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Introduction

» Run 1 of the LHC provided us with a rich set of results

— Rise of the precision era for rare decays

> Selective set of plans and thoughts with Run 2 data and beyond
involving b — s(d)¢*¢~ modes in light of current anomalies
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LHCb signal yields

channel | 3tb-!  Run 2 Upgrade (50fb—1)
BY > KO(K*m )iy | 2,400 9,000 80,000

BY — K**+(Kn+)utp~ | 160 600 5500

B — KOyt yu— 180 650 5,500

Bt — Kyt p~ 4,700 17,500 150,000

Ao — At~ 370 1500 10,000

B — myutu- 03 350 3,000

BY — ptp— 15 60 500

BY —» K*0ete~ (low ¢?) | 150 550 5,000

B, — ¢y 4,000* 15,000 150,000

Naively scaling with luminosity and linear scaling of o, with \/s. Extrapolated yields rounded to the nearest 50/500
* unofficial estimate

» Our measurements of d3/dq? obtained by normalising rare yield to that of
normalisation channel B — J/¢yK*

» For higher statistics decays, dominant uncertainty of integrated BF is the
knowledge of B(B — J/{K*)

— More b — sf¢ decays in Run 1 than B — J/¢¥K™* of B-factories!
» With the LHCb upgrade even “tough” modes will be sufficiently populated
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An intriguing set of results

1. Measurements of differential branching fractions of B — Kt~
Np = ANt p=, Bs — dptp~

[JHEP06(2014)133] [JHEP07(2011)067] [1606 04731], [JHEP06(2015)115], [PLB725(2013)25]
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An intriguing set of results

2. Tests of lepton universality between BT — Ktu™p~ and BT — Ktete™

2 ——LHCb —=—BaBar —Belle
T T

» Measure for 1 < g2 < 6 GeV?/c* < F LHCb
Rk = 0.745%9:9% + 0.036 "t 7

» Consistent with SM at ~ 2.60 i } -

» Consistent with decay rate t ]
measurements if new physics does 05F ]
not couple to electrons ]

QHChIPRII3(2012)051601] 15 20

BaBar[PRD86(2012)032012] 2 [GeV?/c4]
Belle[PRL103(2009)171801]
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An intriguing set of results

3. Angular analyses of b — syt~ and Bs — ¢utpu~
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r = LHCb 2013
s LHCb ] e 4+ LHcb201s |
1'—- 1 SM from DHMV 05 = SM from DHMYV |
H- 3 -
= N
o —— ]
- Ly -+ * 3 -05 1 + ]
: 1 — i |
-2 -
E . . L ] s ) ‘ ‘
0 5 10 15 ) . 5 10 15 20
2 [GeVv?cY q‘-’ (GeV?/c4)

K.A. Petridis (UoB)

Experimental prospects in rare decays



Interpretations
» Several attempts to interpret b — sy~ and b — sy data — Two views

i : u,d
1f : b s
of -
T :
~ : g T/, T
—1f
-2t ")/ /’L_
-3 -2 -1 0 1 2 +
Re(Ch") K
Altmannshofer, Straub[1503.06199] » Potential problem with our
> Modified vector coupling CJP # 0 understanding of the contribution

from B — XCE(*} ﬂﬂ)K Lyon,Zwicky

at ~ 4o

, [1406.0566], Altmannshofer,Straub[1503.06199],
— New vector Z’, leptoquarks, Ciuchini et al [1512.07157]...
vector-like confinement... — Mimics vector-like new physics
Buttazzo et al [1604.03940], Bauer et al .
[PRL116,141802(2016)], Crivellin et al effects (corrections to Co)
[PRL114,151801(2015)], Altmannshofer et al
[PRD89(2014)095033]...
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How can experiment help
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eff
Impact on Cg

C;ff =G+ Y(q2)
— Y(q?) summarises contributions from bsgq operators

P. Owen

» At low g2 main culprit is the J /1
— Corrections to C§ (AG) all
the way down to g2 =0
— Effect strongly dependent on

—e—phase =0

—— phase = n/2

——phase ==t

0 . ; -
: relative phase with penguin
—2F
-4 : I\ 1 1
5 10 15 20
q? [GeV?/c)
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Measuring phase differences

» Measure relative phase between narrow resonances and penguin amplitudes

— Model resonances as relativistic BWs multiplied by relative scale and
phase Lyon et al. [1406.0566], Hiller et al. [1606.00775]

— Use this model to replace Y(g?) in G = Y(¢?) + Go
— B — K form factors constrainted to LCSR+Lattice predictions
— Fit for phases and Cy (and maybe Cyp)

» Fit dimuon spectrum in

Wide ldlt,l'e to Bt — Ktutu~
i resolution ..
J/) phase negative — Expect precision of phase
300 T T T . oy . .
En / ~ 0.1 rad (ambiguities over sign of
250 E' — background h
zooz_:nm:':.::x::m e P ase)[Owen Barcelona workshop 2016]
150 £ — imerernce » Work also ongoing for phases
wE Toy data, 43 |4 ot relative to each helicity amplitude
0E g S - of B® — K*Outpu~
52 ) . . ‘ — Requires fit to g and angular
U000 2000 3000 4000 distribution to dissentangle
m,, [MeV/c7]

amplitude components
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https://indico.cern.ch/event/466933/contributions/1974105/attachments/1259183/1860140/powen_barcelona.pdf

Can B — DDK help

» Measuring phase differences between charm and penguin relies on model
including only resonant charm contributions below the J /1)

> Experimentally difficult to differentiate between non resonant charm

and penguin

» However, above 1)(3770) we know there should be a non-resonant DD

component

— How large should the “virtual” DD contribution be below the J/v7?
— Can we learn something from measuring the non-resonant component of

B — DDK?

What about inclusive B — Xpu*u~

» Are non-factorisable corrections
under better control

» Would a measurement of dimuon
spectrum at low recoil help?
— Ideas also within LHCb on how
to perform a fully inclusive
b— Xutp~

B+

Candidates / (25 MeV/c?

— Ktutu~ [PRL111,112003(2013)]

LHCb * data

— total
1 (3770) 1) (4160) - nonresonant
interference
100 1(4040) --- TESONANCEs
background

a0 i

0'."’" i 1 |

3800 4000 4200 4400 4600
2

.- [MeV/c?]
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How to avoid charm?

» What about if new physics manifests itself also in Cyg

> Ideal case as do not suffer from effects of charm
» Alternatively: B — Kvi
— Does not suffer from charm effects

— Belle2: Measure B(B — Kvi) at 30% precision (if at SM level)gelier
[1002.5012]

» Measurements of b — su™pu~ provide powerful constraints on Cyg

2F . S1B
g 3 A

» b— sutu~ gives 25% precision in
C]_() [DHMV 1510.04329], [Quim priv. comm.]

i ] — most power from B — K*ut ™

cy”
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New physics in axial-vector couplings cont'd

» Angular analysis measurements statistically limited dataset)
» Experimental uncertainty larger than theory uncertainty on angular

observables
> With Run 2 sample quadruple statistics

[JHEP02(2016)104]
@ o ) ) ) ] & o ) ) ) ] o o ) )
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q? [Gevcd] R [GevZc

qzl[sGevzlc‘]
» Larger datasets also help unbinned methods

0 5
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BYg = ntp”

» LHCb, CMS and ATLAS performed measurements in Run 1
» Constrains on (pseudo) scalar and axial-vector couplings

Left: CMS+LHCb [Nature 522, 68, 2015], Right:ATLAS [1604.04263]
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» Major effort to improve analysis techniques for Run 2

> e.g LHCb: improve PID, isolations, mass descriptions of residual
exclusive backgrounds

K.A. Petridis (UoB) Experimental prospects in rare decays HF Quo Vadis 2016 11 / 24



BSO’d — e~ 2020 and beyond

>
>

Two phases: Run 3 (2020-2023), Run 4 (2025-2029) (...)
Crucial for detectors to maintain performance at higher inst. luminosities
— Improved vertexing detectors (addition of pixel layer CMS, closer to beam

LHCb)

— Improved tracking (granularity, radiation hardness, reduce material)

> Full tracking upgrade of CMS scheduled for 2nd phase

— Improved trigger (track based triggers at L1 CMS/ATLAS, 40MHz

readout

CMS Simulatios
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» CMS : N(B;) = 2000,
N(By) = 250 @3ab~?!
> less tracking material —
improved mass resolution

(x1.6 barrel muons)

HF Quo Vadis 2016

LHCb: Major effort to define plan
beyond 50fb~! of LHCb [info],

B(Bs—pp™)
BB, ) ~ 10%

> 300fb~?
K.A. Petridis (UoB) Experimental prospects in rare decays
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https://indico.cern.ch/event/481359/overview

BY — y T~ Effective lifetime
» With the LHCb upgrade expect to measure effective lifetime (7,,,) of
Bs — ptp~ at ~ 5% precision.
» Can extract AAT
> Need 300fb~? to fully exploit

[(Bs + Bs)(t) oc e "f [cosh (Azrs t) — A2 sinh (Azrs t)]

De Bruyn et al [PRL109,041801(2012)]
IPl=LiSl=0.pp=0 ps=7/2
/SM g

» AAT sensitive to new physics even if
B(Bs — pT ™) compatible with SM

Non-scalar
NP;(Cly, )

Aar(Bs = ptp)

/ o, IP|= 1 pp =0

; op=F/2 3| = 0:|P| = 14 10%

[P[=1IS|=0 3 % CL

0.6 0.8 10 12 14 16 2.0 22 24
R = BReg(Bs = ') /BRsw(By — ptp”)

» With 15,000 Bs — ¢~ candidates expected with the LHCb upgrade,

new observables become available in a tagged time-dependent analysis
Descotes-Genon,Virto[JHEP 04 (2015) 045].
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What about baryonic decays

AB(A, = A )/ dg? [107(GeV/ ety ']

K.A. Petridis (UoB) Experimental prospects in rare decays

» For example: Run 1: 370 A, = A(— pr)utpu~
[PLB725(2013)25]
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» Additional observables eg AR giving access to different combinations of

Wilson coefficients
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What about baryonic decays cont'd

vDyk, Meinel [1603.02974],[LHCb implications 2015]
(toy model low recoil)

' @ Fi (common with B — Kutp™)
: (common with B — Kutpu™)
. A[F’é (unique to Ap — Aptpu~ [not
measured yet])
“ ARz (unique to Ap — Aptp™)

» With O(10%) candidates after Run 2, full angular analysis of A, — Aptpu~
can access more observables

» Ongoing work on A, — A*(— pK)utp~ BF measurement, CP asymmetry
measurements etc
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https://indico.cern.ch/event/395704/contributions/1834098/attachments/1181454/1710686/talk-lambdab.pdf

Radiative decays
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Photon polarisation

» Photon in b — sv transitions is almost purely left-handed in the SM

» Multiple approaches to provide a precision measurements of the photon
polarisation

> Sensitive to combinations of G;/C,

— Measurement of time-dependent CP asymmetry in B — Ksn%y
BaBar [PRD78(2008)071102], Belle [PRD74(2006)111104]

— Measurement of polarisation parameter in B — Knry
Gronau et al. [PRL88(2002)051802], LHCb [PRL112,161801(2014)]

— Angular analysis of B — K*%ete™ at low ¢? (contribution from Cg 19

are Sma”) Becirevic et al. [JHEP08(2012)090], Camalich, Jaeger [PRD93,014028], LHCb
[JHEP04(2015)064]
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Constraints on C7()

. . ’
» Angular B® — K*%ee measurements currently provide best constraints to C;

Left: Acp(t) K57r°'y, Middle: K*ee angular Run 1, Right: K*ee angular Run 2 projections
§
S

0.3, e e
18 5"—» ) —
E 02 ‘b:n.zj AT ) A'lrm za
- E
01— 0.1
0
0 °
-0.1 -0.1
02 0.2 Run1&2 projections
F (Marie-Helene Schune)
03 030 - 0. L
<03  -02 -01 0 01 02 03 03 02 01 0 01 02 03 03 02 -01 01 02 03
Re[C’)”) Re(C)7) RelC)”)
(CNP = 0) Borsato thesis [CERN-THESIS-2015-219]

» Expected constraints from K*ee after Run 2
> Also measure full set of observables
> Note Acp(t)Ksm0 precision improves by ~ x7 with Bellell
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Photon polarisation through Bs — ¢~y

» LHCb has ~ 4000 B; — ¢y events in Run 1
— Enables untagged measurement of the time dependent decay rate

F(Bs + Bs)(t) oc e '+t {cosh (Azrst) — A2 sinh (Azrst)]

AT | A(Bs—¢v1)|
AT~ (B = dye) CO5Ps

AAT(SM) = 0.047 £ 0.025 4 0.015,,, Muheim <t al. [PLB664(08)174]

— Requires good understanding of the detection efficiency as a function
decay time

— Use BY — K*0~ data to constrain the efficiency
» Result expected soon using Run 1 data
> With Run 2 data 20,000 B, — ¢y
> Expected stat. precision on AAT ~ 0.13 (for SM like A2T) (syst. unc.
similar to stat. unc.)a. oyanguren [Barcelona Workshop 2016]

> With flavour tagging — ~ 1000 candidates, measure additional
observables (a la B® — Ksm%7)
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https://indico.cern.ch/event/466933/contributions/1974099/attachments/1260684/1863090/Arantza_Oyanguren.pdf

Lepton Non-Universality and Flavour Violation
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LNU and LFV with rare B-decays

+ 4, —
» Mild tension in Rx = % consistent with b — su™p~ anomalies

if new physics couples only to muons and not electrons
> Rich program to measure Rx-, Ry, Ra+, Rangular

» Coupled with 40 tension in R(D*), R(D) plane

— Strong hints of lepton non universality in both tree-level and loop-level
transitions
— Can generate lepton flavour violating effects Glashow et al.[PRL114,001801(2015)]

» Current limit B(B — Kut) < 4.8 x 107°@90% CL Babar [PRD86,012004(2012)]
» Models predict particular enhancements in B — Kur final states

— B(B+ — K/JT) ~ ].0_8 — 10_6Hi||er et al. [1503.01084], Glashow et al.
[PRL114,001801(2015)], Feruglio et al.[1606.00524]

» Ongoing work within LHCb, < O(107°) achievable with Run 2 data
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LNU and LFV with rare B-decays cont'd

» These models also can predict enhacments to b — s77 amplitudes
— up to X5B(SM) Grelio et al. [JHEP1507(2015)142]
e.g B(B — Kr71) ~ O(107°)

» Latest limit by BaBar BaBar [1605.00637]

— B(BT — K*7777) < 2.25 x 1073090% CL

Ongoing work for LHCb (B(B® — K*9(— K*n~)r17)
> K*0 — K*n~ gives B? decay vertex

v

A\

Also ongoing for LHCb By — 777~

> Both 7s decay in flight— cannot reconstruct B, vertex
> Use 3-prong 7 decays to help reconstruct (approximate) decay topology
> Sensitive to B(Bs — 7777) ~ O(1073)...
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Related measurements
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B® — K*Ou* 11~ near kinematic endpoint

What else could we do?

» Observables near kinematic endpoint Hiller, Zwicky [JHEP03(2014)042] and Sinha et al
[1603.04355]

» Fit angles and ¢ N .
accounting for variation of
phasespace with my

» Resonances at high ¢? will
make this fit difficult, could Sk
also try flne|y binned 0 5 10 15 20 : 5 10 15 20
measurements. S T
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b — du™ i~ measurements

>

| 2

Run 2 and Upgrade will give access to precision measurements in
b — dutp~ decays (including modes with 7%)
Very relevant if tensions persist — test MFV nature of new physics

Latest lattice results enable further precision tests of CKM paradigm
Buras, Blanke[1602.04020], FNAL/MILC[1602.03560]

Current measurement from penguin decays of |V,y/Vis| = 0.201 £ 0.020
FNAL/MILC[PRD93,034005(2016]

Run 2 — experimental uncertainty halved, more modes available

[JHEP10(2015)034] FNAL/MILC[1602.03560], FNAL/MILC[PRD93,034005(2016]
< * LHCb APRI3 # HKRI15 8 FNAL/MILCI15
: T 7

~
% N 3 3
°.I> LHCb ] WVl x10° 1V, 1 x 10 Wy 1Vl
2 B § Ay
o~ this work o
¢ 5 1 .
S 1 PDG —e——
=’
a
S
g Bk ————8—————
S
0.5
CKM unitarity:
full (=2l
0
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Isospin asymmetry

» Excitement of A; in B — Ku™p~, diminished with the Run 1 measurement
— p-value to A; = 0 hypothesis: 11% (test based on constant distribution

of A; with ¢?) for

B— Kutu~

Left: [JHEPO6(2014)133], Right: BaBar [PRD93,052015(2016)]
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atas ke’

» Evenso, A in B — Kutpu™ still seems negative

» Hint of tension in F; between B® — K*%u*p~ and B — K*Tptpu~

» Worth revisiting particularly in light of other anomalies (?)
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Summary

» Run 1 of the LHC introduced precision era in rare B-decay
measurements

» Many measurements and plans under way:

— Clarify the impact of cZ and other resonances in B® — K*0pt 1~
observables

— Fully exploit sensitivity of b — sff to Cl((/))

— Baryonic decays provide additional powerful constraints

— Suite of photon polarisation measurements to constrain new
physics in C7(,)

— Understand LNU hints in Rk both by searching in related modes as
well as looking for LFV

— Towards Run 2 and beyond + Belle2
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Backup
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How are we doing?

dB/dq? B+—>K+7r mrutu

JHEP10(2014)064

channel Lt (fb~1)  Publication
dB/dq” B — K™ i i JHEP06(2014)133
dB/de? B — K"y~ JHEP06(2014)133
dB/de® B — Ky~ JHEP06(2014)133
dB/dg? B° — KOy p~ 1606.04731]
dB3/dg? BY —» oy i JHEP09(2015)179
B(B* = ¢Kutu JHEP10(2014)064

)

)

dB/dg® Ny — Nutp™

JHEP06(2015)115

dB/dq? B* — ntputu~ JHEP10(2015)034
B(Bs,g — T u™) Nature522(2015)68]
B(B® — wtrputu™) PLB743(2015)]

B(B® — K*%ete™) JHEP05(2013)159]
B(BT — Ktete™) PRL113(2014)151601]
A B = KWt~ JHEP06(2014)133

Acp BY — Ktptp~
Acp B® — K*O}L+/t_
Acp Bt — 7r+,u+;f

JHEP09(2014)177
JHEP09(2014)177
JHEP10(2015)034

Angular B — KTt~
Angular B® — KOt~
Angular B® — K*Outpu~
Angular B — ¢utpu~
Angular Ap — Apt ™

WWWWWWWWWWWWWWwWwWwwwwwww
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