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Rare decays

- Rare decays of b-hadrons are flavour changing neutral current (FCNC) decays that only occur
at loop level in the SM via ‘penguin’ and ‘box’ type diagrams
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- Low SM background — excellent for indirect searches of non-SM contributions
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The detector

- The LHCb detector 1s optimised for the study of b-hadron decays
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- Electron reconstruction presents challenges
=> partially compensated by bremsstrahlung recovery algorithm

- Detector upgrade 1s underway — planned to restart in 2022 (pre-upgrade detector illustrated)
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Rare decays — Bg) — 0

- Bg) — ¢, ¢ = e, u, 7 are helicity suppressed FCNC decays
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- Purely leptonic final state => precise SM predictions of branching fractions

o ¢: Bpi, Bpo=(8.06%0.36)x 107", (2.41 £0.13) x 107"

o u: By, Bpo=(3.66%0.14) x 107, (1.03 £0.05) x 107"

o T: Bpo, Bpo=(7.73%0.49)x 1077, (222 +£0.19) x 107"

- Non-SM contributions can modify branching fractions

- Experimental status at the LHCb
- e : branching fraction limits set

- : BY mode observed and studied, limit set for B

- 7 : branching fraction limits set
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Rare decays — B( ) > € Te~

- Analysed 5.0fb™!

[PRL 124 (2020) 211802]

of data from Run 1 (2011-2012) and part of Run 2 (2015-2016)

- Branching fraction measured relative to normalisation channel B™ — J/yK™
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- No observation, branching fraction limits obtained at 90 (95%) CL (assuming no contribution
from the other mode):

o B(BY — ete™) <9.4(11.2) x 1077
e BB — ete™) <2.5(3.0)x 1077

- Order of magnitude improvement compared to previous result
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Rare decays — Bg) — utu”

- Bf — 1 u~ measurements made using 8.7fb~!

of Run 1 and Run 2 data
- Searched for B® — putu~and B — utu~y
- Obtained/set upper limits at 95 % CL:

o B(B) — ptu) = (3.0970350 1) x 107

o BB - utu") <2.6x1071Y
o BB — utuy) <2.0x107°

- Measured effective lifetime of BY — utu~,

g0 1+ 24Ky, + 7

T o4+
HH 1 —y?2 1 + AR v,

- Determined 7,..,,- = (2.07 £ 0.29 + 0.03) ps

- All results are 1n agreement with the SM
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Rare decays — b — sZ1¢~

- Recent measurements of b — s ¢~ processes hint at deviation from SM in branching
fractions, angular observables, and lepton flavour universality (LFU) tests

e.g. Bt - K¢/~ and B® - K%/ "¢~ in the SM and a non-SM scenario

r uld R uld r uld . uld
+ /0 + 7 0 + 70 + /0
B/Bl_? W _K/K B/B[; LO _K/K
< — VWV —e
£+ 2 J
Selected measurements involving b — s ¢~ decays (LHCb)
I = 1111 Rt T oL oo SOOI
i- BY - KtuTu pnepos o14) 1331 - BO — K0ty o BY > K710 (Rywo) :
YN Autu~ [JHEP 06 (2015) 115]23  [PRL 125 (2020) 011802] :f  [JHEP 08 (2017) 055]
: b [JHEP 09 (2018) 145]:+ 0 44— :: 0 ot
. * - B K .
i~ BY = K'Ou™u~ pHEP 11 2016) 047] TR KK ¥ Ay = pK=270 (R, )
: ) . | fi  [PRL 126 (2021) 161802] i [JHEP 05 (2020) 040]
DB | XSO B0 s gt farxivaronisas)  d- BT = KR (Ry)
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Branching fraction — BY — ¢utu~ [arXiv:2105.14007]

- Measurement made using full Run 1 and Run 2 data (9fb™1)
- Veto ¢ (dimuon invariant mass squared) regions dominated by tree-level b — c&s modes

(BY — J/y used as normalisation mode) and BY — ¢( — u* )¢ decays

- Cut within 12MeV/c? of the known ¢ mass
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Branching fraction — BY — ¢utu~ [arXiv:2105.14007]

- Differential branching fraction determined in intervals of g2, relative to normalisation mode,
via extended ML fit

x 107
“ 14F LHCO | LHCooR
cl; - LHCb 3fb™ | [PRL112 (2014) 212003]
o 12 i ‘ SM(LCSR+Lattice) | pog | attice 2014 372]
) b | SM (LCSR)
:? E SM (Lattice) [JHEP 08 (2016) 098]
D 8k — [EPJC 75 (2015) 382
= S o pEs) | e
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dB(B) — pu*p)
- dq2

=> and tension with SM

= (2.88 £0.22) x 107° (GeV?/cH~! (for [¢* € 1.1 — 6.0 GeV?/c*))
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Branching fraction — BY — £5(1525)u™u™ [arXiv:2105.14007]

_ Similar strategy used, differences include: cut of 225MeV/c? around wider J> resonance,

separate BDT optimisation, additional backgrounds (wider m(K*K~) window)

- Fitm(KTK™) to control contributions from S-wave and other resonances e.g. ¢ and ¢(1680)
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- First observation with 9¢ significance

- Measured BB — fiuTu™) = (1.57 £0.19 £ 0.06 = 0.06 = 0.08) x 10~/
S 2

: . . stat. syst. q2 extrap. norm.
- Result 1in agreement with SM predictions
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Angular analysis — BY — K u*tyu~ [PRL 125 (2020) 011802]

- The final state of B - K °( — K*7~ )u*tu~ can be described by g2, and the three decay
angles = (0,,0¢, @)

1 d4T +1) 9
d(I +1)/dg? dng_i ~ 32z

[ (1= F,) sin“Ox+F,; cos’0,—F; cos*0y cos20,

0,,0 +3; sin’0y sin“0, cos2¢+ S, sin20 sin26, cos¢

+ 55 sin20 sind, cosgb+% Ay sin*0p cosl,
+S5 s1n20, sS1n6,, singh+ S Sin20, sin20, sing
+S, sin*@y sin6, sin2q§]

b F;, App, S; — angular observables
' sensitive to underlying physics

& # P!— alternative basis with reduced
form factor uncertainties, e.g.
+ Py = s [ 05 (2013) 137]
H 5~ JHEP, 05
VL (A=Fp)
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Angular analysis — B —» K
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Angular distributions corrected using acceptance function (e(2, g%))

Five dimensional (Q, m(K*z~u*u™), m(K*z™)) simultaneous fit to Run 1 + 2016 samples

Inclusion of m(K*z™) allows for control over S-wave contribution

soof. LHCD 2016
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Angular analysis — BY — K u*tyu~ [PRL 125 (2020) 011802]

- Analysis procedure cross-checked using control ol SO A AL D A BN
0 £0 L i LHCb Run 1 + 2016 1
mode B” — K J/l//( — U U ) 0.8~ 7 % 7 V] SM from ASZB —
=> found good agreement with existing 0.6:_ s ]
measurements I —4— i
0.4 7% %—‘
- Agreement good between Run 1 and 2016 results [% )
0.2~ .
- Generally consistent with SM, mild tensions seen I ]
I B B S
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Angular analysis — B —» K

>X<_|__|__

K H

- Analysed full Run 1 and Run 2 data (9tb™1)

=> first measurement of complete set of observables

0+

- Tsospin parter of B® — K™y ~; similar analysis strategy

[PRL 126 (2021) 161802]

- Decay reconstructed via B - K t( — Kozt )utu~ with K¢ —» ztn~

- Apply folding to differential decay rate pdf to increase fit stability
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- Results generally 1n agreement with the SM
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Angular analysis — B — ¢utu~ [arXiv:2107.13428)

- Complementary to branching fraction measurement
- Updates previous measurement using 8.4fb~! of data from Run 1 and most of Run 2
- Selection criteria same as that of the branching fraction measurement; analysis strategy

similar to that of BY = K *O,u+,u_

- Key difference — final state flavour symmetric (BSO/B_;) not distinguished)
1 d*(C + 1)

dC +D)/dg?  d4q20 327:[ (1=Fp) szeK(l"'_Cosz‘gf)
q

+F, cos?0x—F; cos*0 cos20,

+3; sin®@y sin’0, cos2¢+S, sin20y sin26, cos¢
+As sin20; sind, cos¢+ ALL sin*0y cosd,
+.5- sin20, sind, smqb+A8 sin20 sin20, sing
+A, sin“0y sin®0, sin2¢]

F;, S;— CP averaged observables

A gg , A, — CP asymmetries

- Some observables including Pz are not accessible

Zhenzi Wang PANIC conference September 5, 2021 15


https://arxiv.org/abs/2107.13428
https://arxiv.org/abs/2107.13428

Angular analysis — B — ¢utu~ [arXiv:2107.13428)

- Observable values determined from simultaneous fit to m(K 7z~ u*u~) and Q (S-wave
treated as systematic uncertainty)

- Results in general good agreement with the SM
- CP asymmetries close to zero (consistent with predictions)

- Mild tension seen in F;

' lpFm—————— 77— o lpFm————————— 77—
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02F 4 o02F =
R e s o T B S a it st ot o
—02F 4 -02F =
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_06F 4 -06F =
~08F ¢ Thp V(2S) 4  -08F ¢ Jhp V(2S) =
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o0 lfF/r———————7T T "~ 1 — T T T T T T T 1 o lF————————T7T 7 1 T T T T T T T T 1
=~ o08fF LHCb —$— LHCb 8 4fb™! 3 < o08F LHCbH —§— LHCb 8.4fb”! E
0.6 F LHCb 3fb™ - 0.6 LHCb 3fb™ =
04F 3 04F =
02F = 02F =
NS o SR —— S S ofp—t———g——— = — ——
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R R
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Angular analysis —

BY — ¢utu~

[arX1v:2107.13428]

- Observable values determined from simultaneous fit to m(K 'z u* ™) and Q (S-wave

treated as systematic uncertainty)

- Results in general good agreement with the SM

- CP asymmetries close to zero (consistent with predictions)

- Mild tension seen in F;
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A consistent picture?

- Rare b decays can be described using effective field theory (model-independent)

- Hamiltonian can be written as an operator product expansion

F et e e s :
H g = — —— % C. 0. 5 ;
eff th " ts 2 ; l I : __ ~SM NP :
V2 - / ( G=0T 0T
I : :

Wilson coefficients Local operators

(‘effective coupling’)
- b - s~ processes sensitive to Og, O, (EW penguin) and 0,
- Can fit for Wilson coefficients, which can be modified by non-SM contributions

- Fits of Re((y) using Flavio [arX1v:1810.08132] show consistent trend

25 18

5 - LHChO fh~' | o] o R
Run 1 + 2016 L Bt — K*uu~ : !
309 20 i 14 ' |
1 [PRL 125 (2020) 011802] /. I [PRL 126 (2021) 16i1802] [arX1v:2107.13428]
%1 - I : 12 :
1 RO *0,,+,— /7 .-~ i 0 - 0 + . —
9, WBY = Ko™/ g 15f B’ — K *uty ™ B) — ¢uu
= 1 P —= - | = :
Sl N el S ‘ S |
| 15+ V! e I 10F \
\ P - G -
10 1 A\ 7 i
vy ' -
\ /e LHCh L T Ry A
X s - LHCb
\3 A i 2
0- L P ol 5 N N phtt ittt ittt ittt b
T T T T T T T T T 0 [ N [ N L1 [ T | ] 0 T T T } :
-20 -15 -10 -05 00 05 10 15 20 —4 3 _9 1 0 1 9 —4 -3 —2 ~1 0 1 2
ARe(Cy) ARe(Cy) ARe(Cy)

- Negative ARe(Cy) values preferred over SM hypothesis at the level of 2 — 36
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Semileptonic decays

- Semileptonic decays featuring b — cZv are tree-level processes

- Involved 1n several tests of LFU; some results show mild tension with SM

[ g g [ 4 q

> >

B ; LO ED
< < —\/\V VN <
%f_k
W+
Ve
AN

- LFU test can be out by measuring ratios of branching fractions — decays involving

sensitive to non-SM contributions:

R(H ) BH, - Hrv) H,=B"B%B,A)
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- 7 decay modes used include 7~ — p~v v, (leptonic) and 77 — ntn~n" v, (hadronic)
- Measurement challenging as neutrinos are not reconstructed (also B kinematics not known)
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Semileptonic decays

- All measurements made using Run 1 data only

- Current combination of R(D®") results (with Belle and BaBar) show 30 tension with SM

B(B® — D" 1)

% 04 :_ [ HFLAV average Ax* = 1.0 contours _: R(D*_) - _ _ 0291 + 0019 + 0026 +0.013
4 . B(BY - D*~uv)
: BaBar12 : E. ------------------------------------------------------------------------------- ;
0.35 = 3 EREANE 25 2 A3 7AVE SRS AP 2V 2P 27
: LHCbHIS : M
03 M/ = [PRL 120 (2018) 171802]
:_ ' Belle19 Bellel5 _: —
i | Ry = 2B 2 W) 01 017 +0.18
B Bellel7 * 7] == — — U. — V. — V.
B - HFLAV +
02 - hversge o S prdcions A BB — Jhypy)
B I | IR(D"I‘) = OI.258I'_*' 0.0105 I | | | | IP(le) - 2|7% | 7]
0.2 0.3 0.4 0.5 [PRL 120 (2018) 121801]
R(D)

- Analysis in progress using Run 1 and 2 data include: R(D ™), R(D**), R(D¥), R(J/w), R(A,),
combined measurement of R(D*) and R(D"), and R(D*) with £ = e, u
- Angular analyses are also underway, they include
e B— D*u(r)v
e Ay — A_uv initial studies — [JHEP 12 (2019) 148]

*HFLAV; incl. [PRL 115 (2015) 111803], [PRD 97 (2018) 072013], [PRL 120 (2018) 171802], [arXiv:1904.08794], [PRL 109 (2012) 101802], [PRD 88
(2013) 072012], [PRD 92 (2015) 072014], [PRL 118 (2017) 211801], [PRD 97 (2018) 012004]
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Summary

Rare and semileptonic decays of b-hadrons — laboratory for precision tests of the SM, and

search for non-SM effects

Several recent results released by LHCb
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) BS — 1+ u~ measurements and searches for B — ,tﬁ,u_/BS — U Ty [arXivi2108.09283(4)]

e Search for Bg) — eTe™ [PRL 124 (2020) 211802]
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e Measurement of B(BY — ¢u*u™) (3.60 tension with SM)

e First observation of B) — fH(525)u™ ™ (9o significance)
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e Angular analyses (B - K %u*u=, B - K u*u-, BS — ¢ut ™) show mild tension

with SM; hint at consistent picture
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[PRL 125 (2020) 011802], [PRL 126 (2021) 161802], [arXiv:2107.13428]
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[arX1v:2105.14007]

Many analyses in progress — strong focus on the clarification of the anomalies
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