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Introduction: Flavour

In the Standard Model (SM), transitions between different quarks are governed by
the CKM mechanism:

= o Vud Vas ‘/ub d W
>( VCKM = V«.:d V;s Veb >’VW\/
Q=173 @ \. Vf'd ‘/LS ‘/tb u Vu
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Introduction: Flavour

In the Standard Model (SM), transitions between different quarks are governed by
the CKM mechanism:

w2 W Vud Vvus ‘/ub d W
>( Vekm = | Vea Ves Ve >’\N\!\/
@ \. Via Vis Vb v Vu

Q=1/3

Flavour is a powerful tool to search for New Physics indirectly
Look for inconsistencies with the Standard Model picture
Sensitive to large energy scales, beyond the reach of direct searches

Could be the first place we see hints of something new!
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Introduction: b — s, d processes

Flavour Changing Neutral Currents are forbidden in SM at tree level:
@ Supressed (Rare processes)
@ Potential interences from NP diagrams
@ NP contributions could significantly change the value of observables

SM NP

t,c,u t,c,u,...
\“P//

w- H ,x .9
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Introduction: b — s, d processes

Flavour Changing Neutral Currents are forbidden in SM at tree level:
@ Supressed (Rare processes)
@ Potential interences from NP diagrams
@ NP contributions could significantly change the value of observables

SM NP

t,c,u t,c,u,...
\“P//

w- H ,x .9

Why B decays?
@ The b-quark is the heaviest quark forming hadronic bound states (m ~ 4.7
GeV)
@ Long lifetime (~1.6 ps) [Good for experimentalists]
@ Many accessible decay channels (small BR’s)
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Introduction: OPE

Model independent description by EFT: Operator product expansion.

4GF i=1,2 Tree
_ * i . / / i=3-6,8 Gluon penguin
HEﬂr - \/5 th Vi‘S § [C’ (I’L)O’ (/‘l’) + Ci (/’L)Ol (/J/)] i=7 Photon penguin
i N i=9, 10 Electroweak penguin
left-handed part right-handed part i=S Higgs (scalar) penguin
i=P Pseudoscalar penguin
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Introduction: OPE

Model independent description by EFT: Operator product expansion.

4GF i=1,2 Tree
_ * i . / / i=3-6,8 Gluon penguin
HefT - \/5 th VtS § [C’ (I’L)O’ (/‘I’) + Ci (/’L)Ol (/"L) ] i=7 Photon penguin
i N i=9, 10 Electroweak penguin
left-handed part right-handed part i=S Higgs (scalar) penguin
i=P Pseudoscalar penguin

@ W™ bosons only couple to left-handed quarks = right-handed currents
suppressed

e Wilson Coefficients (C;) parametrize coupling strength and describe loop part
of the diagrams

@ Looking for deviation w.r.t SM prediction:

Ci=CcM+ cM
{ o= CINP
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Introduction: OPE

Model independent description by EFT: Operator product expansion.

4G ~0 i=1,2 Tree
_ F * / / i=3-6,8 Gluon penguin
HEfr - \/§ th VtS § [C’(I’L)O’ (/‘I’) + WOI (/"L) ] i=7 Photon penguin
i N i=9, 10 Electroweak penguin
left-handed part right-handed part i=S Higgs (scalar) penguin
suppressed in SM  j—p Pseudoscalar penguin

@ W™ bosons only couple to left-handed quarks = right-handed currents
suppressed

e Wilson Coefficients (C;) parametrize coupling strength and describe loop part
of the diagrams

@ Looking for deviation w.r.t SM prediction:

Ci=CcM+ cM
{ o= CINP
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LHCb detector

@ One of the four detectors at LHC
e LHCb is a single-arm (2 < 1 < 5) spectrometer
o Optimised for beauty and charm decays

HCAL g
ECAL Ms
SPD/PS w M

RICH2

n=0

\ 6=90° /"

.............. 0=45°

1=0.88

o=10o—rN=2.44
9=00_>'r| =00

0: Angle between p and positive beam axis.
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LHCb detector

@ One of the four detectors at LHC
o LHCb is a single-arm (2 < 1 < 5) spectrometer
o Optimised for beauty and charm decays

LHCb MC
Vs=14 TeV

2
6, [rad]
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LHCb detector

@ One of the four detectors at LHC

e LHCb is a single-arm (2 < 1 < 5) spectrometer
e Optimised for beauty and charm decays

@ Runs at lower luminosity
e Optimised for precision measurements

-
o,
o

| LHC Fill 2651

| ATLAS & CMS

10

LHCb

Instantaneous Luminosity [10%2 cm2 71

1 | | L i
20
Fill duration [h]
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LHCb Detector

Integrated Luminosity:

e Run | (2011-2012): 3 fb~?
e Run Il (2015-2018): 6 fb~!

Integrated Recorded Luminosity (1/fb)

1 fb~! ~ 10*? pp collisions J

17

2.3 . 2018 (6.5 TeV): 2.19 /b
- 2017 (6.5+2.51 TEV)‘ 1.71 b+ 0.10 /o f 201 8 201 2
2.1F . 2016 (6.5 TeV): 1.67 b
2015 (6.5 TeV): 0.33 /b /‘ /l"')
1.81 . 2012 (4.0 TeV): 2.08 b f
4 2011(35TeV) 111 o " jnn
1.6/ 2010 (3.5 TeV): 0.04 fib j
1.4 / /’
1 r/ l/" 2011
0.9 M—
o L1 T
- VA av
0.2 "j{/J
— Tl o | = 7|
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LHCb detector

Great Secondary Vertex (SV)
and Impact Parameter (IP)
resolution

ECAL HCAL
SPD/PS

RICH2 M)

Magnet

[JINST3 (2008) S08005]
[Int. J. Mod. Phys. A30 (2015) 1530022]
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LHCb detector

Great Secondary Vertex (SV)
and Impact Parameter (IP)
resolution

Magnet

7 cRICHr
Tte
0¢ato]

EcaL HOAL M4 M5
SPD/PS M3 _250mrad
RICH2 Ny M2 \

L]

[JINST3 (2008) S08005]
[int. J. Mod. Phys. A30 (2015) 1530022]

—reror

—|Very good p, pr and mass resolution |

>

Ap/p=0.5-1.0%
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LHCb detector

Great Secondary Vertex (SV) Particle ID mostly done by two

and Impact Parameter (IP) RICH detectors, complemented
resolution by other subdetectors
/ L HCAL M4 MS !
SEUES M3 250mrad \
Magnet RICHY M1 M2 v\
T

T2

o) =11
= [JINST3 (2008) S08005]
i [Int. J. Mod. Phys. A30 (2015) 1530022]

i

—| Very good p, pr and mass resolution l 5

Kaon ID ~ 95% for ~ 5% m — K mis-id probability
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LHCb detector

Great Secondary Vertex (SV)
and Impact Parameter (IP)
resolution

Particle ID mostly done by two
RICH detectors, complemented

Electron, photon
and hadron energy
using calorimeters

by other subdetectors

d HCAL

M5
s e

Magnet

RICH 2

([stn (2008) S08005]

[Int. J. Mod. Phys. A30 (2015) 1530022

250mrad \

o

—| Very good p, pr and mass resolution l

Electron ID ~ 90% for ~ 5% e — h mis-id probability

>
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LHCb detector

Great Secondary Vertex (SV)
and Impact Parameter (IP)
resolution

Particle ID mostly done by two
RICH detectors, complemented
by other subdetectors

L HCAL
SPAPS M3

Magnet

RICH 2
T
T2

[JINST3 (2008) S08005]

Electron, photon
and hadron energy
using calorimeters

M4 M5

SOmrad

N

Muon ID, PT
and track
position

[Int. J. Mod. Phys. A30 (2015) 1530022

i

—| Very good p, pr and mass resolution ]

Muon ID ~ 97% for ~ 1-3% 7 — 1 mis-id probability

e b-baryon decays at LHCb
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LHCb detector

0 ! 2 4 6
1 1

1 1

1 1

1 1 Upstream track
1 1

1 1

1 1 TT

1 1

1 [

Downstream track
VELO >

Velo track

Long tracks

T trag*,-’

Downstream tracks

@ Hits at least in VELO and T stations @ Hits in TT and T stations (not in VELO)

@ Used in majority of analyses @ Decay products of long-lived particles
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Experimental status: B — juju

Fully leptonic final state (b — ¢¢)

@ Very precise SM prediction [JHEP
10(2019)232]
0 B(Bs— pp)sm=(3.66+0.14)x10~°
® B(B—pu)sm=(1.03£0.05)x 1010
@ Sensitive to new (pseudo-)scalar
contributions

7 ut 5 W+ ut
W+
ZO
BY B % t Vu
W-
s n s w- '

0.6
0.5
04
03
02

BB" — pru) (107)

0.1

ATLAS, CMS, LHCb - Summer 2020
T

Preliminary ]
2011-20i6data ]

2 3 4 5
BB, — ptu) (10°)

BBC - utp) = (2.69 037y x 1070

-0.35

BB - utu™) < 1.9% 1071° (95% CL)

Compatible with the SM at 2.10

[LHCb-CONF-2020-002,
CMS PAS BPH-20-003
ATLAS-CONF-2020-049]
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Experimental status: B — juju

New measurement from LHCb using 9 fb—!
[arXiv:2108.09283 and 2108.09284v2]

o B(B. > ) = (3:66:8% {31 x 1079 |
o B(B — pup) < 2.6 x 10710 (95% CL) B — pye still not observed

@ Set a limit also for the radiative decay
B(Bs — ppy) < 2.0 x 10719 (95% CL)

T T
F LHCb Preliminary ~ —e— Daa
F- 9!

BDT =05

Limit (90% CL) or BF measurement

8 3

Candidates / ( 27.5 MeV/c?)
)
S

—
=)

=)

6000
[ [MeV/c?]
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Experimental status: Bs — opuu

b w q

Semileptonic rare decays (b — s¢l) offer a rich

phenomenology @?=(p+p,)

Each g region probes different processes:

charmonium
resonances

photon JAp(1S) ‘/»}Cﬂ ee
pole
o $(25)
ar ¢;’
dg®
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Experimental status: Bs — opuu

@ New LHCb measurement using 9 fb~!

o 9B

dq? =

(2.88 £ 0.21) x 1078 [arXiv:2105.14007]

@ Tension with the SM at 3.60 level
o (1.80 with LCSR alone)

dB(B) — ¢u*u)dg? (GeV7c?)

x 1078
1uE " LHCh T TT—3— LHCb9fb"
E LHCb 3fb™
121— ‘ SM (LCSR+Lattice)
10k SM (LCSR)
E SM (Lattice)
815 E
. + }‘i Iy Y(2S) .
E B
o si s mars
E o i "]
2F TR 3
E 1 1 3
0O 5 10 15
¢* [GeV¥cH

e b-baryon decays at LHCb

Results in other

channels:
=.]LCSR Lattice -*-Data

< : 77 ) E
% B* —)K‘M'ﬂ‘
<] LHCb 4
1~4
x E
S b+ Tattt 1
=% 2F pro 71 (2005) 034015 HESR)
& | PRu1n1013) 162002 LofD) E
g JHEP 06 (2014) 133
=

B

5 10

15 207
¢ [GeVZ/cd]

| ApAp

7‘> 12| JHEP06(2015)115

& 1of PRD93(2016)074501] _
" + LHCh

=

o i
7 [GeV?]

i 4+,,

I e
JHEP 1611 (2016) 047
LHCb

BY >K*O0uty o
HEP 08 (2016) 038 (ECSR) i
PRD 89 (2014) 03480 (kco)
—r—
=
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Experimental status: Bs — ¢uu angular analysis

Complementary constraints on NP and orthogonal experimental systematics
compared to BR's

e For B — V¢, differential decay rate can be described by 3 angles and g¢?:

1 d* (T +T)
d(I' +T)/dg? dcosf; d cos O dg
9

' 2 LT
327r 1 @) sin® ¢ (1 4 3 cos 20))
IJ:" cos? 05 (1 — cos 26;) + in? O sin? 0 cos 2¢
sin 26 sin 26; cos ¢ +sin 20 sin 0 cos ¢
2 + in“ 0 cos ) H in 26 sin 0; sin ¢
" T ) '/K D G
/__ N +@bm 20 sin 26, sin ¢ +'am B¢ sin® 0 sin 2@‘}

@ Give acces to observables related to CP-averages and asymmetries:
FL, AFB, 5,, A/
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Experimental status: Bs — ¢uu angular analysis

New analysis using 8.4 fb—* LHCb data [arXiv:2107.13428]

- . T T T
=~ 09F LHCb —3§- LHCb 8.4fb"! 08 LHCb —4- LHCb 8.4fb"
0gF m— 3 LHCb 3~ E 0.6F ~+— LHCb 3fb™"
0.7F fb# I SM (LCSR+Lattice) 04F 0 SM (LCSR+Lattice)
06E 4= E 02F )
sk T E 0 EE*EQ-:—H’— i
oaE 4 “0af ]—Fr = L
03 Re # —04F ]
02 z— T A —~0.6F
0.1F ‘o Jhy v(2S) E -08F o Jhy v(2S) 3
L f L 3
% 5 10 5 Iy 5 10 15
¢ [GeV*/c4 ¢ [GeV¥/ct]
o ! T T T 3 1 T T
08F LHCb —4 LHCb 8.4fb! E 08 LHCb —4— LHCb 8.4fb! E
0.6F 1 LHCb 3fb™! E 0.6F £~ LHCb 3! E
0. ‘7‘ _-+- ) I SM (LCSR+Lattice) 04F B sm (LCSR+Lall‘iccr 3
0.2 - 02F T
0f | — == - —+ —_—
oof = ——= +— —02fF RS E
-04F i_ — —04F 3
~06F 3 ~06F E
-08F o Jhy w(2S) E -08F o Jhy W(2S) E
o 5 10 s -1y 10 s

In general good agree

Garcia

¢ [GeVY/c

ment with SM, dexi

¢ [GeV?¥/c
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Experimental status: B — K*uu angular analysis

Two new analyses by LHCb with 9 fb~1:

@ Angular analysis of BT — K**puu [PRL126(2021)161802]

e Angular analysis of B — K*puu [PRL125(2020)011802]
Self-tagging final state (K* — K*m~) allow access to more observables:

@ Give access to observables with reduced dependence on hadronic effects:

/! 55
Ps =
ar 5 ATLAS | ]
B°—>K*°p. H ¥ Belle
® LHCb ]
DSM

Fi(1—Fr)
-05F .——I—
"}",:
rj— =T ¢

S . > n
0 10 15
~3c Iocal deviation ¢ [GeVct]
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Experimental status: B — K*uu angular analysis

Two new analyses by LHCb with 9 fb~1:

@ Angular analysis of BT — K**puu [PRL126(2021)161802]

e Angular analysis of B — K*puu [PRL125(2020)011802]
Self-tagging final state (K* — K*m~) allow access to more observables:

@ Give access to observables with reduced dependence on hadronic effects:

p. — Ss
5 Fi(1—Fr)
[PRL 125 (2020) 011802 [PRL 126 (2021) 161802] [arXiv:2107.13428]
» :
LHCh 9 b~ flavio v2 — EoA @ S
. — B Kt b /
3 - "
1 B'— K*utp Bt — Kt~ " BY— outp
- P4 . 3
2o\ 340 z 310 1.90
KR IAY Tk a,
0 .
LHCH 1
5 LHCH
o
‘ 0 -05 00 05 1.0 15 20 0 : !
S iy o2 —1 -3 -2 -1 0 1

9 —4 -3 B 1 0
ARe(Ca) ARe(C)
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Experimental status: Lepton universality

In the SM all leptons are expected to behave in the same way:

B(B* =K utp~)

e i) 1+ 0(%)

@ Precise theory prediction due to cancellation of hadronic form factor
uncertainties

o Test of lepton universality: Rx =

@ Challenging due to bremsstrahlung by electrons

1 track

—— e track

@ Experimentally, we perform a double ratio to cancel systematic uncertainties
R — B(BT—=K utu ) / B(BT—K'tete™)
K = BB*=K J/y(utn B( B+—>K+J/w (efe™))
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Experimental status: Lepton universality

Results with LHCb data 9 fb~! [arXiv:2103.11769] :

)

Candidates /(7 MeV/c

: RN |
50 52 54 56 58 60
m(K 1) [GeV/e?]
600 LHCb
E ——Dawa9 '
500; — Toal fit
400F weeeee B KTpp
Combinatorial
300F
200:_ Bf%Ki»p'{”—
100F
et n
530 5300 5400 5500 5600

m(K* ) [MeV/ic?)

[
4.6

48 50 52 54 56 58 0.0
m(K 'e'e ) [GeV/cl]

LHCb

—— Data 9 fb*

= Total fit

o B K e

W3- Jyie'e )K"

B Part. Reco.
Combinatorial

B*—>K*e'e"

P

1

Candidates / (24 MeV/e

L
5000 3500 6000
m(K eter) [MeV/c?]




Experimental status: Lepton universality

Results with LHCb data 9 fb=1 [arXiv:2103.11769] :

Ry = 0.84615534

Deviation from SM at 3.1c

BaBar .
0.1 <g*><8.12GeV/c*
[PRD86032012]

Belle

1.0 < ¢ < 6.0 GeV%/c*
[JHEP03(2021)105]

LHCb 9 fb’!
——t 1.1 < ¢ < 6.0 GeV?/c*
[arXiv:2103.11769]

)
05 1 15

Ry
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Experimental status: Lepton universality

Results with LHCb data 9 fb=! [arXiv:2103.11769] :

Tension with the SM from observables

_ +0.044
RK = 0846_0041 BY - K¢+~

Ry

3

Deviation from SM at 3.1c

05 By
— T ———7— T (o ® LHCL ¥ Belle
BaBar FLLHCD ® BaBar
0.1 < ¢2<8.12 GeV¥/ct ) R S
[PRD86032012] 0 5 10 15 ) 20
Belle [PRL 126 (2021) 161801] ¢2 [GeV?/cf]
BaBar [PRD 86 (2012) 032012]
Belle LHCb [JHEP 08 (2017) 055]

1.0 < g2 < 6.0 GeV¥/c*
[JHEP03(2021)105]

s14} A, = pK £~
<
12
4 1.0
LHCb 9 fb
——t 1.1 < ¢* < 6.0 GeV¥/c* 0.8
[arXiv:2103.11769] ,
A T P H.G»LH(I"
05 1 15 0 2 4 G
Ry LHCb [JHEP 05 (2020) 040] ¢ [GeV?/cY)

ryon decays at LHCb
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Experimental status: Lepton universality

Results with LHCb data 9 fb=1 [arXiv:2103.11769] :

Ry = 0.846t0'044 Belle 1l is entering in the game...

0.041

Deviation from SM at 3.1c

18
— —— F
BaBar . 16~ ¢ Daia Belle Il
0.1 < ¢* <8.12 GeV?/c* F — preliminary
[PRD86032012] 14f- cional .
cie Sign
-+« Combinatorial Background Ldt =628 fo
Belle

1.0 < ¢ < 6.0 GeV%/c* I Peaking Background _
[JHEP03(2021)105] 10 B* - K+ r |

Candidates / (3 MeV/c?)
~

8
6 :
£ "
4 it
1 E * i X3
LHCb 9 fb 2 A PERATDRETEE
—e—t 1.1 < ¢ < 6.0 GeV?/c* o sl Tl .
1 [aanv:21I03_11769] 52 521 522 523 524 525 526 527 5.28 529
s 1 15 My, [GeV/c?

Ry
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Experimental status: Global fits

Global fits (more than 100 observables)

J. Matias et al, arXiv:2104.08921 9 JOM. Camalich et al, arXiv:2103.12738
3.0 .
:\ 1.5 Lo,
o T 1.0 e
06 m ) - S
%50 @ e L 05
ST - ATLAS <) ’/ #ec"
—06 e Belle . -
T SM CMS 0.0 . < SM
N o [;::(l;’m memmmClean Fit
( J _05 Gl
3030 54 —is -1z —06 00 06 12 18 3'»7 3.0 -1.0
v -2 -1 0 1 2

i

s5CE

@ New Physics hypothesis preferred over SM by more than 4-5¢0

@ Main effect on the Gy, coefficient

4
pn decays at LHCb
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© Radiative Decays
@ Experimental challenges
@ Analyses
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Radiative decays

@ Rare decays with a b — s+ transition
e Sensitive to G; and C; through:

Lo _ 1GlP-1g)?

o Photon polarization: « = =
P g G PHIC) 2

o Branching ratio: B o |G|? + |G|?

CCl

. 7
o CP asymmetry. ACP X Imm
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Radiative decays

How to access the photon polarization in b-hadron decays?

e Time dependent analyses, using B-B interference of mixing and decay:
- Final common state for neutral B and B: B(S’ -Vy, V=KK, nn
- B, more profitable (A, >> Al'y)
- @ LHCb: V to charged tracks, better no n%s, no K.'s (Ex: B 20K m0)y)
- B.—~¢y, By—py, By 2oy
- Observables: time dependent decay widths, CP asymmetries
- Need the use of flavour tagging, which reduces a lot the statistics (g.4~5%)

e Angular analyses:
- B, to three-body + v decays (B*—>Kn*m*y)
- Decays of b-baryons (A, = Ay ...)
- Decays with an electron pair in the final state y — e-e*
with v real: radiative decays with converted photons (B,—Vy(— ee*))
or virtual: B—K*e*e™ analyzed in the low g2 region

L.M. Garcia Radiative b-bar



Baryon decays

Radiative b-baryon decays:
@ Non-zero spin grants access to more observables
@ Two spectator quarks = different form factors
@ Photon polarization has never been measured!!
°

b-baryons only at accesible pp colliders (LHC)

F\N\J\N\.’Y

N

cT ~ 8cm

p

L.M. Garcia Radiative b-baryon dec



Experimental challenges

L oooF LI I * Daa E Q T T T 4
TR F Nt = f LHCb Run 1]
E HAY e oy B} F 1
& 200 . P SRS Ky ] = 300F =
7 400f BO—K'y B Bl L o [ b
8 i - AOAYY Bl vy 0 S b
5300 0~90 MeV ¢ —=-BovaX E bl r B K p ]
E ] & 200 o~ 25MeV ]
S 2 < L 4
= F ]
=} - M
£ 100 -
O N ]
> ]
st 05200 5400 5600
4500 5000 5500 6000
M(Kmy) (MeV/c?) m(K* ) [MeV/c?]
[Nucl.Phys.B867(2013)1] [PRL125(2020)011802]

Challenges for analysis involving neutrals (y and 7°):
@ Photon direction not reconstructed:
o Mass resolution dominated by photon momentum
o Large background (~ 10+/events, merge 7° — v7)

o Rare decays = low signal yield (B ~ O(10_5))

L.M. Garcia Radiative b-baryon de


https://arxiv.org/abs/1209.0313
https://arxiv.org/abs/2003.04831

Experimental challenges

3 St LHCb Run 1]
5] F 4
8 = 300F b
] D B
£ 2 BO—K 1
E g 200 0~ 25MeV .
o < L J
S [
=} L
£ 100
o [
R 05200 5400 5600
4500 5000 5500 6000
M(Kmy) (MeV/c?) m(K* -t i) [MeV/c?]
[Nucl.Phys.B867(2013)1] [PRL125(2020)011802]

Challenges for analysis involving neutrals (v and 7°):
@ Photon direction not reconstructed:
o Mass resolution dominated by photon momentum
o Large background (~ 10+/events, merge 7° — )

o Rare decays = low signal yield (B ~ 0(1075)>

L.M. Garcia Radiative b-baryon de


https://arxiv.org/abs/1209.0313
https://arxiv.org/abs/2003.04831

Experimental challenges

P

Challenges for analysis involving neutrals (v and 7°):
@ Photon direction not reconstructed:
e Mass resolution dominated by photon momentum
o Large background (~ 10+ /events, merge 7° — 77)

@ Rare decays = low signal yield (B ~ 0(10_5)>

e Decays involving long-lived particles (Ks, A°, =7)
o Decay after the VELO
@ Worse IP /vertex position resolution
o Trigger only selects Long tracks

e SV position cannot determined reconstructed

L.M. Garcia Radiative b-baryon decay.
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Challenges for analysis involving neutrals (v and 7°):
@ Photon direction not reconstructed:

o Mass resolution dominated by photon momentum
o Large background (~ 10+/events, merge 7° — v7)

@ Rare decays = low signal yield (B ~ 0(10_5))

@ Decays involving long-lived particles (Ks, A%, =)
o Decay after the VELO
@ Worse IP /vertex position resolution
o Trigger only selects Long tracks

e SV position cannot determined reconstructed

L.M. Garcia Radiative b-baryon decay:



Photon polarization in A — A%y

A) — A%y decay channel recently observed (1.6 fb~1) [PRL123(2019)031801]:
o B(N) — A%) = (7.14+15+0.6+0.7) x 107°

@ Opens the possibility for direct measurement of photon polarization (c,) in
b-baryon decays

LHCb ]

---- Signal
- Cgmbinatorial
Ay = AR

)
331
T

Candidates / (50 MeV)

[4;]
T

| TS T A} Sl 0 PV SVop0
5000 5500 6000 6500 !
m(pmy) (MeV)
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Photon polarization in A — A%y

o First angular analysis of radiative b-baryon decays [LHCb-PAPER-2021-03]
@ Using 6fb™! collected by LHCb
@ Angular distribution and sensitivity studies computed [EPJC79(2019)634]

CAy(6+,0p) =1 — anPp,cosb,cos 0., — ay (apcos b, — Pp,cosb.,)

Integrating in helicity angles:

1
Ma,(605) = 7 (1 — ay Py, cos 97) Ay
1
Ma,(0p) = n (1 — Oty A COS 9,,)
T

The decay parameters are:
e P, = 0.00 £ 0.06(stat) £ 0.06(sys) [CMS: PRD97(2018)072010]
@ ap = 0.754 £ 0.004 [BESIII: NP15(2019)631-634]

£
e Tl
L.M. Garcia Radiative b-baryon decays at LK




Photon polarization in A — A%y

o First angular analysis of radiative b-baryon decays [LHCbh-PAPER-2021-03]
@ Using 6fb™! collected by LHCb
@ Angular distribution and sensitivity studies computed [EPJC79(2019)634]

rw(”w) ~0 ~0
T (6550,) =1—an % cos f,cos 0, — oty (ancos b, — P;(( cosf,)

Integrating in helicity angles:

~1 1 ~~0
Lot = (1P costy) A
1
Ma(6p) = — (1 — 0Ly \COS HP)
4 n

The decay parameters are:

® Pp, = 0.00 £ 0.06(stat) + 0.06(sys) [CMS: PRD97(2018)072010]
o ap = 0.754 4+ 0.004 [BESIII: NP15(2019)631-634]

&

Tl
L.M. Garcia Radiative b-baryon decays at LIS




Photon polarization in A — A%y

Using events in the signal region: N,\g_>,\<),y =440 £ 40

@ Angular fit to cos 6, in the signal region

’\300' T ‘ T T T _t QZOG T T T ]
g | LHCb { Samff LHCbh 1
Z 250f } o efbt 2160 6 fbt
%,- E | +Daa ] % 140F ~+ Data
I 200F | —To 1 Bk + —Tod 3
= | \ IR B - o S RN
8 150 F ‘ . ‘ - Comblnalonal__ % 100E o I - Cnmbmaorlal_:
3§ o | [ ] E
2 E | ] E
2 1001 \ \ E 3
[ | | 3
g 50f- A + E
: A 3 3
ot ' L a1 1 03 b
5000 5500 6000 6500 -1 -05 0 0.5 1
m(prry) [MeV] cosf,
_ +0.17 +0.04
o, = 0.827 7% Toi3 [LHCb-PAPER-2021-03] J

Compatible with the SM prediction (o, = 1)

L.M. Garcia Radiative b-baryon decays at LHC



Photon polarization in A — A%y

CP test on A9 — A% and A — A% [LHCh-PAPER-2021-03]

AN — A%y A9 — NOy
far T T T 1 o N T T T ]
S100 _I_ LHCb 1 Sif LHCb ]
= 6fbt 1 = L 6fbt '
8 —4- Dat: 8 r + —4- Dat:
g 8 T g 8o o
2 A 1 2 b BTy ]
FR) 'l' - - Combinatorial ] g 60H - - Combinatorial
g R -I- 1 ©
40 L . 40f
20— ) . 200
I |I <<<<<<<<< o N S R s .
-1 -05 0 05 1 -1 -05 0 05 1
cosé, cosd,

o o7 < 0.56(0.44) at 90% (95%) CL

Y
o o osegtn 3
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Search for the =, — ="~ decay

First search of the = — =7 decay
@ No previous limit:

o B(Z, — = )theo = (3.03 £ 0.10) x 10™* [PRD83('11)054007]
o B(Z, — = )theo = (1.23 £ 0.64) x 107> [arXiv:2008.06624]

@ Analysis uses 5.4 fb~! LHCb data [arXiv:2108.07678]

Y

Normalization channel: =7 — =~ J /%

L.M. Garcia Radiative b-baryon decays at LHCb (


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.83.054007
https://arxiv.org/abs/2008.06624

=, > =7y
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(= T I Y = e e

- Data _
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------ Background
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L]

@ No=, —

1 13
5500 6000 6500

m(mwpy) [MeV/c?]

="~ is found

Search for the =, — ="~ decay

Simultaneous mass fit to =" = =7y and =, — =7 J/4 [arXiv: 2108.07678]:

=, =" J/y

&350 T Py T
N —— Data
% 300 Signal
E 250 11 e Background
a00 — Total
2

3]

= 150

=

2100

S N U NN L.

@]

%3
=)

5700 5800 5900
m(mmput ) [MeV/c?
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Search for the =, — ="~ decay

First limit of =, — =7~ using Feldman Cousin method [arXiv: 2108.07678]:

1407
— . T T
[5 09F LHCb
S 1
0.8 5.4 fb
\TQ
) 0.7
& 06

B(Z; — =77) < 1.3(0.6) x 10~* at 95% (90%) CL

002 001 0 00l o
N(E>E)IN(E—E T )

)

e B(Z, — =7 J/%) is the main source of uncertainty

@ Providing also the limit:

L.M. Garcia

B, ==
B(=, ==J/¥)

Radiative b-baryon decays at LHCb

< 0.12(0.08) at 95% (90%)



B — K*ee at very low g

New analysis with 9 fb~! LHCb data:
@ Decay is dominated by b — sv pole at very low g2 (0.0008 - 0.257 GeV?)

@ Relevant angles: 6y, 0, (5
@ Angular observables: F;, ARe, A(Tz), Alm

@ Sensitive to the polarization of the
. 4 7
virtual photon { U]
+T)/dq? dg? dcos B dcos O do
. 9
AR(L) = AR(L)21¢R(L)J tany = |C§/C7| = 167r[ (1-F, )sm 0+ F, cos 9,\
i(l Fp)sin? O cos 20, — Fy, cos® O cos 26,

A;” ~ sin(2y)cos(y — Pg),
AIM ~ sin(2yp)sin(ghy — Pp),

+(1- FL)AT sin? 0 cosf,
%(1 FL)A%.)sm O sin 9;_(40520
+%(1 FL)Ar sin? 0 sin® 0y sin 2¢

Radiative b-baryon decays at LHCb
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B — K*ee at very low g

E 100 |- LHCb §

E S i Fi, = 0.044 % 0.026 £ 0.014,

:g aof E ARe = —0.06 + 0.08 + 0.02,

& AR = £0.11£0.10 £0.02,
s S I A = 40.02 +0.10 £ 0.01,

Uncertainty statistically
dominated.

Candidates /0.1
Candidates / 0.051

Ag?) and A results
- dominate the senstitivity
5 toRe&Imof C7(')

o'
wh
w

L.M. Garcia Radiative b-baryon decays at LHCb



NP Constraints

Constraints to C; from radiative decays

1.0 \
LHCb _ Constraints at 20
Unofﬁmal/,/ —— B(B— X,7)
0.5 B® — K2n0y
IR Bi) Y @7
- —— BY 5 K*0¢tem
g A) = A
=00 b = AT
= {111V \ 7 N S | ] e Global
=
=
—0.5
—1.0 T T
—-1.0 —0.5 0.0 0.5 1.0
Re(C7/Cr)
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Prospects: Converted photons

Most of radiative analyses use calorimetric photons
@ Converted to a eTe™ pair after the magnet or unconverted

It is also possible to use converted photons (y — ete™):
@ eTe™ track can be reconstructed = B mass resolution 3 times better
o Allow to access |Viq/ Vis| suppressed modes like Bs — K™~y

Grant access to SV in decays involving long-lived particles

Its rate is 20 times lower than for calo photons

More analyses with converted photons will become feasible with more data

4
S

AN

AL HCAL 5
ECAL M5
SPD/PS s M

Magnet RICH2 \f
T:

L.M. Garcia Radiative b-baryon decays at LHCb



Outline

© Conclusions

e b-baryon decays at LHCb



The future

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 203+

Run III Run IV Run VvV
ﬁ ﬁ [ [ ]

LHCb 40 MHz L=2x10% LHCb L=2x10% LHCb L=1-2x 10**
UPGRADE I UPGRADE Th 50,6 UPORASER 007
e Upgr :::::n UPGRADE HL-LHC HL-LHC
L=2x10% L=5x10% L=5x10%
Sl upgr soop! Srg‘se II UPGRADE 30006
Belle IT \ 5 ab’! L=6x107 50 ab”!

» Analysis of Belle Il with
5 ab! will start to be

> New detector competitive with LHCh

> Full software trigger (30MHz)

> Event reconstruction on GPU cards

» + Turbo dedicated trigger scheme

> Installation and commissioning ongoing

Garcia e b-baryon decays at LHCb



Conclusions

@ Rare decays are excellent probes of NP
@ They are extensively studied at LHCb
@ Multiple tension w.r.t. SM in b — (s)¢/ transitions

o LHCb is undergoing a major upgrade s taﬂ ﬂm eD
FOR:

@ Expect more precise results with: .o
e More luminosity :4

o Less systematic uncertainties BWGSOM@

L.M. Garcia Radiative b-baryon decays at LHCb
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LHCb detec

@ One of the four detector at LHC
@ LHCb is a single-arm (2 < 1 < 5) spectrometer

1= nfen ()] |

n=0

06=90° /'

0=45°

n=0.88

o=10o—r11=2.44
9=0°_..n =00

0: Angle between p and positive beam axis.

L.M. Garcia Radiative b-baryon decays at LHCb



LHCb detec

@ One of the four detector at LHC
@ LHCb is a single-arm (2 < 1 < 5) spectrometer

@ Optimised for beauty and charm decays

LHCb MC
(s=14TeV

/2

34 6, [rad]

L.M. Garcia Radiative b-baryon decays at LHCb



LHCb Detector

Integrated Luminosity:

e Run | (2011-2012): 3 fb~?
e Run Il (2015-2018): 6 fb~!

Integrated Recorded Luminosity (1/fb)

1 fb~! ~ 10*? pp collisions J

17

2.3 . 2018 (6.5 TeV): 2.19 /b
- 2017 (6.5+2.51 TEV)‘ 1.71 b+ 0.10 /o f 201 8 201 2
2.1F . 2016 (6.5 TeV): 1.67 b
2015 (6.5 TeV): 0.33 /b /‘ /l"')
1.81 . 2012 (4.0 TeV): 2.08 b f
4 2011(35TeV) 111 o " jnn
1.6/ 2010 (3.5 TeV): 0.04 fib j
1.4 / /’
1 r/ l/" 2011
0.9 M—
o L1 T
- VA av
0.2 "j{/J
— Tl o | = 7|
Rflar May Jul Sep Nov

Month of year

L.M. Garcia
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Search for AY — A% decay

@ Recontruction is very challenging: no A) vertex

o No direction from  cluster
o Ais a long-lived particle (LLP) == AJ vertex # A vertex

@ SM prediction: B(A? — A%) =10"7 - 1075

L.M. Garcia tive b-baryon decays at LHCb



Search for AY — A% decay

First observation of A9 — A%y using 2016 data (1.7 fb~1)
[LHCb: arXiv:1904.06697]

@ Signal excess of 5.6 ¢ significance

Signal: A — A% Control: B — K*~
> >
D b - Signal LHCb 1 23000- E
z 3 rrrcgmbinaorial g LHCb
A A
5)/20 ’ g 4 &2000 o F1 0 Sgnd
g £ 2000 b
‘15 18 B - KX
5 S 1500 B - K%
510 S B® - K'mr®
O O 1000 AL S
4 : B - gy
+ 500 E
) el I " i “
5000 5500 6000 6500 5000 5500 6000
m(p7ry) (MeV) m(K*ry) (MeV)
0 0 —6
B(Ab — /\ ’y) = (71 :l: 1-5stat :l: 0.75y5t :l: 0.6f/\2/f80) X 10 J

L.M. Garcia iat| aryon decays at LHCb



Time-dependent analysis of Bs — ¢

Main systematics:

Uncertainty source a(A*)  o(S)  a(C)
Statistical Fit outcome fg:‘% 0.264  0.250
External (s, AT) 0.086 0 0
Iy 0.043 0 0
measurements
Amg 0 0.008  0.013
Acceptance: MC limited statistics  0.082 0 0
. Acceptance: modelling 0.028 0 0
Decay time ) L7 L
: Resolution: MC limited statistics 0 0.001  0.002
Resolution: modelling 0 0.096  0.075
Toy studies Limited statistics 0.011  0.011  0.011
Mistag OS tagger calibration 0 0.010  0.010
probability SS tagger calibration 0 0.049  0.031
Mass modelling: signal <001 <001 <001
Bacl | Mass modelling: combinatorial 0034 <001 <001
acikground Mass modelling: partial 0081 0010  0.020
subtraction .
Peaking backgrounds 0.036  0.018  0.030
Mass-time correlation 0.110 <0.01 <0.01
Otat. ST 0264 0.250
Total et 0.096  0.008 0.013
Osyst. 0.170  0.111  0.109

Radiative



Search for AY — A% decay

Analysis statistically limited. Main systematics:

Source Uncertainty (%)
Data/simulation agreement 7.7
Ag fit model 3.0
B — K*9~ backgrounds 2.7
Size of simulated samples 1.7
Efficiency ratio 0.7
Sum in quadrature 8.9
{,1?}/f30 87
Input branching fractions 3.0
Sum in quadrature 9.2

from external measurements

L.M. Garcia Radiative b-baryon decays a



Helicity angles for A9 — A%y deca
b Y y
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Helicity angles for =" — ="+ decay

L.M. Garcia Radiative b-baryon decays at LHCb



Experimental status

Deviations in several decay channels with a b — s(d)/l transition (see ?77's talk):
JHEP 11 (2016) 047 JHEP 06 (2014) 133 JHEP 09 (2015) 179

) _ WELCSR  Lattice -o-Data = i § .
3 BY > K¥uy LHCb 3 2 B~ duu L
EN 14 38 7 5
=0l B N 2 +— ,
3 3 Y, 7 +
0.3 E"" L. = g ——
- 3 i3
L L . n = . L L
L L L 3 (] 5 10 15 20 z 5 10 15
0 5 10 18 e 7 [GeVet] 7 [Geviret]
¢ [GeV¥/c
JHEP 06 (2015) 115 JHEP 06 (2014) 133 JHEP 06 (2014) 133
E :(, T Alh N Aﬁﬂ i - MLCSR __Lattice ‘¢ Data . —2 MSLCSR _ Lattice “¢-Data -
SUE ’uwm,‘ E > s B Ky 2 B' K ptu
s ef 3 Q. LHCb § Qs LHCb A
T E Y <
3 X 3 X
Z o8 - E I o 10 - 3
O Y e Sl : t
04 E =
Jf{" _I_—}— LHCb 3 3 + & oF + E
L - ] . . L =
5 10 15 20 L L 1 1
& 1GeVi/ed) = s 1o 15 20, 3 % 5 10 is 20
¢* [GeV7/c4] P [GeVZ/ 4]

@ Data consistently below SM predictions

@ Large theory uncertainty due to form factors
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https://indico.cern.ch/event/577856/contributions/3422346/
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