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Rare decays

Flavour-Changing Neutral Currents (FCNC) forbidden at tree-level in the Standard Model (SM).
® Sensitivity to new particles increase (furthermore if they generate tree-level contributions).

® Allow to search for New Physics (NP) at higher scales than TeV.

L . v, Z°, ...
For heavy hadrons, the description is done

through effective field theory:
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Local operators l
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The Wilson coefficients are determined from experimental results. Any deviation in a measurement
is a sign of NP!
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Probing New Physics in Wilson Coefficients

Dominant operators in the SM (primed operators are the chirality-flipped counterparts):
Ov(Yl> X (EUMVPR(L)b) FMU

OF o< (3vuPr(myb) ((40)
058 o (57 PL(ryb) (Ev"350)
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their associated coefficients can be probed in different RDs:

Transition C’g) Cé,) Cil()) Cg,)P

b— sy X
b— 0t~ X X
b— stte~ X X X

Global fits to different decays allow to test the different SM observables.
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Radiative b — s~ decays

® Challenging at LHCb due to the photon reconstruction.
e Constraints to |C7|* + |C§|2 from CPV and B measurements.
® Room for NP in C7, access through photon polarisation.

® Up to 50% right-handed polarisation in SM extensions [pRL 79:185].

: N
In the SM ~, predominates: o= (@] (7%) wet i

oM — P(VL)—P(VR)il_,_O (ms) bw,g‘(z

7 P(vL)+P(r) mp

- Competition with Belle-Il which has a much
more clean environment. w et IR)

- Sensitivity on b-meson Decays will be
carried by Belle-ll, but radiative baryon b—p—L - s,d
decays will be territory of LHCb only!
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https://doi.org/10.1103/PhysRevLett.79.185

Untagged analysis of BY — ¢~ pru soson
First experimental study of photon polarization in radiative B? decays.

T(t)=eTst [COSh (ATst/2) — A® sinh (AT'st/2) + C cos (Amst) F Ssin (Amst)]
Same production of BY and BY = C and S cancel.

A (BY —
A =sin (20) tan¥ = M
IA (Bs - ¢'YL)|
SM prediction [pPLB 664, 174 (2008)]:
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https://doi.org/10.1103/PhysRevLett.118.021801
https://doi.org/10.1016/j.physletb.2008.05.032

H 0
Tagged analysis of B, — ¢y rpre 123081002
Use Same-Sign (SS) and Opposite Sign (OS) taggers:

® SS: identify the charge of the kaon in the fragmentation process; calibrated with BY — D7 w+
and B, (5840)° — BTK~.

OS: find the associated b (5) hadron from a bb production; calibrated with B* — J/¢ KT and
B — J/¢pK*O.

Tagged B? — ¢y
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Sop f 72 oop E AR = —0.677337 +0.17
5] 2u$ ++‘+ . 1 & sof E ’

N A A= ‘ e In agreement with the SM.
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Untagged BY — ¢~ Untagged BY — K*0~
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https://doi.org/10.1103/PhysRevLett.123.081802

Ag — AO’)’ [PRL 123:031801]
® Complementary to the b — sy meson transitions, due to a different angular structure.

Challenging due to the large lifetime of the AC.

® 1.7 fb~! studied (2016), much more on tape!
Normalized to B0 — K*0~:

First observation with 5.60.
B(A) = A%) = (7.1+£1.5+£0.6+0.7)x1076
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https://doi.org/10.1103/PhysRevLett.123.031801

Leptonic b — ¢4~ decays
® Helicity suppressed in the SM due to mass difference between B?S> with respect to muons,
electrons and taus.
® Theoretically clean due to a fully leptonic final state.
e BY — T~ has been one of the most important decays to study.
® Flavour anomalies encourage to study also decays with electrons and taus.

® Studies of B?S) —7t7~ and B?S) — eTe™ (new analysis under way), both experimentally
challenging.

CMS and LHCb (LHC run 1) [Nature 522 (2015) 68]
CMS and LHCb (LHC un )
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https://doi.org/10.1038/nature14474

— PRL 118:191801
(s) [L [T 1

Reported the first observation by a single experiment, using 4.4 fb~! (2011-2016):
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M., [Mevic?] Decay time [ps]
® BY — uTpu~ observed with 7.80, no significant excess of B® — ptp~
e BO 5yt~ limit set to 3.4 x 10710 at 95% CL.
® ATLAS limit prep os owoy 00a: B (BY — pFp~) < 2.1 x 10710 at 95% CL

® First measurement of the B (BY — put ™) effective lifetime:

0 o) Distinguish between low- and
(B = ptp~) =204+£044+0.05ps = high-mass states
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https://doi.org/10.1103/PhysRevLett.118.191801
https://doi.org/10.1007/JHEP04(2019)098

B?s) — 7t [PRL 118:251802]

® Reconstructing 7~ — 1T T Vs

® Profit from the very good vertex resolution.

® Search with 3 fb~1 (2011 4 2012)

© _©

p-value
o o

LHCb

p-vaue

o

| |
T i T
0.0005 0.001 0.0015 0.002 0.0025 0.003

BB~ 1)

B(B® — rt77) < 1.6 x 1073 at 90% CL
B(BY — 7t77) < 5.2 x 1073 at 90% CL
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SM prediction [PRL 112:101801]:
B(B%) =222x10"8
B(BY) =17.73x 107"

LHCb

|

T T T
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BB 1)

Best limit for B — 77—
First limit for BY — 7+7~
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https://doi.org/10.1103/PhysRevLett.118.251802
https://doi.org/10.1103/PhysRevLett.112.101801

b— sete—

Photon pole
enhancement
(no pole for
B—P¢¢ decays)

Form-factors

interference

Spectrum
dominated by

narrow charmonium
resonances.
(vetoed in data)

P Typically removed

in analyses

Cél) and C'l(;))

Long distance
contributions from c¢
above open charm

threshold

Form-factors from

from LC.SR ~ Lattice QCD
calculations parameterisation
2 dimuon mass
4 [m(.u’)] -3~ squared
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Differential branching fractions in b — sutpu~

BY — k*0,t,— [JHEP 04 (2017) 142]
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BT - Kkt putpu— [JHEP 1406 (2014) 133]
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® Systematically below the standard model prediction.

® Tensions at 1 — 30, but sizeable hadronic uncertainties.
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https://doi.org/10.1007/JHEP04(2017)142
https://doi.org/10.1007/JHEP09(2015)179
https://doi.org/10.1007/JHEP06(2014)133
https://doi.org/10.1007/JHEP06(2015)115
https://doi.org/10.1103/PhysRevD.93.074501
https://doi.org/10.1007/JHEP06(2014)133
https://doi.org/10.1007/JHEP06(2014)133

Angular analyses in b — s~ baryon decays

® Complementary test to understand the nature
of the anomalies.

® Spin-half particles can be produced polarized
at the LHC.

Upstream track
T T2 T3

® Di-quark system as an expectator.

® First study at LHCb with A9 — ACut
decays [JHEP 09 (2018) 146].

® Use all the possible ways to reconstruct A°

baryons (downstream + long tracks). Ttrack

® Study in the region 15 < ¢ < 20 (GeV/c2)2,
where most of the signal is present.

® Using 5 fb~! of data (2011-2016), yielding
~ 600 AQ — A%u+p~ decays.
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https://doi.org/10.1007/JHEP09(2018)146
https://doi.org/10.1007/JHEP09(2018)146

Angular analyses in b — s~ baryon decays
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https://doi.org/10.1007/JHEP09(2018)146
https://doi.org/10.1007/JHEP09(2018)146

Ag — A0u+/J,_ [JHEP 09 (2018) 146]

® Angular analysis includes 5 angles.

® Use the method of moments due to the low statistics [PrD o1 (2015) 114012]:

d5F
ai 3%22_ Kifi@

0.4

Value

f
Ik

0.2

-0.2

4+
1

—0.4 = SM prediction

10

T
>

Aés = —0.39+0.04 (stat)£0.01 (syst) 34 angular observables, 24 compatible with zero,
fg = —0.3040.05 (stat) £0.02 (syst) as expected from the A polarization at the LHC.
Aé’é +0.2540.04 (stat)£0.01 (syst) Results compatible with the SM.

5;
!
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https://doi.org/10.1007/JHEP09(2018)146
https://doi.org/10.1103/PhysRevD.91.114012

b — dutp~ decays
® |f NP particles behave on a similar way for d quarks, we must see deviations in b — d¢T ¢~
transitions too.
® Cabibbo suppressed mode, ~ 25 times smaller B than b — s¢1 £~ transitions.
® Allows for measuring V;q/Vis, to constrain the Minimal Flavour Violation hypothesis.

® b — d¢T ¢~ transitions already observed in the past [JHEP 10 (2015) 034] [JHEP 04 (2017) 029].

BY — K*Ou* ™~ pHep o7 (2018) 020]

10

30 LA I A B
LHCb 1 - Equivalent to B® — K*Oputp—.

25 « Daa -

AL ] - Many interesting cross-checks between
20 £3Bs - Ko K*9 and K*° modes

B Ry ] .

0 -t
15 =égn:b_pb}igl_1“ ’ - First evidence 3.4¢ with 5 fb— L.

- Bsm € [3,4] x 108
[PRD 98 (2018) 094012] [EPJC 73 (2013) 2593]
[IIMP A21 (2006) 6125]

;

0500 5300 5400 5500 5600 -B=(29+10+0.2+0.3) x 1078
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Candidates/ ( 10.0 MeV/c?)

Miguel Ramos Pernas Rare decays at LHCb (KAON 2019, September 12, 2019)


https://doi.org/10.1007/JHEP10(2015)034
https://doi.org/10.1007/JHEP04(2017)029
https://doi.org/10.1007/JHEP07(2018)020
https://doi.org/10.1103/PhysRevD.98.094012
https://doi.org/10.1140/epjc/s10052-013-2593-5
https://doi.org/10.1142/S0217751X06033209

LFU: Rk and Rk~

Motivation:

® Universal coupling of the gauge bosons to leptons in the SM.

® In the SM, branching fractions in b — g7 £~ transitions differ depending on the lepton mass
(affecting phase-space and helicity).

® Any sign of lepton flavour non-universality would be a direct sign of NP.

Aim to study the double ratios:
B(BOAK*O;_L'FM_) B(BOHK*OE"'&_)
B(BOHK*OJ/d)(—an/,—))/B(BO—>K*0J/1/;(—>e+e—))
B(B+~>K+,u,+,u,_) B(B+~>K+e+e_)
B(B+—>K+J/w(—>u+u—))/B(B+—>K+J/w(—>e+e—))

Rpx0 = B(J/¢Y— ptu)

BUJb=ete) | 1

SM

RKE

The Rp«0,c measurements profit from:

® Double ratio p/e allows to get rid of QCD uncertainties and some experimental systematics.
@® Sensitivity to high masses of NP particles (indirect search).
® B® — K*0J/+¢ and Bt — K .J/1 serve as normalization and control modes.

© Measure 75/, from ratios of Bt — J/¢Kt and B® — J/9K*9, as a cross-check!
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LFU: Rk and Rk~

Results are ~ 2.40 away from the SM:

5 fb—1 (2011-2016) [pre 112:191801] 3fb L (2011-2012) [sHEP 08 (2017) 055]
C!:x 2.0_
r LHCb < 1.0 +
1.5-— = [[ Tuoe
C 0.8F T h
- E i |
L - £ + |
1OF 06F ® LHCH
F—H— 04: BIP ]
i = BaBar s v CDHMV ]
0.5 . Belle [ B EOS
L 0.2 ct @ flav.io
r o LHCb Run 1+ 2015 + 2016 P LHCD e ]
[0 Yo EE E N E I R e ———
0 5 10 15 20 0 1 2 3 4 ) 5 , 6
o [GeVZct] ¢ [GeV?/c']

Effort now put on:

® [ncrease statistics and reduce systematics.
® Tests for LFU in other modes: BY — ¢¢t¢—, Bt — Ktatr—¢te—, A(b) — pK 4t ..
® Run-Il data will tell...
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https://doi.org/10.1103/PhysRevLett.122.191801
https://link.springer.com/article/10.1007%2FJHEP08%282017%29055

Lepton Flavour Violation (LFV)

® Neutrino oscillations is an evidence of LFV in

the neutral lepton sector. @ @

® Not explained by the SM.

® No LFV has been observed so far in the
charged sector, e.g. £ — £'7.

® Many models link LFU violation and LFV:
SUSY, GUTs, ...

® Anomalies observed in b — s¢T¢~ might be
accompanied by LFU violation.

® Worth having a look to b — £¢' and b — st¢’
transitions.
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B?s) — e:tp,:F [JHEP 03 (2018) 078]

Results using 3 fb~! (2011-2012) and improved selection:
® Enhanced in NP models up to O (10*11).
® Results compatible with background-only hypothesis.

® World best limits in both decays by LHCb.

1

@)
08
0.6

04

TN SRR RIS BRI SR |

. 6 8
BF(B® — &*u™) BF(B? — & 1)

B(B® — e*p¥F) < 1.0 x 1079 at 90% CL

— T
B(BY - ei/ﬂ:) < 5.4 %102 at 90% CL —| Best limits up to date!
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https://doi.org/10.1007/JHEP03(2018)078

B ?3) — T + [.,l,:F [arXiv:1905.06614 submitted to PRL]

More challenging than B?S) — eT T
® 7 reconstructed as 7~ — 7t a "~ (70) vr.
® Lifetime resolution crucial to remove B?S) — D(S) (= p=oy)ntan—at.

® BO — aq (1260) uTv, rejected by requirements in the lifetime too B ~ 1074,

025 T T T T = &\; . E
o r ] —
2 ook LHCD 1 % 100 - LHCb E
O 02 — Blsr Graavp’ 1 2 Wb BDTbin4 3
= F simulation ] S E E
S o015k 3 = wE =
~ p o A1 ] : — —
% E Same-sign data ] .% 40 g ]
C — : 20 — |
2 oaf ] S »E N :
= F ] 0
Q - ] TE
2 0.05F 3 3E
E E ] = B l+lll{ 1l Illllll T
g f ) ] £ gt rr *rl§rir Tt
= -2
2 02 ’ ¢ ¢ 27 7346_ 4.8 5 52 54 5.6 58
My [GeVier] ' ' ' © M, [GeVic]
B(B® = m%u¥) <1.2x 107° at 90% CL Best limit for B0 — 7+, F

B(BY — r%4F) < 3.4 x 1075 at 90% CL " | First limit for BY — 7% 4F

Miguel Ramos Pernas Rare decays at LHCb (KAON 2019, September 12, 2019) 19


https://arxiv.org/abs/1905.06614

B + — K + [l,:l:e:F [arXiv:1909.01010 submitted to PRL]

® More closely related to the b — s¢1 £~ transitions.

® In leptoquark models, branching fractions can be around [10_8, 10_10]
[JHEP 12 (2016) 027] [JHEP 06 (2015) 072].

® Very clean, normalized to B¥ — J/1¢ (= ptpu~) KT and BY — J/¢ (= ete™) K+.

_Im 1 T
: T T ] ) LHCb
3 LHCb 3 0.8
I i Data 1
[ — Background only ] 06

----- Signal model

N

Candidates/ ( 15 MeV/c?)
=

00 5000 5500 6000 30 40 50
m(K*ure) [Mevic] B(B"- K'u'e)

B(BT = Ktu~eT) <7.0x 1072 at 90% CL

—
B(B+ — K*tpte~) < 6.4 x 109 at 90% CL —>I New world best limits! I
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https://arxiv.org/abs/1909.01010
https://doi.org/10.1007/JHEP12(2016)027
https://doi.org/10.1007/JHEP06(2015)072

Prospects (ircs pus-2018.009]

Very promising future ahead:

® | HCb is currently having its major Upgrade for Run-I11/1V.
® Most of the analyses are statistically limited.
® Systematic uncertainties will also decrease.

® |ncrease of the luminosity maintaining the current detector performance.

Observables Current LHCb  Upgrade-l Belle Il Upgrade-ll  ATLAS/CMS

LFU
Rx 0.1 0.025 0.036 0.007
Ry~ 0.1 0.031 0.032 0.008
b— £te-
% 90% 34% 10% 21%
TBO it - 22% 8% 2%
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https://cds.cern.ch/record/2320509

Conclusions

Decays through FCNC provide clean observables to test the SM and look for NP:
® (C7 is well constrained, but there is room for NP in C7.
® Stringent constraints to New Physics from B? — put .

® Tensions in b — s¢T¢~ transitions in both differential BR and angular observables, pointing
towards NP in Cy or Cy and Cip.

® Deviations simultaneously in Rx and Ry, free of hadronic uncertainties.

® Searches for LFV in several b-decays in order to look for a relation with LFU
For the near future...

® Explore new b — sy~ decay modes, in order to confirm anomalies.

® | ook for anomalies in other type of decays: baryons, b — déT¢—, ...

® Currently exploiting the information collected so far, with a promising future for the
upgrades.
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The LHCb detector

wy, HOAL
SPD/PS M3
RICH2 Mg M2
L] R

[JINST3 (2008) S08005]
[[Int. J. Mod. Phys. A30 (2015) 1530022]
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http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
http://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

Old measurements of photon polarisation

Candidates / (30 MeV/c?)

Candidates / ( 50 MeV/’c2 )

First observation in Bt — KtnT7~~ with 3 fb~! (2011 + 2012) pRrL 112161501]
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First measurement in B® — K*Oete™ with 3 fb~1 (2011 + 2012) {HeP 04 (2015) 064]
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When ¢2 — 0:
(2 . 2Re(C7CY) m 2Im (C7C%)
T = 2 12 T 2 712
|C7] +|C7| |Cr] +|C7|

AP = —0.23+0.2340.05
AM = 40.14 4 0.22 4+ 0.05

Update with full dataset ongoing
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B° - K*%u*p~ and P}

Belle measurement also includes B0 — K*0ete—.
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® Good agreement in many angular observables.
® P/ less dependent on the form-factors.
® Deviations in P} (3.40 LHCb only), sensitivity dominated by LHCb.

® Measurements by LHCb [JHEP 02 (2016) 104], Belle [arxiv:1612.05014 (submitted to PRL)], CMS [PLB 781 (2018) 04:030]
and ATLAS prep 10 (2018) 047], affected by different systematics.

® Update with Run-1l ongoing, including also B® — K*0cte—
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Phase difference in BT — KTt ™ e eon 17 1601

Candidates / (44 MeV/c?)

® Fit to the full di-muon invariant mass spectrum: p, w, ¢, J/v, ¥ (25), ¥ (3770), ¥ (4040),
T (4160), W (4415).

® Study of the phase difference of long- and short-distance contributions, important to
understand the long-distance effects in the SM.

® [nterference is small, 30 deviation in C10/Cy plane.
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Bohort (BT — KTptp~) = (4.37£0.15 £0.23) x 10~ 7

Miguel Ramos Pernas

Rare decays at LHCb

(KAON 2019, September 12, 2019)
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Other b — d¢T ¢~ transitions

AY — pr~ T T pHEP 04 (2017) 029] BT — 7wttt p™ prep 10 (01s) 034
- 55 " LHCD APRI3 # HKRLS5 8 FNAL/MILCL5
L ) ' ]
= | LHCD e Daa 18 ]
s 3 g
™ — Signal and bkg O 1
© ® ]
g ot L No-pn | § E
8 - Combinatorial o E
3 S ]
5 10 Part reco n o ]
gL S ]
(@] | ) ]
R SRR ;
5500 6000 6500 7000
My ! (MeV/) o (GevEch)
1.3 -
B=(69+1.9+11777) x107® B = (1.83 4+ 0.24 £ 0.05) x 10~%
First observation of a b — d transition Acp = —0.11 £0.12 +0.01

in a baryon decay.
Most precise up to date.
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