ &o
. .. . . . — o —6— Bop*u sidebands
14 discriminating variables for improved i o 0  — BowwMC
signal-background separation 8
®)

— Trained on B, — pu signal MC and mass
sidebands in (50% of) data sample

— Optimal cut between 0.23 and 0.27
depending on the |n| subsample

Normalized Number of Events

o Maximize P for optimal performance of a
95% CL frequentist limit (a =2) in a
counting analysis [Punzi, arXiv:physics/0308063]

— Optimize BDT output cut and invariant E Sig
mass search region window P =

a
|77ma.\'| Range 0-1.0 1.0-1.5 1.5-2.5 5 + NBgd

invariant mass window [MeV] | 116  +133 +171
BDT output threshold 0.234 0.245 0.270
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Acceptance and Efficiency Ratios

c ATLAS
. . Preliminary
JIpK JIypK
R, = y I {s=7TeV
E -1
utus utu” j Ldt=2.41b

* Dominant systmatic uncertainty in R,
is due data — MC discrepancies

—— B*— J/y K* data

—— B*> Jy K*MC

— Re-weight events wrt most sensitive
variables in BDT

— Due to large correlations between
decay-length sensitive variables,
L., correction effectively removes
differences in other variables

Normalized Number of Events

..llllllllllllllllllllllllllllllllllllll

I
). lllllllllllllllllllllllllllllll 1111

" 04 03 02 01 0 01 02 03 04 05
BDT Output

— Differences in p; and n of B daughters,
# PV and pixel detector occupancy are
accounted for in systematics

« Systematic change in R, is 0.6% imaxl - Ry, A% A%
h y ndividual ] Range Stat.  Syst.

— X
changes A x¢ for individual samples are o T

10-20%, but highly correlated between 10-15 0200 48 5.5
B, = uu and reference mode B — J/w K 1525 0143 53 59
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B* = J/w K Yield

. . > :I | I L ' L ' L L l L L I:
» FExtract B- = J/w K* yield with 2 900 _ =
binned likelihood fit to B mass 3 - ATLAS - E
o T 8001 (s=7 TeV — =
distribution separately for each g ~00E- 1 1 B iy igna E
|7]| S Z/le ample E E J‘L dt = 242 fb- —  COmbinatorial Background E
L - ]
— Signal PDF': double Gaussian 6005 Solocted B Jw K Party Reconstructed Decays
with common mean 5005_ c:ufcc;ijates fromwall B Jhy »” background —E
— Background PDFs: 400F- 3 Inl subsamples =
» Exponential (combinatorial 3003_ ]
background) + Exponential times = .
complementary error function 200 —
(partially reconstructed B 100! -
decays) + Gaussian (B —J/y ) _ .
O__I I T B s e s AR o S S ! I
5000 5100 5200 5300 5400 5500 5600
» Systematic error estimation my, k: [MeV]
— vary bin size

-1. 0-1.5 S-2.5

— use different signal and l"imxl Rangei — 0-10 101 !
P | o
, o , statistical uncertainty +1.6% +2.8% +3.0%
— use unbinned likelihood fit with systematic uncertainty +2.9% +£7.4% +14.1%

event-by-event mass resolution
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Opening the Signal Box

> 35“ EEannmnpen 1 1 | T 1T T [ T T T T ety > 35_ mmakmmlEmpmaEs T T I I o
= - ATLAS | = = -
o 3re h]' <1 - o 3} = |l]|max<1.5 -
o S et e Data = % - \s=7TeV _1 - Data =
€ 2'5:__[ Ldt=241" —— B_—p*w MC (10x) 4 £ s |Ld=24p B, MC (10x) =
o = 4 0 - i
2: b : : 2:' : i Signal search
150 -~ 1 5 1< / window -
- e eee iole |i e s e e E -
05 : : :

%4800 -

m,, [MeV]
Sidebands (used for S
background estimation) ‘s ' N
E 3 : AllAD Inlmax< 2.5 :
2 - ‘{Lgd:72Tivfb" _9~ Do -
. ) c & =2 B.—u*u MC (10 -
* Observe 2, 1 and 0 events in signal & % SHME (104 -
regions consistent with background- 2L @ : ; -

only expectations 158 5 ;
— MC signal distributions correspond e ° . : :
to roughly x10 SM prediction : ;
(ie. BR(B, = uu ) = 3.5 x 10 %) gt
BEACH 2012 B. — yu at ATLAS (S.Prell) 16



Putting it all together ...

|7max| Range 0-1.0 1.0-1.5 1.5-2.5
B* - J/WK* - uTu K= | 4300 1410 1130

statistical uncertainty +1.6% +2.8% +3.0%
systematic uncertainty +2.9% +7.4% +14.1%

|flmax| Ri e A% A%
Range Stat.  Syst.

0-1.0 0274 3.1 3.1
1.0-1.5 0202 48 55
1.5-25 0.143 53 59

Noo e e
B(BO —utu) = T UL SRR
’ A 14, E . .
JIYK wu wu
1/(4.45+0.38)x10°
[7max| Range 0-1.0 1.0-1.5 1.5-2.5
[SES: (ee) ' [10°]] 0.1 1.6 4 [PDG + LHCD]
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BR Limit Extraction

* Use CL,  method to extract B, —* pu branching fraction
— expected 95% CL limit 2.371:0_, . x 107% (determined before unblinding)

—4— Observed CLs

----- Expected CLs - Median
[ Expected CLs + 10
|:| Expected CLs + 2 ¢

1
O

107

L = Gauss(epsle, o¢) X GaUSS(RzI;ilekg,O'Rbkg) X
Nbin bk
]_[ Poisson(N?*|e &;BR + N + NE=hh)

T IIIII T T TTTIT

102

i=1 g_ ATLAS
- (s=7Tev
Poisson(N,,& IR R7*/N;*¢) x b [ia-osm
Gauss(efbsle,',crq). ’ ?
0 ‘: 2 I 3 4 5 —

BR(B, > *)[10°]

B(B — u'u)<22x10" at90% CL

p-value for background-only (background + SM) hypothesis is 44% (35%)
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Combined ATLAS, CMS and LHCb Limit

o Limit is compatible with ATLAS-CONF-2012-061

()] [ | |
background +SM signal o | ]
_ ATLAS+CMS+LHCb |
within 1 o (I —CL_,, = 84%) 0.8 —
0.6 ]
* p-value for background-only i :
hypothesis (1 —CL, ): 5% 0.4l N
o . 0.2 N
* Limit is getting close to SM RS \
prediction of (3.2+0.2)x10~° T
0 1 2 3 7
B(B? - u*u)x 10°
. LHCb | LHCb :
Mode Limit ATLAS | CMS 2010 | 2011 Combined
Bkg Only | 23 (36) | 65 | 34 2.3
BY— ptu~ (10°)  Bkg+SM 8.4 7.2 6.1
Obs 22 |77(72)| 56 | 45 4.2

B(B. —u'u)<4.2x10” at 95% CL
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Conclusions

o ATLAS’s rich heavy flavor physics program has expanded to rare decays

o Other ATLAS talks on b physics at this conference
 C. Hawkes: Heavy flavor cross-sections
 E. Kneringer: CP violation
* N. Panikashvili: Mass and lifetime of 4,
* R Wang: Y and y, production

* Presented branching ratio limit from ATLAS on B, —* yuu which is now
published in Phys.Lett. B713 (2012) 387 and an ATLAS-CMS-LHCb

combined limit (ATLAS-CONF-2012-061)
95% CL limit is only 30% above Standard Model prediction

* More heavy flavor physics measurements from ATLAS will be coming soon

* In particular an improved measurement of B, — uu is in progress using more data and
improved analysis techniques
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