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Rare beauty and charm decays
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Why rare decays

Flavor Changing Neutral Current transitions only occur at loop b P s
order (and beyond) in the SM W V‘W+ ut
-~

New particles can contribute at loop or tree level enhancing/suppressing decay rates, introducing new sources
of CP violation or modifying the angular distribution of final-state particles
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Information about physics beyond the SM can be found studying rare decays properties:
the branching ratios of Bsg — pp
selected observables in B = K(*)up
the rate of decays such as B = MI*I" with different leptons in the final state
LFV and very rare decays

photon polarization and radiative B decays



Rare decays analyses in Runl

Benchmark channels explored/being explored by the three experiments

Physics of rare-decays is obviously LHCb bread&butter

particle ID detectors
access to low pr objects
low pileup environment

CMS and ATLAS:

mainly limited to multi-muon triggers with few GeV thresholds

complement |n| region covered by LHCb (not so important for rare decays)

20 fb ' data collected, while LHCb has 3fb1
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LHCb Average Pileup at 4 TeV in 2012
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What do we expect from Runll

Cross section for B-physics processes is aimost doubled wrt Runl

factor 2 in the collected statistics

-
o
N

LHC expected to deliver ~100 fb-1 in Runll T

5 ATLAS & CMS

LHCb =4%1032¢m2s!

LHCb lumi-leveling — collect about 5 fb-?

I

ATLAS and CMS can fully exploit the luminosity delivered by LHC
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however, this implies higher event rate

Instantaneous Luminosity [10%2 cm2 s°7]

main limitation will be the trigger step Beam -~

higher PU = more combinatorial/backgrounds 19 S T e | )
Fill duration [h]

Higher statistics than in Runl will allow to
improve statistical uncertainty on already pursued measurements
access to new decay modes (very rare decays)
Runll will significantly improve reach of new physics searches

results will probably come out not before the end of this year



Detector improvements - ATLAS
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improvements and overhaul of readout electronics
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2015-007/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1MuonTriggerPublicResults

Detector improvements - CMS

New pixel detector to be installed during extended year-end technical stop 2016/2017

additional 4th barrel layer and 3rd disk — 4 hit coverage will provide more robust tracking

smaller radius of inner layer — better vertex resolution and b-tagging efficiency

lower material budget — lower multiple scattering

new improved readout chip — recover hit inefficiency
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https://indico.cern.ch/event/391665/contributions/1827328/attachments/1230647/1803759/KatjaKlein_18022016.pdf

Trigger in Runll- ATLAS

Trigger results ATLAS

> AR R AR R R R RN R

Dedicated B-physics triggers delivering good yields 2 [ATLASPreliminary ,, g viys) §
1

o 107 efLdt=3.21b | WP () >4GeV, p (n)>4GeV —

: = = Vs=13TeV P,(n)>6GeV, p (u)>4GeV

in 2015, managed to keep Mu4Mu6 unprescaled for 2 1050 BE W -coev.p )00 ]

the entire run E E Single muon trigger: p. (u) > 20 GeV 3

UCJ 5 - Supporting dimuontrigger:pT(u1)>4 GeV,pT(u2)>4GeV N

: " , : 10° = E

in 2016 additional requirements are applied to keep low E

thresholds 10%

In 2016, inclusion of L1 topological trigger 10°
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new inputs to L1 trigger system providing information m(uwu-) [GeV]

on event topology
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https://goo.gl/ok0Wg7

Trigger in Runll - CMS

Completely renewed hardware trigger (L1) from 2016
possibility to introduce more complex topological requirements (AR)
will allow to apply invariant mass selections already at this step
could be beneficial to reduce rate of low pt dimuon seeds
HLT selections based on multi-muons paths
work ongoing to further improve tuning of the online selections (adding further requirements)

in 2015, lowest prunprescaled dimuon paths had two muons with pt > 4 GeV each

2.7 b7 (13 TeV)
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Trigger in Runll - LHCDb

LHCb 2012 Trigger Diagram

Same hardware trigger (LO)
- not thresholds

40 MHz bunch crossing rate

Completelv revised HLT LO Hardware Trigger : 1 MHz
P y readout, high Er/Pr signatures

improved trigger farm able to write 4:°/ ::z
to storage 12.5 kHz instead of 5 kHz

Software High Level Trigger

same reconstruction online as offline Introduce tracking/PID information,

need “online” calibrations and time constraints

find displaced tracks/vertices
Offline reconstruction tuned to trigger

a|ignmen‘ts Mixture of exclusive and inclusive

\___selection algorithms

J

>

split in HLT1 and HLT2

5 kHz (0.3 GB/s) to storage

2 kHz
events buffered after HLT1 . 2 kHz Inclusive/ 1 kHz
nclusive E . Muon and
Topological xclusive DiMuon
P 9 Charm
alignment and calibration run on __.

dedicated HLT1 samples

HLT2 performs full event

Alignment and calibration

reconstruction Offline reco & selection

Physics results

Sullio

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

~ ~> =’

LO Hardware Trigger : 1 MHz
readout, high Et/Pr signatures

. Software High Level Trigger

displaced tracks/vertices and dimuons

[ Partial event reconstruction, select ]

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

I Ir 17

12.5 kHz (0.6 GB/s) to storage




B%s — ptu- decays

FCNC in the SM, helicity and CKM suppressed
B(BY — up )sar = (3.66 £0.23) x 1077
B(B° — u sy = (1.06 £ 0.09) x 10~
Theoretically very clean process (virtually no long-distance contributions)
Particularly sensitive to FCNC scalar currents and Z penguins
Experimental signature also very clean
2 muons in the final state
suitable also for CMS and ATLAS

One of the most promising channels to reveal new physics contributions

PRL 112 (2014) 101801

ATLAS CMS
arXiv:1604.04263 PRL 111 (2013) 101804
4 GeV (2011
muon pr 4 -6 GeV 3 GeV EZO‘IZ;
dimuon mass resolution 60 to 120 MeV from 32 to 75 MeV
yon mass resoiutio (n dependent) (n dependent)
sensitivity 3.10 4.80

LHCb

PRL 111 (2013) 101805

0.25 GeV

~ 23 MeV

5.00
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.101801
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.101805
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.101805
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.101804

CMS + LHCb combined analysis

Nature 522, 68, 2015
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Branching fraction results T 5200 B T a0

My (MeV/c?)

B(BY = ptp~) = (2.875¢) x 1077
B(B® = pfp™) = (3.971%) x 1071

[D. Straub http://arxiv.org/abs/1205.6094]

compatibile with the SM at 1.20 for B% and 2.2 for B

I:!.
+
Results for the ratio of branching fractions ?
o LHEb+EMS combination
E’ 68%, 95% C.L.
RzB(BO—),U,_'_M ) =014+0.06 a;
B(BY — ptp=) — 008
within 2.3c of SM prediction T 10 ” 30 40 50

10° x BR(Bs — utu™)
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http://www.nature.com/nature/journal/v522/n7554/pdf/nature14474.pdf

BOs) — p*u- from ATLAS

arxiv:1604.04263

Recent results from ATLAS on full Runi statistics

similar analysis strategy as CMS and LHCb

precision comparable to individual CMS and LHCb
measurements
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B(BY = ptp~) = (0.9755) x 1077

B(BY = utp™) <4.2x 1071 @95% CL
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http://arxiv.org/abs/1604.04263

BO%s) — p*p~ in Runll

Absence of large enhancements over SM BR does not mean these rare modes are becoming less interesting

we simply excluded scenarios with large scalar FCNC’s and entered into a regime where different type of

amplitudes (Z-penguins, Z', ...) can affect these decays

there is still large room for NP!

Measurement of the branching fractions

production cross-section approximately doubled

present theoretical uncertainty ~ 6% likely will decrease to 2-3% in the next few years

improve measured precision as theoretical precision increases

trigger thresholds will be the main limitation for ATLAS and CMS

S
Bos—p*u- effective lifetime
sensitive to the asymmetry parameter
independent probe of new physics
fs/fa measured by ATLAS and LHCDb so far, measurement from CMS

would be interesting
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http://arxiv.org/abs/1604.04263

BY— K*0 y*u- decay

Decay mode that gives access to large number of observables: branching fractions, CP asymmetries and
angular observable

branching fraction ~ 4.5 - 107
sensitive to new vector or axial-vector currents and virtual photon polarization

the decay is fully described by three angles (6), 6k, ¢) and the dimuon
invariant mass squared (g2

the observables depend on form-factors for the B = K* transition plus the
underlying short distance physics (Wilson coefficients)

1 d3(I +7T) 9 7,4 0 )
_ T = 2131 —[Fy) sin? 0 +[Fi)cos? 0
dT+0)/d?2 a3 |p 3%[4( [FL sin® 0xc +{Fijeos® 0xc +

+1(1 — sin? O cos 26,
fraction of longitudinal
polarisation of the K* 082 65 cos 26, + Ss sin® O sin® ) cos 2¢
+.5,4 sin 20 i sin 26; cos ¢ +in 20k sin 0; cos ¢

forward-backward
asymmetry of the +§sin2 05 cos B + St sin 20k sin 0 sin ¢

dilepton system +Sg sin 20 sin 26; sin ¢ + Sy sin® O sin? 6; sin 2¢
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BY— K*0 ytu- analysis

LHCb has performed the full angular
analysis of the decay with the full Runl
statistics

full set of CP-averaged angular terms
and their correlations is extracted

CMS published analysis integrates over the
CID angle PLB 753 (2016) 424

lower event yields due to higher pr
thresholds and combinatorial
background

does not measure the full set of
observables

full angular analysis on Runl data
ongoing

ATLAS analysis on full Run1 data ongoing
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http://arxiv.org/abs/1507.08126

BY— K*0 p*u- results

Results for Ars and FL available from LHCb, CMS, Babar, CDF and Belle
Results from full angular analysis only available from LHCb and a recent measurement from Belle

present data show some “tension” with SM predictions especially in the Ps’ parameter
Ss
VFL(1—Fy)

deviation from SM prediction at level of 2.8 and 3.0 standard deviations in the g2 bins (4-6)(6-8) GeV/c?

Ps’ is one of the form-factor free observables P: =

—+— CDF CMS — BaBar —% Belle
—e— LHCb B SM from ABSZ
o - T T 11T 7 4
< : SM from DHMV E
0.5 —+ J. } [ ® LHCb Run 1 analysis ]
- ' '—_ﬁ__ O Belle arXiv:1604.04042 ]
0 — ) :
0.5F _ 0.5 + R ‘ _
. | N B B | P N s S A B
]0 5 10 15 0 5 10 15
2 2/ 4
g2 [GCVZ/ 4] q* [GeV~</c?]
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Other branching fraction measurements

Anomalies present also in other b—spu channels
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Wilson coefficient fits

Some deviations are observed in different exclusive modes and different type of observables (angular and BR)

Reduced tension in all the observables with a unique fit of non-standard short-distance Wilson coefficients

AG
Hepr = _Tgmb ) (C0; +COj)
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Lepton Universality

In the SM, ratios Rx =

JdU[BY — K*ptp~]/dg? -

dg?

precise theory prediction due to cancellation of hadronic uncertainties

[dU[BT — Ktete~]/dg? - dg?

expected to be 1 in SM with uncertainty O(10-3)

JHEP 12 (2007) 040

PRL 112 (2014) 149902

experimentally more challenging due to differences in electron/muon reconstruction (larger Bremsstrahlung

of electrons)

- +0.090 +0.036
In Runl, LHCb measured Rk = 0.745 "' 574 "0 036

e
in the range 1 < g° < 6 GeV? consistent with the SM at 2.60
Tension also seen in the measurement of
I'(B — X1v
R(X) = LB = X77)
D(B — X(7) & O gu
045 unos Ax"=1.0 _
- Emsm
B === Average
0.4:— I .
0.35
0.3 :
025 : 99.7% C.L. :
0873 03 0.4 05 06

--LHCb -m-BaBar -a—Belle
2r L B AL LR A B T T ]
i LHCb 1
1.5 m N
1: SM 1
0.5F .
PRL 113 (2014) 1516011
O P | S T ST T A TR TR T TR N T
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http://iopscience.iop.org/article/10.1088/1126-6708/2007/12/040/meta;jsessionid=E37401F2F5350F6DECECE3305E0EB00B.c4.iopscience.cld.iop.org
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.162002

b — sll decays in Runll

Runll data will improve statistical precision of the current experimental measurements
LHCb will repeat full angular analyses and BR measurements at 13 TeV
ATLAS and CMS:
sensitivity reach difficult to predict since full angular analyses on Runl data are still ongoing
significant effort ongoing to maintain low trigger thresholds
eventually, higher statistics could give access to complementary decay channels
No = Aty

Bs = outy

Decays with electrons in the final states reasonably investigated only by LHCb
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Lepton Flavor Violating decays

LFV allowed in the SM in the context of massive neutrinos (BR ~10-4° or less, beyond experimental sensitivity)
Beyond the SM theories can significantly enhance LFV decay branching fractions

Measurements mostly published by LHCb

BR LHCb data sample ATLAS

BOs— ety <1.4x108 @95% CL 1.0 fb 1 7 TeV -

BO—ety- <3.7x10° @95% CL 1.0 fb1 7 TeV -

DO — e*u- <1.3x108 @90% CL 3.0 fb! -

T Pt <(4.1-6.8)x 108 @90% CL 3.0 fb < 3.76 x 107 @90% CL (20fb™")
o 10° 3 EN HFAG-Tau
T F h Ih . R
é I ]
5 w0 : . E Results from LHC experiments would be
E | - ] . competitive if ready by the end of Runll
5 | A 1 . Belie (before Belle2 results)
o M « LHCb
5108 _ HFAG
S ]
B TEITITE T I

et -




Radiative B decays

Loop-driven B decays are very sensitive to the presence of new physics BSM

the SM photon in b — sy is predominantly left-handed whilst the right-handed contribution can be
significantly enlarged due to new physics

2600f LHCH
Reconstruction of low pr photons is experimentally challenging: = 500E f‘gsomtion
| | | S 400E 90 MeV/c2f =
LHCDb: - energy determined from the total cluster energy in the calorimeter Zs0E 0 F |-
- photon reconstruction dominates mass resolution Ezooﬁ

CMS and ATLAS: conversion to e*e” pairs, very low efficiency

Sh 1 P R N Bl L1
4500 5000 5500 6000
M(Kry) (MeV/c?)

Publications from LHCb only

_ o <g R PhLﬂz 2014)161801
observation of photon polarization through the decay 0.1
B* = K**m*y 0.05 —}— + [ LHCb
measurement of the ratio of BF 0

B(B°—K* )/B(Bs — ¢y) = 1.23 + 0.06(stat) + 0.04(syst) + 0.10(fs/fq) 00

in agreement with theoretical expectations
Nucl. Phys. B867 (2013) 1 01

1200 1400 1600 1800
M(Knr) [MeV/c?]
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Rare charm decays

Rare charm decays proceed via highly suppressed c— up*u~ FCNC process

in the SM short distance contributions O(10-°) but long-distance (tree diagrams involving resonances such
as D = XV (= p*p), where Vis a ¢, p°® or w vector meson) increase branching fraction to O(10-9)

sensitivity to NP therefore is greatest in regions of the dimuon mass spectrum away from resonances

however angular asymmetries sensitive to NP both in the vicinity and away from resonances

could be as large as O(1%)

Measurements from LHCDb only for different decay channels, no significant deviations from SM

first measurement of BF of D® = K-tt*u*u~ in the p/w region arxiv:1510.08367
D*s = Tty PLB724 (2013) 203

PLB725 (2013) 16

D% = pp
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Conclusions

Rare decays are a fundamental portal to access new physics effects
The Runl of the LHC is showing some tension with SM predictions in the flavor sector

Precise measurements in Runll are fundamental to prove these deviations and help building a
comprehensive picture

ATLAS and CMS will play an important role alongside LHCb

coordination between the three experiments would be beneficial to cover the interesting topics and in view
of possible combinations of the results
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Ps’ predictions

Theory SM predictions

—e— JC 1412.3183

BSZ 1503.05534
—a— Ciuchini 1512.07157
—a— DHMV 1510.04239
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—
o

Q2 (GeV?)
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B%s — pty- from the individual experiments

ATLAS

B(BY = utp~) = (0.9%55) x 1077
BB — ") < 4.2 x1071°@95%CL

CMS

B(BY = pp”) = (3.0759) x 107°
BB = putu™) < 1.1 x 107°Q95%C L

LHCDb

B(B) = putp~) = (2.97775) x 107°
B(B° — ) < 7.4 x 1071°@95%C L
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