
Rare	decays	(excluding	𝑏 → 𝑠𝑙!𝑙")

Ifan Williams (iwilliam@cern.ch)

on behalf  of  the LHCb collaboration

19th International Conference on B-physics at 
Frontier Machines (Beauty 2020)
Tokyo (virtual), 21st September – 24th September 2020

mailto:iwilliam@cern.ch


Contents

22/09/2020 1

§ LHCb experiment
§ Why	rare	decays?
§ Selection	of	recent	analyses:
• 𝐵 !

" → 𝜇#𝜇$ combination	(ATLAS	+	CMS	+	LHCb)
• Search	for	the	rare	decays	𝐵!" → 𝑒#𝑒$ and																											
𝐵" → 𝑒#𝑒$
• Search	for	the	lepton	flavour violating	decay	𝐵# → 𝐾#𝜇$𝜏#
using	𝐵!%∗" decays• Measurement	of	CP-violating	and	mixing-induced	
observables	in	𝐵!" → 𝜙𝛾 decays
• First	observation	of	the	radiative	decay	Λ'" → Λ𝛾
• Searches	for	25	rare	and	forbidden	decays	of	𝐷# and	𝐷!#
mesons

§ Summary

Very Rare
Decays

Radiative
Decays

Charm
Physics

[CERN-LHCb-CONF-2020-002]

[Phys. Rev. Lett. 124 (2020) 211802]

[JHEP 06 (2020) 129]

[Phys. Rev. Lett. 123 (2019) 081802]

[LHCb-PAPER-2020-007 (in preparation) – see ICHEP20 Talk]

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

[Phys. Rev. Lett. 123 (2019) 031801]

https://cds.cern.ch/record/2727207/files/LHCb-CONF-2020-002.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.211802
https://link.springer.com/article/10.1007%2FJHEP06%282020%29129
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.081802
https://indico.cern.ch/event/868940/contributions/3815638/attachments/2081089/3495531/2020-07-28_ICHEP-2020-Rare-charm-decays-in-LHCb.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031801
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LHCb experiment
▪ Single-arm	forward	spectrometer	at	the	LHC	designed	for	the	study	of	heavy	

flavour	physics
▪ Pseudorapidity coverage	2 < 𝜂 < 5 and	collisions	occur	at	reduced	

instantaneous	luminosity	compared	to	ATLAS/CMS
▪ Boosted	heavy	flavour	hadrons	travel	~	cm	at	small	angles	relative	to	beam	

axis,	leading	to	decay	vertices	displaced	from	production	vertices	– experiment	
exploits	this	topology	

[JINST 3 (2008) S08005]

⇠ 10fb�1 delivered,⇠ 9fb�1 recorded

<latexit sha1_base64="3MJPNEBptBLLrj/nqV64PMkrxzM="></latexit>

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://cds.cern.ch/record/1129809
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Why	rare	decays?
▪ Flavour	changing	neutral	currents	

forbidden	at	tree	level	in	SM	– rare	decays	
often	Cabibbo/helicity	suppressed

▪ Off	shell	NP	contributions	can	significantly	
alter	rates	and	angular	observables	
compared	to	SM	predictions

▪ Search	for	decays	forbidden	in	the	SM	-
allowed	in	some	NP	models

▪ Effective	field	theory	formalism	used	to	
parametrise	short	distance	effects	-
combine	measurements	and	perform	
global	fits	to	observables	(tension	in	
several	𝑏 → 𝑠𝑙!𝑙" measurements	– see	talk	
by	Da	Yu	Tou)	
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[Eur. Phys. J. C, 80 6 (2020) 511]

4

FIG. 1. From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C90µ) and (CNP

9µ , CNP
9e ) planes for the corresponding 2D

hypotheses, using all available data (fit “All”) upper row or LFUV fit lower row.

FIG. 2. Preferred regions (at the 1, 2 and 3� level) for the Lµ � L⌧ model of Ref. [17] from b ! s`+`� data (green) in the

(mQ, mD) plane with Y D,Q = 1. The contour lines denote the predicted values for R[1.1,6]
K (red, dashed) and R[1.1,6]

K⇤ (blue,
solid).

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8018-3
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𝑩 𝒔
𝟎 → 𝝁#𝝁$ combination	(ATLAS	+	CMS	+	

LHCb)	

[CERN-LHCb-CONF-2020-002]

▪ ATLAS	[JHEP 04 (2019) 098] (excluding	𝜏##)	,	
CMS	[JHEP 04 (2020) 188] and	LHCb [Phys. Rev. 
Lett. 118, 191801 (2017)] all	published	
results	with	𝐵 $

% → 𝜇!𝜇" decays	–
measurements	combined	using	(profile)	
likelihoods

Normalisation channels:

B+ ! J/ (! µ+µ+
)K+

and B0 ! K+⇡�
(LHCb only)

<latexit sha1_base64="8kWzwZTWG/6GNUfuDEmC67xQsf8="></latexit>

  and    B0
s → μ+μ− B0 → μ+μ− [Phys. Rev. Lett. 118, 191801 (2017)]

• Evidence of  with observed significance of  

(  and  from LHCb and CMS data, respectively).  

•  —  above the SM prediction 

•  observed with a significance of , BR is in 

agreement with the SM prediction

B0 → μ+μ− 3.2σ
1.8σ 2.6σ
ℬ(3.9+1.6

−1.4) × 10−10 2.2σ

B0
s → μ+μ− 7.8σ

Year COM Lumi
2011 7 TeV ~ 1 fb-1

2012 8 TeV ~ 2 fb-1

2015-16 13 TeV ~ 1.4 fb-1

Normalisation channels: 
 

and 

B+ → (J/ψ → μ+μ−)K+

B0 → Kπ

SM Predictions:  

 = (3.65 ± 0.23) × 10−9 

 = (1.06 ± 0.09) × 10−10 

[C. Bobeth  et al. Phys. Rev. Lett. 112, 101801 (2014)]

ℬ(B0
s → μ+μ−)

ℬ(B0 → μ+μ−)

Purely Leptonic Rare Decays at LHCb
Lauren Yeomans Slide /106

[Nature (London) 522, 68 (2015)]

▪ 𝐵 $
% → 𝜇!𝜇" decays	highly	suppressed	

in	the	SM	(loop	+	helicity)	– excellent	NP	
probe

▪ Measured	observables:	
• Branching	fractions	of	𝐵 !

" → 𝜇#𝜇$ decays
• Ratio	of	branching	fractions	 ℛ
• Effective	lifetime	of	𝐵!" → 𝜇#𝜇$ decays		 𝜏%%

Experiment Data-taking years

(CoM energy (TeV), Int luminosity (fb
�1

)

ATLAS 11(7, 4.9), 12(8, 20), 15-16(13, 26.3)

CMS 11(7, 5), 12(8, 20), 16(13, 36)

LHCb 11(7, 1), 12(8, 2), 15-16(13, 1.4)

<latexit sha1_base64="XvHChZg8/lcWBJkZFtiKLjiNacM="></latexit>

Experiment Data-taking years

(CoM energy (TeV), Int luminosity (fb
�1

)

ATLAS 11(7, 4.9), 12(8, 20), 15-16(13, 26.3)

CMS 11(7, 5), 12(8, 20), 16(13, 36)

LHCb 11(7, 1), 12(8, 2), 15-16(13, 1.4)

<latexit sha1_base64="XvHChZg8/lcWBJkZFtiKLjiNacM="></latexit>

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://cds.cern.ch/record/2727207/files/LHCb-CONF-2020-002.pdf
https://link.springer.com/article/10.1007/JHEP04(2019)098
https://link.springer.com/article/10.1007%2FJHEP04%282020%29188
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.191801
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[CERN-LHCb-CONF-2020-002]
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Figure 1: In the left-hand plot, the two-dimensional likelihood contours of the results for
the B0

s
! µ+µ� and B0 ! µ+µ� decays for the three experiments are shown together with

their combination. The dataset used was collected from 2011 to 2016. The red dashed line
represents the ATLAS experiment, the green dot-dashed line the CMS experiment, the
blue long-dashed line the LHCb experiment and the continuous line their combination.
For each experiment and for the combination, likelihood contours correspond to the values
of �2�lnL = 2.3, 6.2, and 11.8, respectively. In the right-hand plot, the combination
of the three experiments is shown with contours of di↵erent shades. Likelihood contours
correspond to the values of �2�lnL = 2.3, 6.2, 11.8, 19.3, and 30.2, represented in order
by darkest to less dark colour. In both plots, the red point shows the SM predictions
with their uncertainties. The published results from the three experiments are detailed
in Ref. [1–3].

account. The resulting curve is shown in Fig. 3. The value of the ratio is determined to
be

R = 0.021+0.030
�0.025 (13)

and its upper limit at 90% (95)% CL isR < 0.052 (0.060). The upper limit is computed in
the same manner as for B(B0 ! µ+µ�), by integrating the likelihood only in the positive
region.

The CMS and LHCb experiments also measured the e↵ective lifetime of the observed
B0

s
! µ+µ� candidates. The LHCb B0

s
! µ+µ� e↵ective lifetime is measured from a

fit to the background-subtracted decay-time distribution of signal candidates. The CMS
measurement is determined with a two-dimensional likelihood fit to the proper decay
time and dimuon invariant mass; the model introduced in the likelihood fit adopts the
per-event decay time resolution as a conditional parameter in the resolution model. For
both experiments, the measurement is fully dominated by its statistical uncertainty, hence
the two results are uncorrelated. Two variable-width Gaussian likelihoods are used to
describe the CMS and LHCb original likelihoods and the value of �2�lnL obtained from
these functions (shown in Fig. 4) is then minimised to obtain the combined value and the

6

Figure 2: Value of �2�lnL for B(B0
s
! µ+µ�) (left) and B(B0 ! µ+µ�) (right), shown

in both as solid black line. In the left-hand plot, the dark (light) green dashed lines
represent the 1� (2�) interval. In the right-hand plot, the dark (light) blue dashed lines
represent the 90% (95%) CL. In both plots, the red solid band shows the SM prediction
with its uncertainty. The published results from the three experiments are detailed in
Ref. [1–3].
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Figure 3: Value of �2�lnL for the ratio of the B0 ! µ+µ� and B0
s
! µ+µ� branching

fractions, R, shown as solid black line. The light (dark) blue dashed line represents the
90% (95%) CL and the red solid band shows the SM prediction with its uncertainty. The
published results from the three experiments are detailed in Ref. [1–3].

68% CL interval (found where �2�lnL = 1), which reads

⌧B0
s!µ+µ� = 1.91+0.37

�0.35 ps. (14)
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Figure 4: Value of �2�lnL for the combination of CMS and LHCb measurements [2, 3]
of the B0

s
! µ+µ� e↵ective lifetime, shown as solid black line. The dark and light green

dashed lines represent the intervals corresponding to �2�lnL =1 and 4, respectively, and
the red solid band shows the SM prediction with its uncertainty.

4 Conclusions

In summary, the results of the ATLAS, CMS, and LHCb experiments on the B0
(s) ! µ+µ�

decays obtained from the data collected between 2011 and 2016 have been combined. The
B0

s
! µ+µ� branching fraction is measured to be

B(B0
s
! µ+µ�) =

�
2.69 +0.37

� 0.35

�
⇥ 10�9

assuming A�� = +1, while an upper limit on the B0 ! µ+µ� branching fraction is set at

B(B0 ! µ+µ�) < 1.6⇥ 10�10 at 90% CL, and

B(B0 ! µ+µ�) < 1.9⇥ 10�10 at 95% CL.

An upper limit on the ratio of the B0 ! µ+µ� and B0
s
! µ+µ� branching fractions is

also obtained to be R < 0.052 (0.060) at 90% (95%) confidence level.
The results are compatible with the SM predictions within 2.1 standard deviations in

the two-dimensional plane of the branching fractions, when the theoretical uncertainties
are included.

The e↵ective lifetimes of the B0
s
! µ+µ� decay, measured by the CMS and LHCb

experiments, are combined yielding

⌧B0
s!µ+µ� = 1.91+0.37

�0.35 ps.

These results for the branching fractions and lifetime are the most precise to date.

8

⌧µµ = 1.91+0.37
�0.35 ps
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R < 0.052 (0.060)

at 90% (95%) CL

<latexit sha1_base64="+n9pl2ZmRYL45UMk11LRTg9H0lw="></latexit>

B(B0
s ! µ+µ+) = (2.69+0.37

�0.35)⇥ 10�9

<latexit sha1_base64="LLUylxYJKZdlGtN3vytu2tyIFEI="></latexit>

B(B0 ! µ+µ+) < 1.6 (1.9)⇥ 10�10

at 90% (95%)CL

<latexit sha1_base64="7nwImxyUpX5OCGsdGrH9HcWTpwU="></latexit>

▪ Most	precise	measurement	to	date!

𝑩 𝒔
𝟎 → 𝝁#𝝁$ combination	(ATLAS	+	CMS	+	

LHCb)	

B(B0
s ! µ+µ�)SM = (3.66± 0.14)⇥ 10�9

B(B0 ! µ+µ�)SM = (1.03± 0.05)⇥ 10�10

(⌧µµ)SM = 1.609± 0.010 ps

<latexit sha1_base64="hPPa6/dKC4ynvRIMORXGi0OjftQ="></latexit>

[JHEP 10 (2019) 232]

• 𝐵!" → 𝜇#𝜇$ BF	result	is	compatible	
at	2.4𝜎 with	SM

• 𝐵" → 𝜇#𝜇$ BF	limit	is	compatible	
at	0.64𝜎 with	SM

• 2-D	compatibility	at	2.1𝜎 with	SM	

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://cds.cern.ch/record/2727207/files/LHCb-CONF-2020-002.pdf
https://link.springer.com/article/10.1007/JHEP10(2019)232
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[Phys. Rev. Lett. 124 (2020) 211802]

Normalisation channel :

B+ ! J/ (! e+e�)K+

<latexit sha1_base64="te3g5UVtgiEkRHw5AY/EFOh3dys="></latexit>

and normalization mode arising from the trigger selection.
The dominant sources of systematic uncertainties on the
background composition are due to the imprecise knowl-
edge of the branching fractions of the background compo-
nents. The largest uncertainty of this type on the expected
background yield in the B-mass region is 14%, determined
from refitting the mass sidebands while varying the
background components according to their uncertainties.
Taking all correlations into account, overall single event
sensitivities of ½4.71" 0.12ðstatÞ " 0.33ðsystÞ% × 10−10 for
B0
s→eþe− and ½1.271"0.034ðstatÞ"0.063ðsystÞ%×10−10

for B0 → eþe− are obtained.
The dielectron invariant-mass spectrum, summed over

bremsstrahlung categories, is shown in Fig. 1, with the result
of theB0

s → eþe− fit. The individual categories are shown in
the Supplemental Material [38], as well as the distributions
with the result of theB0 → eþe− fit. Themeasured branching
fractions are BðB0

s → eþe−Þ ¼ ð2.4" 4.4Þ × 10−9 and
BðB0 → eþe−Þ ¼ ð0.30" 1.29Þ × 10−9, where the uncer-
tainties include both statistical and systematic components.
The results are in agreement with the background-only
hypothesis.

Upper limits on the branching fractions are set using the
CLs method [41], as implemented in the GAMMACOMBO

framework [42,43] with a one-sided profile likelihood ratio
[44] as test statistic. The likelihoods are computed from fits
to the invariant-mass distributions. In the fits, the normali-
zation factor, normalization mode branching fraction, frag-
mentation fraction ratio, and background yields are
Gaussian constrained to their expected values within stat-
istical and systematic uncertainties. Pseudoexperiments, in
which the nuisance parameters are set to their fitted values
from data, are used for the evaluation of the test statistic.
The expected and observed CLs distribu-

tions are shown in Fig. 2. The upper observed
limits are BðB0

s → eþe−Þ < 9.4ð11.2Þ × 10−9 and
BðB0 → eþe−Þ < 2.5ð3.0Þ × 10−9 at 90(95)% confi-
dence level. These are consistent with the expected
upper limits of BðB0

s → eþe−Þ < 7.0ð8.6Þ × 10−9 and
BðB0 → eþe−Þ < 2.0ð2.5Þ × 10−9 at 90(95)% confidence
level, obtained as the median of limits determined on
background-only pseudoexperiments.
In conclusion, a search for the rare decays B0

ðsÞ → eþe−

is performed using data from proton-proton collisions
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FIG. 1. Simultaneous fit to the dielectron invariant-mass distribution, with BðB0 → eþe−Þ fixed to zero. The sum of bremsstrahlung
categories is shown for (left) Run 1 and (right) Run 2. The relative proportions of background contributions change between Run 1 and
Run 2 due to different performances of the particle identification algorithms and BDT selections.
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FIG. 2. CLs values as a function of the branching fractions of the decays (left) B0
s → eþe− and (right) B0 → eþe−. The red solid line

(black solid line with data points) corresponds to the distribution of the expected (observed) upper limits, and the light blue (dark blue)
band contains the 1σ ð2σÞ uncertainties on the expected upper limits. Thresholds corresponding to 90% and 95% confidence level are
indicated with dashed lines. The observed values are plotted for branching fractions greater than the measured branching fraction in the
data; the test statistic is defined to be nonzero only in that region.

PHYSICAL REVIEW LETTERS 124, 211802 (2020)

211802-4

▪ Helicity	suppressed	by	𝒪 10"&
relative	to	𝐵 $

% → 𝜇!𝜇" - NP	effects	
could	increase	BFs	by	𝒪 10' - SM	null	
test

▪ Simultaneous	fit	to	data	split	by	run	
and	bremsstrahlung	category

▪ Selection	BDT	incorporates	MVA-based	
isolation	tools	developed	for	𝐵 $

% →
𝜇!𝜇" analysis	to	improve	performance

▪ Yield	of	physical	background	(partially	
reconstructed	and	misidentified)	
components	constrained	in	the	fit	to	
expected	values

Search	for	the	rare	decays	𝑩𝒔𝟎 → 𝒆#𝒆$ and	
𝑩𝟎 → 𝒆#𝒆$

B(B0
s ! e+e�)SM = (8.35± 0.39)⇥ 10�14

B(B0 ! e+e�)SM = (2.39± 0.14)⇥ 10�15

<latexit sha1_base64="p3CSeUFxsje+wbtkfsoEFasDzO0="></latexit>

[JHEP 05 (2017) 156]

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

Data-taking years
11, 12, 15 - 16

<latexit sha1_base64="JPnpzMznYm882mDIJ6iTNFnr+F4="></latexit>

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.211802
https://link.springer.com/article/10.1007/JHEP05(2017)156
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[Phys. Rev. Lett. 124 (2020) 211802]

▪ No	excess	of	events	are	observed	over	the	background	– limits	set		(while	
neglecting	the	contribution	from	the	other	decay)	using	the	CL$ method

and normalization mode arising from the trigger selection.
The dominant sources of systematic uncertainties on the
background composition are due to the imprecise knowl-
edge of the branching fractions of the background compo-
nents. The largest uncertainty of this type on the expected
background yield in the B-mass region is 14%, determined
from refitting the mass sidebands while varying the
background components according to their uncertainties.
Taking all correlations into account, overall single event
sensitivities of ½4.71" 0.12ðstatÞ " 0.33ðsystÞ% × 10−10 for
B0
s→eþe− and ½1.271"0.034ðstatÞ"0.063ðsystÞ%×10−10

for B0 → eþe− are obtained.
The dielectron invariant-mass spectrum, summed over

bremsstrahlung categories, is shown in Fig. 1, with the result
of theB0

s → eþe− fit. The individual categories are shown in
the Supplemental Material [38], as well as the distributions
with the result of theB0 → eþe− fit. Themeasured branching
fractions are BðB0

s → eþe−Þ ¼ ð2.4" 4.4Þ × 10−9 and
BðB0 → eþe−Þ ¼ ð0.30" 1.29Þ × 10−9, where the uncer-
tainties include both statistical and systematic components.
The results are in agreement with the background-only
hypothesis.

Upper limits on the branching fractions are set using the
CLs method [41], as implemented in the GAMMACOMBO

framework [42,43] with a one-sided profile likelihood ratio
[44] as test statistic. The likelihoods are computed from fits
to the invariant-mass distributions. In the fits, the normali-
zation factor, normalization mode branching fraction, frag-
mentation fraction ratio, and background yields are
Gaussian constrained to their expected values within stat-
istical and systematic uncertainties. Pseudoexperiments, in
which the nuisance parameters are set to their fitted values
from data, are used for the evaluation of the test statistic.
The expected and observed CLs distribu-

tions are shown in Fig. 2. The upper observed
limits are BðB0

s → eþe−Þ < 9.4ð11.2Þ × 10−9 and
BðB0 → eþe−Þ < 2.5ð3.0Þ × 10−9 at 90(95)% confi-
dence level. These are consistent with the expected
upper limits of BðB0

s → eþe−Þ < 7.0ð8.6Þ × 10−9 and
BðB0 → eþe−Þ < 2.0ð2.5Þ × 10−9 at 90(95)% confidence
level, obtained as the median of limits determined on
background-only pseudoexperiments.
In conclusion, a search for the rare decays B0

ðsÞ → eþe−

is performed using data from proton-proton collisions
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211802-4

B(B0
s ! e+e�) < 9.4 (11.2)⇥ 10�9

B(B0 ! e+e�) < 2.5 (3.0)⇥ 10�9

at 90% (95%) CL
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▪ World	leading	limit!

Search	for	the	rare	decays	𝑩𝒔𝟎 → 𝒆#𝒆$ and	
𝑩𝟎 → 𝒆#𝒆$

[Phys. Rev. Lett. 102 (2009) 201801]

Previous results from the CDF collaboration

B(B0
s ! e+e�)CDF < 2.8⇥ 10�7

B(B0 ! e+e�)CDF < 8.3⇥ 10�8

at 90% CL

<latexit sha1_base64="EcMARonIYbD9kaoGPATz5eYEU2Q="></latexit>

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.211802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.201801
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Search	for	the	lepton	flavour violating	
decay	𝑩# → 𝑲#𝝁$𝝉# using	𝑩𝒔𝟐∗𝟎 decays

Normalisation channel :

B+ ! J/ (! µ+µ�)K+

<latexit sha1_base64="WdKOdZD78Di4gLt3KeJMdFnvHrU="></latexit>

▪ Decay	is	forbidden	in	the	SM	but	predicted	in	
several	LFV	models	

[JHEP 06 (2020) 129]

[Phys. Rev. D 86, 012004 (2012)]

[JHEP 10 (2018) 148]
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Figure 1. Missing mass squared, m2
miss, distributions for (left) simulated signal B+ → K+µ−τ+

decays and (right) all selected candidates in data before applying the signal optimisation described
in section 5.

Figure 2. Distributions of normalization candidates in (left) mass, mK+µ−µ+ , and (right) the
mass difference, mB+K− − mB+ − mK− . The result of each fit is shown as a solid line, with the
background component as a dashed line.

We determine the fraction of the normalisation candidates coming from B∗0
s2 decays

using a K+µ−t+ mass fit for the combined-years data sample using the same model as

the separated-years samples, along with a binned maximum-likelihood fit to the measured

mass-difference distribution mB+K− − mB+ − mK− around the B∗0
s2 peak. For the latter

fit, we describe the signal peak with a Gaussian core that transitions to an exponential

tail on each side, and we model the background with a third-degree polynomial. The

results of these fits are shown in figure 2. The total data sample contains 4240 ± 70

B+ → J/ψK+ decays; the fraction originating from B∗0
s2 decays is fB∗0

s2
= (25.4± 1.8)%,

where the uncertainty combines the statistical and systematic uncertainties from the choice

of fit function. The year-to-year variation is not found to be statistically significant, so we

use the value obtained from the combined dataset for all years.

The relative efficiency of the signal and normalisation modes is determined using simu-

lation with corrections from data. For B∗0
s2 decays the relative efficiencies in different years

average around 30%, with an absolute year-to-year variation of less than 3%. Different

signal decay models change the relative efficiency by approximately 10%, with the decays

via scalar and pseudoscalar operators having a lower overall efficiency. Signal events in
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Figure 1. Missing mass squared, m2
miss, distributions for (left) simulated signal B+ → K+µ−τ+

decays and (right) all selected candidates in data before applying the signal optimisation described
in section 5.

Figure 2. Distributions of normalization candidates in (left) mass, mK+µ−µ+ , and (right) the
mass difference, mB+K− − mB+ − mK− . The result of each fit is shown as a solid line, with the
background component as a dashed line.

We determine the fraction of the normalisation candidates coming from B∗0
s2 decays

using a K+µ−t+ mass fit for the combined-years data sample using the same model as

the separated-years samples, along with a binned maximum-likelihood fit to the measured

mass-difference distribution mB+K− − mB+ − mK− around the B∗0
s2 peak. For the latter

fit, we describe the signal peak with a Gaussian core that transitions to an exponential

tail on each side, and we model the background with a third-degree polynomial. The

results of these fits are shown in figure 2. The total data sample contains 4240 ± 70

B+ → J/ψK+ decays; the fraction originating from B∗0
s2 decays is fB∗0

s2
= (25.4± 1.8)%,

where the uncertainty combines the statistical and systematic uncertainties from the choice

of fit function. The year-to-year variation is not found to be statistically significant, so we

use the value obtained from the combined dataset for all years.

The relative efficiency of the signal and normalisation modes is determined using simu-

lation with corrections from data. For B∗0
s2 decays the relative efficiencies in different years

average around 30%, with an absolute year-to-year variation of less than 3%. Different

signal decay models change the relative efficiency by approximately 10%, with the decays

via scalar and pseudoscalar operators having a lower overall efficiency. Signal events in
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• PS3model	predicts	ℬ 𝐵% → 𝐾%𝜇&𝜏% ∼ 10&'

Data-taking years
11, 12, 15, 16, 17, 18

<latexit sha1_base64="xSqwa10rYO2aJp/gurNBU1lc9TI="></latexit>

▪ 𝜏 four-momentum	fully	reconstructed	using	
𝐵$(∗% → 𝐵!𝐾" decays	(~1%	of	𝐵!production)
• Kinematic	constraints	used	to	reconstruct	
missing	mass	𝑚( - search	for	peak	in	𝑚(

)

distribution	
▪ Select	𝜏 inclusively	offline	by	requiring	

additional	charged	track	near	𝐾!𝜇" pair
Previous result from the BaBar collaboration

B(B+ ! K+µ�⌧+)BaBar < 2.8⇥ 10�5

at 90% CL

<latexit sha1_base64="lwaOvN1xifKYqaCxKLmdOhgBoKI="></latexit>

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

Opposite-sign kaon

<latexit sha1_base64="zEt5DRkQCjvYuQ/owkNgXIhb+Zk=">AAACAnicbVDLSgNBEJz1GeNr1ZN4GQyCF8OuRPQY9OLNCEaFJITZSW8cMjuzzPSKYQle/BUvHhTx6ld482+cPA6+ChqKqm66u6JUCotB8OlNTc/Mzs0XFoqLS8srq/7a+qXVmeFQ51pqcx0xC1IoqKNACdepAZZEEq6i3snQv7oFY4VWF9hPoZWwrhKx4Ayd1PY3mwh3mJ+lqbYCYc+KrqI9ptWg7ZeCcjAC/UvCCSmRCWpt/6PZ0TxLQCGXzNpGGKTYyplBwSUMis3MQsp4j3Wh4ahiCdhWPnphQHec0qGxNq4U0pH6fSJnibX9JHKdCcMb+9sbiv95jQzjo1YuVJohKD5eFGeSoqbDPGhHGOAo+44wboS7lfIbZhhHl1rRhRD+fvkvudwvh5XywXmlVD2exFEgW2Sb7JKQHJIqOSU1Uiec3JNH8kxevAfvyXv13satU95kZoP8gPf+BeQql8A=</latexit>

Same-sign kaon
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https://link.springer.com/article/10.1007%2FJHEP06%282020%29129
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.012004
https://link.springer.com/article/10.1007%2FJHEP10%282018%29148


22/09/2020 9

[JHEP 06 (2020) 129]

▪ Simultaneous	fit	to	data	in	four	bins	of	BDT	output	- polynomial	background	
parameterisation	determined	from	same-sign	kaon	sample

▪ No	excess	of	events	observed	over	the	background	– limits	set	using	the	CL$
method	

B(B+ ! K+µ�⌧+) < 3.9 (4.5)⇥ 10�5

at 90% (95%) CL

<latexit sha1_base64="8FuHq7ihWKUy1a+FamHzVuNTGi8="></latexit>
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Figure 3. Fits to the missing-mass-squared distribution OSK signal sample in each bin of BDT
output included in the final fit. The best fit is overlaid. BDT bin 1 is the most background-like.
The fit is performed using a fifth degree polynomial description of the background.

95% CL limits, assuming a phase space signal decay model, are:

B(B+→ K+µ−τ+) < 3.9× 10−5 at 90% CL,

< 4.5× 10−5 at 95% CL.

An identical limit is obtained when the decay is generated from the effective opera-

tors O(′)
9 or O(′)

10 . If instead it is produced from O(′)
S or O(′)

P , the obtained limit is

B(B+→ K+µ−τ+) < 4.4× 10−5 at 90% CL and < 5.0× 10−5 at 95% CL.

This is the first result from the LHCb experiment for the lepton-flavour violating

decay B+ → K+µ−τ+. By studying B+ mesons from B∗0
s2 decays, we are able to make

the first analysis at LHCb of a B hadron decay using inclusive τ decays. This provides

complementary information to searches for lepton-flavour violation at LHCb with three-

prong τ decays, for example B0
(s) → τ±µ∓ decays [37]. We observe no significant signal,

and set an upper limit slightly above that obtained by the BaBar collaboration [17].
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• Several	NP	models	predict	an	enhanced	RH	
component	– effects	particular	observablesdetectors and straw drift tubes placed downstream of the

magnet. Different types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov detec-
tors. Photons, electrons, and hadrons are identified by a
calorimeter system consisting of scintillating-pad and pre-
shower detectors and an electromagnetic and a hadronic
calorimeter.
The online event selection is performed by a trigger

system, which consists of a hardware stage, based on
information from the calorimeter and muon systems,
followed by a software stage, which applies a full event
reconstruction. Two trigger selections are defined, with
different photon and track momentum thresholds. Samples
of simulated events, produced with the software described
in Refs. [13–18], are used to characterize signal and
background contributions. The signal sample is generated
with the three coefficients AΔ

ϕγ , Cϕγ, and Sϕγ set to zero.
Candidate B0

s → ϕγ decays are reconstructed from a
photon candidate and two oppositely charged particles
identified as kaons. The selection is designed to maximize
the significance S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
of the signal yield. Photons are

reconstructed from energy deposits in the electromagnetic
calorimeter and required to have a momentum transverse to
the beam axis, pT , larger than 3.0 or 4.2 GeV=c, depending
on the trigger selection. Background due to photons from
π0 decays is rejected by a dedicated algorithm [19]. The
kaon candidates are required to have p > 1.0 GeV=c and
pT > 0.3 GeV=c, where p is the total momentum, and at
least one of them must fulfill p > 10 GeV=c and pT > 1.2
or 1.8 GeV=c, depending on the trigger selection. Kaon
candidates are required to be inconsistent with originating
from a primary pp interaction vertex and must form a
common vertex of good quality. The Kþ K− system must
have an invariant mass within 15 MeV=c2 of the known ϕ
mass [20]. The B0

s candidate must be consistent with
originating from only one pp interaction vertex, and only
candidates with decay times between 0.3 and 10 ps are
retained. In addition, the cosine of the helicity angle (θH),
defined as the angle between the momenta of the positively
charged kaon and that of the B0

s meson in the rest frame of
the ϕ meson, is required to be less than 0.8 in absolute
value. This requirement helps to suppress the π0 and
combinatorial backgrounds, which are expected to be
distributed as cos2 θH and a uniform distribution, respec-
tively, as opposed to the sin2 θH distribution expected for
the signal. The B0 → K"0γ decay, with K"0 → Kþπ−, is
selected with almost identical requirements. A pion is
required instead of a kaon, and the invariant mass of the
Kþ π− system must be within 100 MeV=c2 of the known
K"0 mass [20].
The signal yields are 5110# 90 for B0

s → ϕγ decays
and 33860# 250 for B0 → K"0γ decays, where the uncer-
tainties are statistical only. They are obtained from
separate extended unbinned maximum-likelihood fits to the

B0
s → ϕγ and B0 → K"0γ reconstructed mass distributions

in the ranges 5000–6000 and 4600–6000 MeV=c2, respec-
tively. The mass fits are shown in Fig. 1. The results are
used to assign weights to the candidates in the data samples
in order to subtract the backgrounds [21]. The signal line
shapes are described by modified Crystal Ball functions
[22], consisting of a Gaussian core with power-law tails on
both sides of the peak. The mean and width of the Gaussian
core are obtained from the data, while the tail parameters
are determined from the simulation. Three background
categories are considered: combinatorial, peaking, and
partially reconstructed. The combinatorial background,
modeled by a linear function, is produced by the wrong
association of a random photon with two hadrons mostly
coming from real ϕ and K"0 resonances. The peaking
backgrounds originate from other b-hadron decays with a
reconstructed mass falling under the signal peak, due to the
misidentification of one or several final-state particles. All
possible combinations of misidentified hadrons, or the
misidentification of a π0 meson as a photon, are considered
for the signal and control decay channels. For the B0

s → ϕγ
decay channel, the relevant contributions are B0

s → ϕπ0 and
Λ0
b → ðpK−Þγ, where pK− comes from Λð1520Þ and

further baryon resonances. For the B0 → K"0γ decay
channel, the B0 → K"0π0 and Λ0

b → ðpK−Þγ decays are
taken into account. Each peaking background is modeled
with a Crystal Ball function. The shape parameters are
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FIG. 1. Fits to the mass distributions of the (top) B0
s → ϕγ and

(bottom) B0 → K"0γ candidates.
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Measurement of CP-Violating and Mixing-Induced Observables in B0
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A time-dependent analysis of the B0
s → ϕγ decay rate is performed to determine the CP -violating

observables Sϕγ and Cϕγ and the mixing-induced observableAΔ
ϕγ . The measurement is based on a sample of

pp collision data recorded with the LHCb detector, corresponding to an integrated luminosity of 3 fb−1 at
center-of-mass energies of 7 and 8 TeV. The measured values are Sϕγ ¼ 0.43" 0.30" 0.11,
Cϕγ ¼ 0.11" 0.29" 0.11, and AΔ

ϕγ ¼ −0.67þ0.37
−0.41 " 0.17, where the first uncertainty is statistical and

the second systematic. This is the first measurement of the observables S and C in radiative B0
s decays. The

results are consistent with the standard model predictions.

DOI: 10.1103/PhysRevLett.123.081802

In the standard model (SM) of particle physics, the b →
sγ transition proceeds via loop Feynman diagrams. The
small size of the SM amplitude makes such a process
sensitive to the contribution of possible new particles. The
emitted photons are produced predominantly with left-
handed helicity in the SM due to parity violation in the
weak interaction, with a small relative right-handed com-
ponent proportional to the ratio of s- to b-quark masses. In
many extensions of the SM, the right-handed component
can be enhanced, leading to observable effects in mixing-
induced CP asymmetries and time-dependent decay rates
of radiative B0 and B0

s decays [1–3]. Current measurements
sensitive to right-handed contributions [4–9] are in agree-
ment with SM predictions [10].
The rate PðtÞ at which B0

s or B̄0
s mesons decay to a

common final state that contains a photon, such asϕγ [where
ϕ refers to ϕð1020Þ], depends on the decay time t as [3]

PðtÞ ∝ e−Γstfcosh ðΔΓst=2Þ −AΔ sinh ðΔΓst=2Þ
þ ζC cos ðΔmstÞ − ζS sin ðΔmstÞg; ð1Þ

where ΔΓs and Δms are the width and mass differences
between the B0

s mass eigenstates, respectively, defined
positively, Γs is the mean decay width between such
eigenstates, and ζ takes the value of þ1 (−1) for an initial
B0
s (B̄0

s) state. The coefficientsAΔ and S are sensitive to the
photon helicity amplitudes and weak phases, while C is
related to CP violation in the decay. The SM predictions for

the three coefficients in the B0
s → ϕγ decay are close to

zero [3]. The LHCb Collaboration has previously measured
AΔ

ϕγ ¼ −0.98þ0.46
−0.52

þ0.23
−0.20 [9] from a time-dependent flavor-

untagged analysis, which is compatible with the SM within
2 standard deviations.
This Letter reports the first measurement of the CP-

violating observables S and C from a radiative B0
s decay,

determined from the time-dependent rate of B0
s → ϕγ

decays in which the ϕ meson decays to a KþK− pair.
An update of the AΔ

ϕγ coefficient measurement is also
provided. Results are based on data collected with the
LHCb detector in pp collisions at center-of-mass energies
of 7 and 8 TeV during the years 2011 and 2012, respec-
tively, corresponding to an integrated luminosity of 3 fb−1.
Compared to Ref. [9], the current analysis benefits from a
20% higher event selection efficiency, a reoptimized
calorimeter reconstruction, and a new photon identification
algorithm. Flavor-tagging algorithms are applied to deter-
mine the initial flavor of the B0

s or B̄0
s meson, which is

essential to measure the S and C observables, whereas
flavor-untagged decays still contribute to the measurement
of AΔ. The background is subtracted from a fit to the mass
distribution of the B0

s candidates. A sample of untagged
B0 → K&0γ decays [where K&0 refers to K&0ð892Þ], recon-
structed in the flavor-specific K&0 → Kþπ− final state, is
used to control the decay-time-dependent efficiency, since
its lifetime is well measured. Throughout this Letter, the
inclusion of charge-conjugated processes is implied.
The LHCb detector is a single-arm forward spectrometer

covering the pseudorapidity range 2 < η < 5, described in
detail in Refs. [11,12]. It includes a high-precision tracking
system consisting of a silicon-strip vertex detector surround-
ing the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a bending
power of about 4 Tm, and three stations of silicon-strip

*Full author list given at the end of the article.
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Dependent on B0
s or B̄0

s

<latexit sha1_base64="XcX/LZAgY54c3b5dXM+MN36N8s8="></latexit>

Untagged
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Measurement	of	CP-violating	and	mixing-
induced	observables	in	𝑩𝒔𝟎 → 𝝓𝜸 decays

Calibration channel:

B0 ! K⇤(! K+⇡�)�

(Used to control decay time e�ciency)

<latexit sha1_base64="S5lDgKnRjxmtzK8Tv8Lk/PooFGs="></latexit>

▪ In	SM	(loop)	𝑏 → 𝑠 𝛾 decays,	photon	mainly	
produced	with	LH	helicity	due	to	parity	
violation	– small	RH	component

▪ Measure	time-dependent	𝐵$% → 𝜙 → 𝐾!𝐾" 𝛾
decay	rate	to	extract	mixing	induced/CP-
violating	coefficients	{𝒜*, 𝑆, 𝐶}

Data-taking years
11, 12

<latexit sha1_base64="1HqpahcjzoCzRZEbXOgiXTgN0qc="></latexit>

▪ Flavour-tagging	algorithm	used	(𝜖+,, ∼ 5%)

• Fit signal peak in order to perform 
background subtraction

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.081802
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scenario. Statistical uncertainties are found to be under-
estimated by about 15% for Sϕγ and Cϕγ and 5% for AΔ

ϕγ,
due to the background-subtraction weights [26]. The
uncertainties are corrected for in the results below.
The decay-time distributions and the corresponding fit

projections are shown in Fig. 2. The fitted values are Sϕγ ¼
0.43" 0.30, Cϕγ ¼ 0.11" 0.29, and AΔ

ϕγ ¼ −0.67þ0.37
−0.41 ,

with a small correlation of −0.04 between each pair of
observables. The statistical uncertainty includes the uncer-
tainty from the physics parameters taken from external
measurements. For Sϕγ and Cϕγ , the systematic uncertainty
is dominated by the effects of possible differences between
the data and simulation in the decay-time resolution
parameters (0.08) and the uncertainty on the parameters
used to calibrate the same-side tagging algorithms (0.04).
For AΔ

ϕγ, the dominant source of systematic uncertainties is
related to the determination of the decay-time-dependent
efficiency function, in particular, the contribution of the
partially reconstructed background of B0 → K$0γ decays,
coming from the correlation between the reconstructed
mass and time (0.11) and the mass-shape modeling (0.08),
and the limited size of the simulation sample used to
determine the efficiency differences between B0

s → ϕγ and
B0 → K$0γ decays (0.08). The total systematic uncertain-
ties are 0.11 for Sϕγ and Cϕγ and 0.17 for AΔ

ϕγ.

In summary, the CP-violating and mixing-induced
observables Sϕγ, Cϕγ, and AΔ

ϕγ are measured from a
time-dependent analysis of B0

s → ϕγ decays, using a data
sample corresponding to an integrated luminosity of 3 fb−1

collected with the LHCb experiment during the 2011 and
2012 data-taking periods. More than 5000 B0

s → ϕγ decays
are reconstructed. A sample of B0 → K$0γ decays, which is
6 times larger, is used for the calibration of the time-
dependent efficiency. From a simultaneous unbinned fit to
the B0

s → ϕγ and B0 → K$0γ data samples, the values

Sϕγ ¼ 0.43" 0.30" 0.11;

Cϕγ ¼ 0.11" 0.29" 0.11;

AΔ
ϕγ ¼ −0.67þ0.37

−0.41 " 0.17

are measured, where the first uncertainty is statistical and
the second systematic. The results are compatible with the
SM expectation [3] within 1.3, 0.3, and 1.7 standard
deviations, respectively.

We express our gratitude to our colleagues in the CERN
accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,
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FIG. 2. Decay-time fit projections. The top row corresponds to the tagged (left) B0
s → ϕγ and (right) B̄0

s → ϕγ candidates, while the
bottom plots show the (left) untagged B0

s → ϕγ and (right) B0 → K$0γ candidates. The line is the result of the fit described in the text,
including statistical uncertainties.

PHYSICAL REVIEW LETTERS 123, 081802 (2019)

081802-4

B0 ! K⇤�
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PDFt = ✏(t) (R(t)~ P(t))

<latexit sha1_base64="iqs8dVr1xwFF68rU6RbXPpqfwOE="></latexit>

▪ Still	statistically	limited!

A� = �0.67+0.37
�0.41 ± 0.17

S = 0.43± 0.30± 0.11

C = 0.11± 0.29± 0.11

<latexit sha1_base64="I7+S+LfdV71ZOIhF9h4iN5aluog="></latexit>

Measurement	of	CP-violating	and	mixing-
induced	observables	in	𝑩𝒔𝟎 → 𝝓𝜸 decays

A�
SM = 0.047± 0.025± 0.015

SSM = 0± 0.002

CSM = 0.005(5)

<latexit sha1_base64="0Uw33p3EgVPCgVGfSOY5bGYb5Ek="></latexit>

[Phys. Lett. B 664 (2008) 174]

▪ Simultaneous	decay	time	fit	to	background	subtracted	𝐵$% → 𝜙𝛾 and	𝐵% → 𝐾∗𝛾
data	to	extract	coefficients

▪ Decay	time	resolution	ℛ 𝑡 from	per-candidate	uncertainties/simulation	and	
decay	time	efficiency	𝜖 𝑡 from	fit	to	data	(driven	by	𝐵% → 𝐾∗𝛾)	

Bs ! ��

untagged

<latexit sha1_base64="bOmgeYDXefIPo90F4i86AAGhIdQ=">AAACFnicbVBNixNBEO3JqhvjV3b36KUxGLwYZiSyewzx4jEL5gMyIdR0KpMm3T1Dd41sGPIr9uJf8eJBkb2Kt/03dj4Omvig4PFeFVX1klxJR2F4H1ROHjx8dFp9XHvy9NnzF/Wz84HLCiuwLzKV2VECDpU02CdJCke5RdCJwmGy/LDxh5/ROpmZT7TKcaIhNXIuBZCXpvW3ze60dGseU8bjfCF5nILWwOOY15pexRsqC0OQpjhb16b1RtgKt+DHJNqTBtujN63/jmeZKDQaEgqcG0dhTpMSLEmhcF2LC4c5iCWkOPbUgEY3Kbdvrflrr8z4PLO+DPGt+vdECdq5lU58pwZauENvI/7PGxc0v5qU0uQFoRG7RfNCcZ/BJiM+kxYFqZUnIKz0t3KxAAuCfJKbEKLDl4/J4F0rarfeX7cbne4+jip7yV6xNyxil6zDPrIe6zPBbtlX9p39CL4E34Kfwd2utRLsZy7YPwh+/QHmKJ38</latexit>

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

• 𝒜& compatible	with	SM	at	1.7𝜎
• 𝑆 compatible	with	SM	at	1.3𝜎
• 𝐶 compatible	with	SM	at	0.3𝜎

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.081802
https://www.sciencedirect.com/science/article/pii/S0370269308005819?via%3Dihub
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First	observation	of	the	radiative	decay	
𝚲𝒃
𝟎 → 𝚲𝜸 Normalisation channel:

B0 ! K⇤�

<latexit sha1_base64="9El7hs5qEEA90V7pMe0qA+8mAf4="></latexit>

are found to be 65! 13 and 32670! 290 for Λ0
b → Λγ and

B0 → K"0γ, respectively. The ratio of hadronization and
branching fractions is measured to be

fΛ0
b

fB0

×
BðΛ0

b → ΛγÞ
BðB0 → K"0γÞ

×
BðΛ → pπ−Þ

BðK"0 → Kþπ−Þ
¼ ð9.9! 2.0Þ × 10−2;

where the uncertainty is statistical only. To determine the
signal branching fraction, the ratio of hadronization frac-
tions, fΛ0

b
=fB0 , is computed from the LHCb measurement

of this quantity as a function of the pT of the b baryon [29]
and from the distribution of pTðΛ0

bÞ in the signal simu-
lation. An average over pT of the ratio of hadronization
fractions of fΛ0

b
=fB0 ¼ 0.60! 0.05 is obtained for this

analysis, where the uncertainty is derived from Ref. [29].
Taking the known branching fractions of the normalization
mode and intermediate decays from Ref. [42], the signal
branching fraction is measured to be

BðΛ0
b → ΛγÞ ¼ ð7.1! 1.5Þ × 10−6;

where the uncertainty is statistical only.

Using the sPlot [54] technique, the absence of potential
remaining backgrounds entering in the signal component is
cross-checked. In particular, the invariant mass of the pπ
system and the output of the neural network classifier
separating π0 mesons from photons for background-
subtracted data candidates are found to be compatible with
the expected signal distributions.
The dominant systematic uncertainties are listed in

Table I. The largest contribution arises from the limited
knowledge of the ratio of hadronization fractions, fΛ0

b
=fB0 .

Potential remaining differences between data and simula-
tion are evaluated by changing the requirement on the BDT
output, recomputing the efficiencies, and repeating the
mass fit. Further systematic uncertainties come from the
limited precision of the input branching fractions, the signal
and normalization fit models, the finite simulation samples
used to compute the selection efficiencies, and other
uncertainties associated to the extraction of the ratio of
efficiencies, including the uncertainties on the corrections
applied to the simulation and systematic effects on the
extraction of the particle identification and hardware trigger
efficiencies.
The Λ0

b → Λγ signal significance is evaluated from a
profile likelihood using Wilks’ theorem [55] and is con-
firmed with pseudoexperiments. Including both statistical
and systematic uncertainties, the Λ0

b → Λγ decay is
observed with a significance of 5.6σ.
To summarize, a search for the b -baryon flavor-

changing neutral-current radiative decay Λ0
b → Λγ is per-

formed with a data sample corresponding to an integrated
luminosity of 1.7 fb−1 collected in pp collisions at a
center-of-mass energy of 13 TeV with the LHCb detector.
A signal of 65! 13 decays is observed with a significance
of 5.6σ. This is the first observation of this mode and
represents the first step towards the study of the photon
polarization in radiative decays of b -baryons with a larger
dataset. Exploiting the well-known B0 → K"0γ mode as a

TABLE I. Dominant systematic uncertainties on the measure-
ment of BðΛ0

b → ΛγÞ. The uncertainties arising from external
measurements are given separately.

Source Uncertainty (%)

Data/simulation agreement 7.7
Λ0
b fit model 3.0

B0 → K"0γ backgrounds 2.7
Size of simulated samples 1.7
Efficiency ratio 1.4

Sum in quadrature 9.0

fΛ0
b
=fB0 8.7

Input branching fractions 3.0

Sum in quadrature 9.2
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FIG. 1. Simultaneous fit to the (top) Λ0
b → Λγ and (bottom)

B0 → K"0γ invariant-mass distributions of selected candidates.
The data are represented by black dots and the result of the fit by a
solid blue curve while individual contributions are represented in
different line styles (see legend).
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B(⇤0
b ! ⇤�)SM = (6� 500)⇥ 10�7

<latexit sha1_base64="mHLydxDyle4Tjhh8WuDU76OfogE="></latexit>

[Phys. Rev. Lett. 123 (2019) 031801]

B(⇤0
b ! ⇤�) = (7.1± 1.5± 0.6± 0.7)⇥ 10�6

<latexit sha1_base64="alJwb+bY1EqG8SIa6zOdgouLK+I="></latexit>

[Phys. Rev. D 66 (2002) 112002]

Data-taking years
16

<latexit sha1_base64="go4FEtw+ecnvRJURfFzIsqZrkhs="></latexit>

▪ Like	𝐵$% → 𝜙𝛾,	sensitive	to	NP	enhanced	RH	
components	via	photon	polarisation 𝜆-- prior	
to	angular	analysis	need	observation!

▪ Difficult	to	reconstruct	due	to	long	Λ lifetime	
and	unknown	𝛾 direction	i.e.	no	decay	vertex	–
decay	reconstructed	as	Λ.% → Λ → 𝑝𝜋" 𝛾

▪ Custom	‘distance	of	closest	approach’	variable	
between	Λ.% and	Λ trajectories	used	to	
discriminate	between	signal	and	background	
(dominated	by	combinatorial)

▪ 5.6𝜎 excess	observed	– first	observation	of	a	
radiative	baryonic	decay! Previous result from the CDF collaboration

B(⇤0
b ! ⇤�)CDF < 1.3⇥ 10�3

at 90% CL

<latexit sha1_base64="WjmLA0q4mQ9u1JdkBvHBCNiKzd4="></latexit>

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.112002
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Searches	for	25	rare	and	forbidden	decays	
of	𝑫# and	𝑫𝒔# mesons Normalisation channel :

D+
(s) ! �(! l+l�)⇡+

<latexit sha1_base64="P8KR2G5xw6hIlZMpJdD59qAVdbo="></latexit>

[LHCb-PAPER-2020-007 (in preparation) – see ICHEP20 Talk]
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▪ Rare	charm	decays	have	additional	GIM	
suppression	compared	to	rare	𝐵 decays

▪ Broad	search	for	25	rare	and	forbidden	
(topologically	similar)	decays	of	the	form	
𝐷 $
! → ℎ±𝑙!𝑙∓ (	ℎ = {𝐾, 𝜋}, 𝑙 = {𝑒, 𝜇} )

▪ Resonances	vetoed	when	fitting	signal	in	
three-body	invariant	mass	distribution

▪ Different	background	sources	for	different	
final	states	– physical	backgrounds	modelled	
using	fast	simulated	samples

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://indico.cern.ch/event/868940/contributions/3815638/attachments/2081089/3495531/2020-07-28_ICHEP-2020-Rare-charm-decays-in-LHCb.pdf
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▪ (Preliminary)	results	all	consistent	with	background-only	hypothesis	

[LHCb-PAPER-2020-007 (in preparation) – see ICHEP20 Talk]

▪ Limits	improve	on	the	previous	world	best	results	by	up	to	a	factor	of	500!

10°8 10°7 10°6 10°5

2016 limit at 90% confidence

D+ ! K+e+e°
D+ ! º+e+e°
D+ ! º°e+e+

D+ ! K+µ+e°
D+ ! K+e+µ°
D+ ! º+µ+e°
D+ ! º+e+µ°
D+ ! º°µ+e+

D+ ! K+µ+µ°
D+ ! º+µ+µ°
D+ ! º°µ+µ+

LHCb Preliminary

10°8 10°7 10°6 10°5

2016 limit at 90% confidence

D+
s ! K+e+e°

D+
s ! K°e+e+

D+
s ! º+e+e°

D+
s ! º°e+e+

D+
s ! K+µ+e°

D+
s ! K+e+µ°

D+
s ! K°µ+e+

D+
s ! º+µ+e°

D+
s ! º+e+µ°

D+
s ! º°µ+e+

D+
s ! K+µ+µ°

D+
s ! K°µ+µ+

D+
s ! º+µ+µ°

D+
s ! º°µ+µ+

LHCb Preliminary

christopher.burr@cern.ch ○ ICHEP 2020 ○ Rare charm decays at LHCb 10

Results

➤ All results consistent with background only hypothesis

10°8 10°7 10°6 10°5

2016 limit at 90% confidence

D+ ! K+e+e°
D+ ! º+e+e°
D+ ! º°e+e+

D+ ! K+µ+e°
D+ ! K+e+µ°
D+ ! º+µ+e°
D+ ! º+e+µ°
D+ ! º°µ+e+

D+ ! K+µ+µ°
D+ ! º+µ+µ°
D+ ! º°µ+µ+

LHCb Preliminary

10°8 10°7 10°6 10°5

2016 limit at 90% confidence

D+
s ! K+e+e°

D+
s ! K°e+e+

D+
s ! º+e+e°

D+
s ! º°e+e+

D+
s ! K+µ+e°

D+
s ! K+e+µ°

D+
s ! K°µ+e+

D+
s ! º+µ+e°

D+
s ! º+e+µ°

D+
s ! º°µ+e+

D+
s ! K+µ+µ°

D+
s ! K°µ+µ+

D+
s ! º+µ+µ°

D+
s ! º°µ+µ+

LHCb Preliminary

| expected median with ±1σ, ±2σ intervals   ○   x observed limit  ○   | previous world's best limit (BaBar, CLEO, LHCb)

PRELIMINARY!

LHCb-PAPER-2020-007 

(in preparation)

- expected median

christopher.burr@cern.ch ○ ICHEP 2020 ○ Rare charm decays at LHCb 10

Results

➤ All results consistent with background only hypothesis

10°8 10°7 10°6 10°5

2016 limit at 90% confidence

D+ ! K+e+e°
D+ ! º+e+e°
D+ ! º°e+e+

D+ ! K+µ+e°
D+ ! K+e+µ°
D+ ! º+µ+e°
D+ ! º+e+µ°
D+ ! º°µ+e+

D+ ! K+µ+µ°
D+ ! º+µ+µ°
D+ ! º°µ+µ+

LHCb Preliminary

10°8 10°7 10°6 10°5

2016 limit at 90% confidence

D+
s ! K+e+e°

D+
s ! K°e+e+

D+
s ! º+e+e°

D+
s ! º°e+e+

D+
s ! K+µ+e°

D+
s ! K+e+µ°

D+
s ! K°µ+e+

D+
s ! º+µ+e°

D+
s ! º+e+µ°

D+
s ! º°µ+e+

D+
s ! K+µ+µ°

D+
s ! K°µ+µ+

D+
s ! º+µ+µ°

D+
s ! º°µ+µ+

LHCb Preliminary

| expected median with ±1σ, ±2σ intervals   ○   x observed limit  ○   | previous world's best limit (BaBar, CLEO, LHCb)

PRELIMINARY!

LHCb-PAPER-2020-007 

(in preparation)

- observed limit

christopher.burr@cern.ch ○ ICHEP 2020 ○ Rare charm decays at LHCb 10

Results

➤ All results consistent with background only hypothesis

10°8 10°7 10°6 10°5

2016 limit at 90% confidence

D+ ! K+e+e°
D+ ! º+e+e°
D+ ! º°e+e+

D+ ! K+µ+e°
D+ ! K+e+µ°
D+ ! º+µ+e°
D+ ! º+e+µ°
D+ ! º°µ+e+

D+ ! K+µ+µ°
D+ ! º+µ+µ°
D+ ! º°µ+µ+

LHCb Preliminary

10°8 10°7 10°6 10°5

2016 limit at 90% confidence

D+
s ! K+e+e°

D+
s ! K°e+e+

D+
s ! º+e+e°

D+
s ! º°e+e+

D+
s ! K+µ+e°

D+
s ! K+e+µ°

D+
s ! K°µ+e+

D+
s ! º+µ+e°

D+
s ! º+e+µ°

D+
s ! º°µ+e+

D+
s ! K+µ+µ°

D+
s ! K°µ+µ+

D+
s ! º+µ+µ°

D+
s ! º°µ+µ+

LHCb Preliminary

| expected median with ±1σ, ±2σ intervals   ○   x observed limit  ○   | previous world's best limit (BaBar, CLEO, LHCb)

PRELIMINARY!

LHCb-PAPER-2020-007 

(in preparation)

- previous world’s best limit (BaBar, CLEO, LHCb)

Searches	for	25	rare	and	forbidden	decays	
of	𝑫# and	𝑫𝒔# mesons

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://indico.cern.ch/event/868940/contributions/3815638/attachments/2081089/3495531/2020-07-28_ICHEP-2020-Rare-charm-decays-in-LHCb.pdf
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Thanks for listening!

▪ Rare decays are very sensitive probes for new physics contributions and 
shall remain an active research topic in the years to come

▪ Many exciting LHCb rare decays analyses published/currently ongoing
▪ LHCb is setting world’s best measurements and limits on observables 

within flavour physics (and beyond)
▪ Non 𝑏 → 𝑠𝑙#𝑙$ measurements still provide important tests of LFV and new 

physics may manifest in measurements
▪ The LHCb upgrades will offer significantly higher luminosities and 

improved detector performance – should provide exciting new discoveries 
and allow SM rare decays to be tested to even greater precision

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

• LHC	upgrade	II	will	allow	precision	tests	of	observables	such	as	the	𝐵 !
" → 𝜇#𝜇$ BF	ratio	 ℛ (~10%)	

• Decisive	measurements	of	observables	such	as	the	𝐵!" effective	lifetime	 𝜏%% (~2%)	and	per	cent	
measurements	of	observables	such	as	the	photon	polarisation (𝜆') (~4%)• If	tensions	in	𝑏 → 𝑠𝑙#𝑙$ are	confirmed,	upgrade	will	allow	to	discriminate	between	potential	NP	
models,	and	allow	complementary,	rarer	measurements	to	be	studied	such	as	𝑏 → 𝑑𝑙#𝑙$ decays

[LHCB-PUB-2018-009]

https://cds.cern.ch/record/2636441?ln=en
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Backup

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020
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Search	strategy

B(Signal) = NSignal

2⇥ LInt ⇥ �pp!bb̄ ⇥ f ⇥ ✏Signal

<latexit sha1_base64="rx2hTW7dYDRLUm0o9xixYPzf78g="></latexit>

NSignal = Signal yield

LInt = Integrated luminosity

�pp!bb̄ = bb̄ cross section

f = Hadronisation fraction

✏ = Total e�ciency

<latexit sha1_base64="45r0xXurahUswYy4+phcUUhigsI="></latexit>

Large uncertainties

<latexit sha1_base64="uT+fHs9xHUqc/u3wkLwyw0bfalc=">AAACA3icdVA9SwNBEN2L3/EraqfNYhCsjruYU9OJNhYWCiYKSQh7m0lc3Ns7dufEcARs/Cs2ForY+ifs/DduPgQVfTDweG+GmXlhIoVBz/twchOTU9Mzs3P5+YXFpeXCymrNxKnmUOWxjPVlyAxIoaCKAiVcJhpYFEq4CK+PBv7FDWgjYnWOvQSaEesq0RGcoZVahfUGwi1mJ0x3gaaKg0YmFAow/Vah6LnBXmmnElDPLZd3/ErFEr8SBN4u9V1viCIZ47RVeG+0Y55GoJBLZkzd9xJsZkyj4BL6+UZqIGH8mnWhbqliEZhmNvyhT7es0qadWNtSSIfq94mMRcb0otB2RgyvzG9vIP7l1VPs7DczoZIUQfHRok4qKcZ0EAhtCw0cZc8SxrWwt1J+xTTjaGPL2xC+PqX/k1rJ9ctucFYuHhyO45glG2STbBOf7JEDckxOSZVwckceyBN5du6dR+fFeR215pzxzBr5AeftE2hWmLA=</latexit>

• Instead	measure:

B(Signal) = B(Norm)

NNorm
⇥ ✏Norm

✏Signal
⇥ fNorm

fSignal
⇥NSignal

<latexit sha1_base64="Bxcxce9Ppp5foa8hPtsLDsLK4c4="></latexit>

• Many	presented	analyses	measure	branching	fractions	relative	to	a	known	
normalization	channel,	as	this	allows	large	systematic	uncertainties	in	𝜎11→.3.
and										,	as	well	as	other	systematic	uncertainties	related	to	reconstruction	
and	selection	to	cancel	in	the	ratio

LInt

<latexit sha1_base64="pIkqZ+vNeMRUE6azFUjBQLU0GJA=">AAACAXicdVDLSgNBEJz1GeMr6kXwMhgET8tuHia5Bb0oeIhgNJCEMDuZJENmZ5eZXjEs68Vf8eJBEa/+hTf/xslDUNGChqKqm+4uLxRcg+N8WHPzC4tLy6mV9Ora+sZmZmv7SgeRoqxOAxGohkc0E1yyOnAQrBEqRnxPsGtveDL2r2+Y0jyQlzAKWdsnfcl7nBIwUiez2/IJDCgR8XnSiVvAbiE+k5AknUzWsYv5ylExhx07X6kU3LIhTsnJFSrYtZ0JsmiGWifz3uoGNPKZBCqI1k3XCaEdEwWcCpakW5FmIaFD0mdNQyXxmW7Hkw8SfGCULu4FypQEPFG/T8TE13rke6ZzfK/+7Y3Fv7xmBL1yO+YyjIBJOl3UiwSGAI/jwF2uGAUxMoRQxc2tmA6IIhRMaGkTwten+H9ylbPdgl28KGSrx7M4UmgP7aND5KISqqJTVEN1RNEdekBP6Nm6tx6tF+t12jpnzWZ20A9Yb5807pgO</latexit>

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020
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[CERN-LHCb-CONF-2020-002]

B(B0
! µ+µ�), and the first measurement of the B0

s ! µ+µ� e↵ective lifetime [14]:171

B(B0
s ! µ+µ�) = (3.0 ± 0.6+0.3

�0.2) ⇥ 10�9 (3)

B(B0
! µ+µ�) < 3.4 ⇥ 10�10 at 95% CL (4)

⌧(B0
s ! µ+µ�) = (2.04 ± 0.44 ± 0.05) ps (5)

Although the B0
s ! µ+µ� branching fraction measurements by LHCb, CMS and ATLAS172

are consistent with the SM prediction [15, 16], they are all below the SM value and their173

average lies about two standard deviations apart from it [17,18]. None of these experiments174

have updated their measurements with the full Run 2 data set yet, and it will be very175

interesting to see how the agreement will evolve.176

Large interest is also on the update of the B(B0
! µ+µ�) measurement, which provides177

an independent probe of NP and has the potential of leading to the first evidence of this178

decay by a single experiment, as discussed in Sect. 11. The ratio of the B0
! µ+µ� and179

B0
s ! µ+µ� branching fractions will also be measured in this analysis.180

The e↵ective lifetime, which is also measured in this analysis, is the mean decay time181

of a flavour-unbiased sample of B0
s ! µ+µ� decays,182

⌧µ+µ� ⌘

R1
0 t h� (B0

s ! µ+µ�)i dtR1
0 h� (B0

s ! µ+µ�)i dt
(6)

=
⌧B0

s

1 � y2
s


1 + 2A��ys + y2

s

1 + A��ys

�
(7)

where t is the proper decay time of the B0
s meson, and ys and A�� are defined as183

ys ⌘
��s

2�s
, (8)

A�� ⌘
Rµ+µ�

H � Rµ+µ�

L

Rµ+µ�

H + Rµ+µ�

L

, (9)

with Rµ+µ�

H and Rµ+µ�

L being the rates of the heavy and light mass eigenstates of the B0
s184

system to the µ+µ� final state. In the SM the µ+µ� final state is CP odd and A�� = +1,185

hence the e↵ective lifetime is equal to the lifetime of the heavy B0
s mass eigenstate.186

As discussed in Ref. [11] A�� may be moved away from one by new physics e↵ects,187

particularly those related to (pseudo-)scalar `+`� densities of four-fermion operators,188

possibly revealing new physics even in the event that the branching fraction agrees with189

the SM. This is illustrated in Fig. 1.190

Describing the physics of b ! q`+`� transitions adopting an e↵ective-field theory191

approach, physics beyond the SM can be described as shifts to the Wilson coe�cients192

of the operators of the e↵ective Hamiltonian. In this context, the signal B0
d,s ! µ+µ�

193

modes of this analysis are sensitive to the scalar and pseudoscalar operators O
(0)
S,P , and to194

the operators O
(0)
10 (as defined in Ref. [19]). Adding a photon to the final state, namely195

considering the B0
(s) ! µ+µ�� decays, yields observables sensitive not only to O10, but also196

to O9 and to the electromagnetic-dipole operator O7, as well as to their chirality-flipped197

counterparts1 [20–25].198

1The sensitivity to O7 occurs for values of the final-state invariant mass squared close to zero which
are not relevant for this analysis.
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Effective	lifetime	definition	
(mean	decay	time	of	an	untagged	sample	of	decays)
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Figure 1: In the left-hand plot, the two-dimensional likelihood contours of the results for
the B0

s
! µ+µ� and B0 ! µ+µ� decays for the three experiments are shown together with

their combination. The dataset used was collected from 2011 to 2016. The red dashed line
represents the ATLAS experiment, the green dot-dashed line the CMS experiment, the
blue long-dashed line the LHCb experiment and the continuous line their combination.
For each experiment and for the combination, likelihood contours correspond to the values
of �2�lnL = 2.3, 6.2, and 11.8, respectively. In the right-hand plot, the combination
of the three experiments is shown with contours of di↵erent shades. Likelihood contours
correspond to the values of �2�lnL = 2.3, 6.2, 11.8, 19.3, and 30.2, represented in order
by darkest to less dark colour. In both plots, the red point shows the SM predictions
with their uncertainties. The published results from the three experiments are detailed
in Ref. [1–3].

account. The resulting curve is shown in Fig. 3. The value of the ratio is determined to
be

R = 0.021+0.030
�0.025 (13)

and its upper limit at 90% (95)% CL isR < 0.052 (0.060). The upper limit is computed in
the same manner as for B(B0 ! µ+µ�), by integrating the likelihood only in the positive
region.

The CMS and LHCb experiments also measured the e↵ective lifetime of the observed
B0

s
! µ+µ� candidates. The LHCb B0

s
! µ+µ� e↵ective lifetime is measured from a

fit to the background-subtracted decay-time distribution of signal candidates. The CMS
measurement is determined with a two-dimensional likelihood fit to the proper decay
time and dimuon invariant mass; the model introduced in the likelihood fit adopts the
per-event decay time resolution as a conditional parameter in the resolution model. For
both experiments, the measurement is fully dominated by its statistical uncertainty, hence
the two results are uncorrelated. Two variable-width Gaussian likelihoods are used to
describe the CMS and LHCb original likelihoods and the value of �2�lnL obtained from
these functions (shown in Fig. 4) is then minimised to obtain the combined value and the

6
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Figure 2: Value of �2�lnL for B(B0
s
! µ+µ�) (left) and B(B0 ! µ+µ�) (right), shown

in both as solid black line. In the left-hand plot, the dark (light) green dashed lines
represent the 1� (2�) interval. In the right-hand plot, the dark (light) blue dashed lines
represent the 90% (95%) CL. In both plots, the red solid band shows the SM prediction
with its uncertainty. The published results from the three experiments are detailed in
Ref. [1–3].

Figure 3: Value of �2�lnL for the ratio of the B0 ! µ+µ� and B0
s
! µ+µ� branching

fractions, R, shown as solid black line. The light (dark) blue dashed line represents the
90% (95%) CL and the red solid band shows the SM prediction with its uncertainty. The
published results from the three experiments are detailed in Ref. [1–3].

68% CL interval (found where �2�lnL = 1), which reads

⌧B0
s!µ+µ� = 1.91+0.37

�0.35 ps. (14)

7

1D	likelihood	projections

𝑩 𝒔
𝟎 → 𝝁#𝝁$ combination	(ATLAS	+	CMS	+	

LHCb)	

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://cds.cern.ch/record/2727207/files/LHCb-CONF-2020-002.pdf
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[Phys. Rev. Lett. 124 (2020) 211802]
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and normalization mode arising from the trigger selection.
The dominant sources of systematic uncertainties on the
background composition are due to the imprecise knowl-
edge of the branching fractions of the background compo-
nents. The largest uncertainty of this type on the expected
background yield in the B-mass region is 14%, determined
from refitting the mass sidebands while varying the
background components according to their uncertainties.
Taking all correlations into account, overall single event
sensitivities of ½4.71" 0.12ðstatÞ " 0.33ðsystÞ% × 10−10 for
B0
s→eþe− and ½1.271"0.034ðstatÞ"0.063ðsystÞ%×10−10

for B0 → eþe− are obtained.
The dielectron invariant-mass spectrum, summed over

bremsstrahlung categories, is shown in Fig. 1, with the result
of theB0

s → eþe− fit. The individual categories are shown in
the Supplemental Material [38], as well as the distributions
with the result of theB0 → eþe− fit. Themeasured branching
fractions are BðB0

s → eþe−Þ ¼ ð2.4" 4.4Þ × 10−9 and
BðB0 → eþe−Þ ¼ ð0.30" 1.29Þ × 10−9, where the uncer-
tainties include both statistical and systematic components.
The results are in agreement with the background-only
hypothesis.

Upper limits on the branching fractions are set using the
CLs method [41], as implemented in the GAMMACOMBO

framework [42,43] with a one-sided profile likelihood ratio
[44] as test statistic. The likelihoods are computed from fits
to the invariant-mass distributions. In the fits, the normali-
zation factor, normalization mode branching fraction, frag-
mentation fraction ratio, and background yields are
Gaussian constrained to their expected values within stat-
istical and systematic uncertainties. Pseudoexperiments, in
which the nuisance parameters are set to their fitted values
from data, are used for the evaluation of the test statistic.
The expected and observed CLs distribu-

tions are shown in Fig. 2. The upper observed
limits are BðB0

s → eþe−Þ < 9.4ð11.2Þ × 10−9 and
BðB0 → eþe−Þ < 2.5ð3.0Þ × 10−9 at 90(95)% confi-
dence level. These are consistent with the expected
upper limits of BðB0

s → eþe−Þ < 7.0ð8.6Þ × 10−9 and
BðB0 → eþe−Þ < 2.0ð2.5Þ × 10−9 at 90(95)% confidence
level, obtained as the median of limits determined on
background-only pseudoexperiments.
In conclusion, a search for the rare decays B0

ðsÞ → eþe−

is performed using data from proton-proton collisions
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FIG. 1. Simultaneous fit to the dielectron invariant-mass distribution, with BðB0 → eþe−Þ fixed to zero. The sum of bremsstrahlung
categories is shown for (left) Run 1 and (right) Run 2. The relative proportions of background contributions change between Run 1 and
Run 2 due to different performances of the particle identification algorithms and BDT selections.
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FIG. 2. CLs values as a function of the branching fractions of the decays (left) B0
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• There	are	different	relative	proportions	of	
physical	background	contributions	between	
Run	1	and	Run	2	due	to	different	
performances	of	the	particle	identification	
and	BDT	algorithms	

• Several	primary	physical	backgrounds:	
B ! Xe+e�

B+ ! D̄0(! Y +e�⌫̄e)e
+⌫e

B0 ! ⇡�e+⌫e

B ! h+h�0
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• Bremsstrahlung	losses	corrected	by	adding	momentum	of	all	
photons	consistent	with	being	emitted	upstream	of	magnet	

Search	for	the	rare	decays	𝑩𝒔𝟎 → 𝒆#𝒆$ and	
𝑩𝟎 → 𝒆#𝒆$

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.211802
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Figure 1. Missing mass squared, m2
miss, distributions for (left) simulated signal B+ → K+µ−τ+

decays and (right) all selected candidates in data before applying the signal optimisation described
in section 5.
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Figure 2. Distributions of normalization candidates in (left) mass, mK+µ−µ+ , and (right) the
mass difference, mB+K− − mB+ − mK− . The result of each fit is shown as a solid line, with the
background component as a dashed line.

We determine the fraction of the normalisation candidates coming from B∗0
s2 decays

using a K+µ−t+ mass fit for the combined-years data sample using the same model as

the separated-years samples, along with a binned maximum-likelihood fit to the measured

mass-difference distribution mB+K− − mB+ − mK− around the B∗0
s2 peak. For the latter

fit, we describe the signal peak with a Gaussian core that transitions to an exponential

tail on each side, and we model the background with a third-degree polynomial. The

results of these fits are shown in figure 2. The total data sample contains 4240 ± 70

B+ → J/ψK+ decays; the fraction originating from B∗0
s2 decays is fB∗0

s2
= (25.4± 1.8)%,

where the uncertainty combines the statistical and systematic uncertainties from the choice

of fit function. The year-to-year variation is not found to be statistically significant, so we

use the value obtained from the combined dataset for all years.

The relative efficiency of the signal and normalisation modes is determined using simu-

lation with corrections from data. For B∗0
s2 decays the relative efficiencies in different years

average around 30%, with an absolute year-to-year variation of less than 3%. Different

signal decay models change the relative efficiency by approximately 10%, with the decays

via scalar and pseudoscalar operators having a lower overall efficiency. Signal events in

– 5 –

How	missing	mass	is	reconstructed • Missing	mass	squared	– lowest	
energy,	real	solution	for	which	the	
missing	energy	is	greater	than	
energy	of	reconstructed	third	
track	under	𝜋mass	hypothesis
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Search	for	the	lepton	flavour violating	
decay	𝑩# → 𝑲#𝝁$𝝉# using	𝑩𝒔𝟐∗𝟎 decays

Fits	to	normalisation mode	mass	and	𝐵#- 𝐾$mass	difference	
• Fits	to	determine	yields	and	to	quantify	contributions	from	𝐵*)∗, decays	and	
non-𝐵*)∗, candidates	with	nearby	kaons

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://link.springer.com/article/10.1007%2FJHEP06%282020%29129
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detectors and straw drift tubes placed downstream of the
magnet. Different types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov detec-
tors. Photons, electrons, and hadrons are identified by a
calorimeter system consisting of scintillating-pad and pre-
shower detectors and an electromagnetic and a hadronic
calorimeter.
The online event selection is performed by a trigger

system, which consists of a hardware stage, based on
information from the calorimeter and muon systems,
followed by a software stage, which applies a full event
reconstruction. Two trigger selections are defined, with
different photon and track momentum thresholds. Samples
of simulated events, produced with the software described
in Refs. [13–18], are used to characterize signal and
background contributions. The signal sample is generated
with the three coefficients AΔ

ϕγ , Cϕγ, and Sϕγ set to zero.
Candidate B0

s → ϕγ decays are reconstructed from a
photon candidate and two oppositely charged particles
identified as kaons. The selection is designed to maximize
the significance S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
of the signal yield. Photons are

reconstructed from energy deposits in the electromagnetic
calorimeter and required to have a momentum transverse to
the beam axis, pT , larger than 3.0 or 4.2 GeV=c, depending
on the trigger selection. Background due to photons from
π0 decays is rejected by a dedicated algorithm [19]. The
kaon candidates are required to have p > 1.0 GeV=c and
pT > 0.3 GeV=c, where p is the total momentum, and at
least one of them must fulfill p > 10 GeV=c and pT > 1.2
or 1.8 GeV=c, depending on the trigger selection. Kaon
candidates are required to be inconsistent with originating
from a primary pp interaction vertex and must form a
common vertex of good quality. The Kþ K− system must
have an invariant mass within 15 MeV=c2 of the known ϕ
mass [20]. The B0

s candidate must be consistent with
originating from only one pp interaction vertex, and only
candidates with decay times between 0.3 and 10 ps are
retained. In addition, the cosine of the helicity angle (θH),
defined as the angle between the momenta of the positively
charged kaon and that of the B0

s meson in the rest frame of
the ϕ meson, is required to be less than 0.8 in absolute
value. This requirement helps to suppress the π0 and
combinatorial backgrounds, which are expected to be
distributed as cos2 θH and a uniform distribution, respec-
tively, as opposed to the sin2 θH distribution expected for
the signal. The B0 → K"0γ decay, with K"0 → Kþπ−, is
selected with almost identical requirements. A pion is
required instead of a kaon, and the invariant mass of the
Kþ π− system must be within 100 MeV=c2 of the known
K"0 mass [20].
The signal yields are 5110# 90 for B0

s → ϕγ decays
and 33860# 250 for B0 → K"0γ decays, where the uncer-
tainties are statistical only. They are obtained from
separate extended unbinned maximum-likelihood fits to the

B0
s → ϕγ and B0 → K"0γ reconstructed mass distributions

in the ranges 5000–6000 and 4600–6000 MeV=c2, respec-
tively. The mass fits are shown in Fig. 1. The results are
used to assign weights to the candidates in the data samples
in order to subtract the backgrounds [21]. The signal line
shapes are described by modified Crystal Ball functions
[22], consisting of a Gaussian core with power-law tails on
both sides of the peak. The mean and width of the Gaussian
core are obtained from the data, while the tail parameters
are determined from the simulation. Three background
categories are considered: combinatorial, peaking, and
partially reconstructed. The combinatorial background,
modeled by a linear function, is produced by the wrong
association of a random photon with two hadrons mostly
coming from real ϕ and K"0 resonances. The peaking
backgrounds originate from other b-hadron decays with a
reconstructed mass falling under the signal peak, due to the
misidentification of one or several final-state particles. All
possible combinations of misidentified hadrons, or the
misidentification of a π0 meson as a photon, are considered
for the signal and control decay channels. For the B0

s → ϕγ
decay channel, the relevant contributions are B0

s → ϕπ0 and
Λ0
b → ðpK−Þγ, where pK− comes from Λð1520Þ and

further baryon resonances. For the B0 → K"0γ decay
channel, the B0 → K"0π0 and Λ0

b → ðpK−Þγ decays are
taken into account. Each peaking background is modeled
with a Crystal Ball function. The shape parameters are
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FIG. 1. Fits to the mass distributions of the (top) B0
s → ϕγ and

(bottom) B0 → K"0γ candidates.
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Fit	to	normalisation mode

• Several	additional	partially	reconstructed	
backgrounds:	

• Decay	time	resolution	modelled	by	sum	
of	two	Gaussians
• Decay	time	efficiency	modelled	as

B ! K⇡⇡�

B ! K⇡⇡0X

B0 ! K⇤⌘(! ��)
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Flavour tagging	algorithms

Measurement	of	CP-violating	and	mixing-
induced	observables	in	𝑩𝒔𝟎 → 𝝓𝜸 decays

• Same-side	(SS)	– identifies	flavour of	signal	
candidate	by	identifying	charge	of	kaon	
produced	alongside	𝐵*,meson	– neural	
network	implementation
• Opposite-side	(OS)	– rely	on	pair	production	
of	𝑏 hadrons	– examine	decay	products	of	
other	𝑏 hadron	in	the	event	

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.081802
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Fit	to	normalisation mode

are found to be 65! 13 and 32670! 290 for Λ0
b → Λγ and

B0 → K"0γ, respectively. The ratio of hadronization and
branching fractions is measured to be

fΛ0
b

fB0

×
BðΛ0

b → ΛγÞ
BðB0 → K"0γÞ

×
BðΛ → pπ−Þ

BðK"0 → Kþπ−Þ
¼ ð9.9! 2.0Þ × 10−2;

where the uncertainty is statistical only. To determine the
signal branching fraction, the ratio of hadronization frac-
tions, fΛ0

b
=fB0 , is computed from the LHCb measurement

of this quantity as a function of the pT of the b baryon [29]
and from the distribution of pTðΛ0

bÞ in the signal simu-
lation. An average over pT of the ratio of hadronization
fractions of fΛ0

b
=fB0 ¼ 0.60! 0.05 is obtained for this

analysis, where the uncertainty is derived from Ref. [29].
Taking the known branching fractions of the normalization
mode and intermediate decays from Ref. [42], the signal
branching fraction is measured to be

BðΛ0
b → ΛγÞ ¼ ð7.1! 1.5Þ × 10−6;

where the uncertainty is statistical only.

Using the sPlot [54] technique, the absence of potential
remaining backgrounds entering in the signal component is
cross-checked. In particular, the invariant mass of the pπ
system and the output of the neural network classifier
separating π0 mesons from photons for background-
subtracted data candidates are found to be compatible with
the expected signal distributions.
The dominant systematic uncertainties are listed in

Table I. The largest contribution arises from the limited
knowledge of the ratio of hadronization fractions, fΛ0

b
=fB0 .

Potential remaining differences between data and simula-
tion are evaluated by changing the requirement on the BDT
output, recomputing the efficiencies, and repeating the
mass fit. Further systematic uncertainties come from the
limited precision of the input branching fractions, the signal
and normalization fit models, the finite simulation samples
used to compute the selection efficiencies, and other
uncertainties associated to the extraction of the ratio of
efficiencies, including the uncertainties on the corrections
applied to the simulation and systematic effects on the
extraction of the particle identification and hardware trigger
efficiencies.
The Λ0

b → Λγ signal significance is evaluated from a
profile likelihood using Wilks’ theorem [55] and is con-
firmed with pseudoexperiments. Including both statistical
and systematic uncertainties, the Λ0

b → Λγ decay is
observed with a significance of 5.6σ.
To summarize, a search for the b -baryon flavor-

changing neutral-current radiative decay Λ0
b → Λγ is per-

formed with a data sample corresponding to an integrated
luminosity of 1.7 fb−1 collected in pp collisions at a
center-of-mass energy of 13 TeV with the LHCb detector.
A signal of 65! 13 decays is observed with a significance
of 5.6σ. This is the first observation of this mode and
represents the first step towards the study of the photon
polarization in radiative decays of b -baryons with a larger
dataset. Exploiting the well-known B0 → K"0γ mode as a

TABLE I. Dominant systematic uncertainties on the measure-
ment of BðΛ0

b → ΛγÞ. The uncertainties arising from external
measurements are given separately.

Source Uncertainty (%)

Data/simulation agreement 7.7
Λ0
b fit model 3.0

B0 → K"0γ backgrounds 2.7
Size of simulated samples 1.7
Efficiency ratio 1.4

Sum in quadrature 9.0

fΛ0
b
=fB0 8.7

Input branching fractions 3.0

Sum in quadrature 9.2
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FIG. 1. Simultaneous fit to the (top) Λ0
b → Λγ and (bottom)

B0 → K"0γ invariant-mass distributions of selected candidates.
The data are represented by black dots and the result of the fit by a
solid blue curve while individual contributions are represented in
different line styles (see legend).
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• Several	additional	physical	backgrounds: 
B ! K+⇡�⇡�

B0 ! K⇤⌘

B0
s ! ��

⇤0
b ! pK��

B0 ! K+⇡�⇡0
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are found to be 65! 13 and 32670! 290 for Λ0
b → Λγ and

B0 → K"0γ, respectively. The ratio of hadronization and
branching fractions is measured to be

fΛ0
b

fB0

×
BðΛ0

b → ΛγÞ
BðB0 → K"0γÞ

×
BðΛ → pπ−Þ

BðK"0 → Kþπ−Þ
¼ ð9.9! 2.0Þ × 10−2;

where the uncertainty is statistical only. To determine the
signal branching fraction, the ratio of hadronization frac-
tions, fΛ0

b
=fB0 , is computed from the LHCb measurement

of this quantity as a function of the pT of the b baryon [29]
and from the distribution of pTðΛ0

bÞ in the signal simu-
lation. An average over pT of the ratio of hadronization
fractions of fΛ0

b
=fB0 ¼ 0.60! 0.05 is obtained for this

analysis, where the uncertainty is derived from Ref. [29].
Taking the known branching fractions of the normalization
mode and intermediate decays from Ref. [42], the signal
branching fraction is measured to be

BðΛ0
b → ΛγÞ ¼ ð7.1! 1.5Þ × 10−6;

where the uncertainty is statistical only.

Using the sPlot [54] technique, the absence of potential
remaining backgrounds entering in the signal component is
cross-checked. In particular, the invariant mass of the pπ
system and the output of the neural network classifier
separating π0 mesons from photons for background-
subtracted data candidates are found to be compatible with
the expected signal distributions.
The dominant systematic uncertainties are listed in

Table I. The largest contribution arises from the limited
knowledge of the ratio of hadronization fractions, fΛ0

b
=fB0 .

Potential remaining differences between data and simula-
tion are evaluated by changing the requirement on the BDT
output, recomputing the efficiencies, and repeating the
mass fit. Further systematic uncertainties come from the
limited precision of the input branching fractions, the signal
and normalization fit models, the finite simulation samples
used to compute the selection efficiencies, and other
uncertainties associated to the extraction of the ratio of
efficiencies, including the uncertainties on the corrections
applied to the simulation and systematic effects on the
extraction of the particle identification and hardware trigger
efficiencies.
The Λ0

b → Λγ signal significance is evaluated from a
profile likelihood using Wilks’ theorem [55] and is con-
firmed with pseudoexperiments. Including both statistical
and systematic uncertainties, the Λ0

b → Λγ decay is
observed with a significance of 5.6σ.
To summarize, a search for the b -baryon flavor-

changing neutral-current radiative decay Λ0
b → Λγ is per-

formed with a data sample corresponding to an integrated
luminosity of 1.7 fb−1 collected in pp collisions at a
center-of-mass energy of 13 TeV with the LHCb detector.
A signal of 65! 13 decays is observed with a significance
of 5.6σ. This is the first observation of this mode and
represents the first step towards the study of the photon
polarization in radiative decays of b -baryons with a larger
dataset. Exploiting the well-known B0 → K"0γ mode as a

TABLE I. Dominant systematic uncertainties on the measure-
ment of BðΛ0

b → ΛγÞ. The uncertainties arising from external
measurements are given separately.

Source Uncertainty (%)

Data/simulation agreement 7.7
Λ0
b fit model 3.0

B0 → K"0γ backgrounds 2.7
Size of simulated samples 1.7
Efficiency ratio 1.4

Sum in quadrature 9.0

fΛ0
b
=fB0 8.7

Input branching fractions 3.0

Sum in quadrature 9.2
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FIG. 1. Simultaneous fit to the (top) Λ0
b → Λγ and (bottom)

B0 → K"0γ invariant-mass distributions of selected candidates.
The data are represented by black dots and the result of the fit by a
solid blue curve while individual contributions are represented in
different line styles (see legend).
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Primary	systematic	uncertainties

Martino Borsato - Heidelberg U.

 at LHCbΛb → Λγ
๏ LHCb has unique capability to study 

radiative baryon decays

๏ First attempt with 
• Using only 2016 data ( )
• No  direction and   
→ no  vertex reconstructed

• Signal classification with BDT is crucial

๏ Found   decays
• First observation at 5.6  significance
•  
→ in agreement in with SM predictions

๏ Possibile to measure photon polarisation
• To be competitive with  measurements, 

precision needs to improve by factor 

Λb → Λγ
1.7/fb

γ cτ(Λ) ≃ 8 cm
Λb

65 ± 13 Λb → Λγ
σ

BR = (7.1 ± 1.5 ± 0.6 ± 0.7) × 10−6

B
∼ 6
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Figure 1: Simultaneous fit to the (left) ⇤0
b! ⇤� and (right) B0! K⇤0� invariant-mass distribu-

tions of selected candidates. The data are represented by black dots and the result of the fit
by a solid blue curve while individual contributions are represented in di↵erent line styles (see
legend).

in Fig. 1. The signal yields are found to be 65 ± 13 and 32670 ± 290 for ⇤0
b! ⇤� and

B0! K⇤0�, respectively. The ratio of hadronization and branching fractions is measured
to be

f⇤0
b

fB0
⇥ B(⇤0

b! ⇤�)

B(B0! K⇤0�)
⇥ B(⇤! p⇡�)

B(K⇤0! K+⇡�)
= (9.9± 2.0)⇥ 10�2,

where the uncertainty is statistical only. To determine the signal branching fraction, the
ratio of hadronization fractions, f⇤0

b
/fB0 , is computed from the LHCb measurement of

this quantity as a function of the pT of the b baryon [27] and from the distribution of
pT(⇤0

b) in the signal simulation. An average over pT of the ratio of hadronization fractions
of f⇤0

b
/fB0 = 0.60 ± 0.05 is obtained for this analysis, where the uncertainty is derived

from Ref. [27]. Taking the known branching fractions of the normalization mode and
intermediate decays from Ref. [40], the signal branching fraction is measured to be

B(⇤0
b! ⇤�) = (7.1± 1.5)⇥ 10�6,

where the uncertainty is statistical only.
Using the sPlot [52] technique, the absence of potential remaining backgrounds entering

in the signal component is cross-checked. In particular, the invariant mass of the p⇡
system and the output of the neural network classifier separating ⇡0 mesons from photons
for background-subtracted data candidates are found to be compatible with the expected
signal distributions.

The dominant systematic uncertainties are listed in Table 1. The largest contribution
arises from the limited knowledge of the ratio of hadronization fractions, f⇤0

b
/fB0 . Po-

tential remaining di↵erences between data and simulation are evaluated by changing the
requirement on the BDT output, recomputing the e�ciencies and repeating the mass fit.
Further systematic uncertainties come from the limited precision of the input branching
fractions, the signal and normalization fit models, the finite simulation samples used to

5

Search for ⇤b ! ⇤� LHCb-PAPER-2019-010

Large room for improvement in B(⇤b ! ⇤�):

SM prediction: 10�7 � 10�5 Best limit come from CDF:
< 1.9 ⇥ 10�3 (95% CL)

I If observed, it will open the possibility for
photon polarization measurement in
b-baryon decays through angular analysis
L.M Garcia et al., arXiv:1902.04870v2 (2019)

I Reconstruction very challenging:
I No ⇤0

b decay vertex

I Crucial signal/background separation
I High performance BDT (XGBoost)

I B
0 ! K

⇤0
� used as normalization channel
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Eur.Phys.J.C 79 (2019) 7, 634

LHCb, Phys. Rev. Lett. 123 (2019) 031801Distance	of	closest	approach	variable

First	observation	of	the	radiative	decay	
𝚲𝒃
𝟎 → 𝚲𝜸

• Largest	systematic	from	𝑓-!"/𝑓."

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031801
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[LHCb-PAPER-2020-007 (in preparation) – see ICHEP20 Talk]

Fits	to	two	normalisation modes

christopher.burr@cern.ch ○ ICHEP 2020 ○ Rare charm decays at LHCb 7

Datasets

➤ Analysis performed on LHCb’s 2016 dataset (1.7 fb ) 

➤ Normalised to  

➤ Regions dominated by resonances are vetoed when fitting for the signal
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(s) → (ϕ → ℓ+ℓ−) π+
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• Primary	physical	backgrounds	(same	as	for	signal):
D+ ! hhh

D+
s ! hhh
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Searches	for	25	rare	and	forbidden	decays	
of	𝑫# and	𝑫𝒔# mesons

Rare	decays	at	LHCb (excluding	𝑏 → 𝑠𝑙!𝑙")	– Beauty	2020

https://indico.cern.ch/event/868940/contributions/3815638/attachments/2081089/3495531/2020-07-28_ICHEP-2020-Rare-charm-decays-in-LHCb.pdf

