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Outline

* L[HCb experiment

* (Very!) Recent results in b-sector:
* LUin B® > K3¢*¢~ and B - K**(- K9r*)¢* £~ (10.2021)
 LUin Bt - K*t¢1¢~ (9)3'202]6) ) ) . ) .
. - K* - - K* - — -
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* BFs of BY -» ¢putu~ and B? - f,(1525)u*u~ (05.2021)
* BFs of B{;, - u*p(y) (08.2021)
- Radiative decays of £, — £~y / A) — Ay (08.2021/prelim.)

* (Very!) Recent results in charm sector:
» Search for 25 decays of D) » h*£*¢()* (10.2020)
 CPV and angular analysis in D° - hhutu~ (prelim.)

* Run3 and beyond

v" See LHCb Public results (cern.ch) for a complete
list on rare decay searches.
v" For exotic new particles such as LLP, see here

* Summary and discussions



https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/Summary_RD.html
https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/Summary_QEE.html

LHCb detector in a nutshell

By design: study CP-violating processes and rare b-hadron decays

® can profit from the large bb and
cC cross-sections and from the
larger production at high

pEAL Ak
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® o(pp — bbX) = 144 + 1421 ub
at 13 TeV in the LHCb acceptance
=~ 25% of the total inside LHCb
[Phys.Rev.Lett. 118, 052002]

® o(pp — ccX) ~ 25 mb= 1 MHz
cC pairs in the LHCb acceptance
[JHEP 05 (2017) 074]




LHCb detector in a nutshell

By design: study CP-violating processes and rare b-hadron decays

e Particle detection in the forward region (down to the beam-pipe)

e Excellent resolution for localization of decay vertices (Vertex Locator) —

Excellent time resolution, enough to resolve B, — B, oscillation m the large bb and

ons and from the
e Excellent momentum resolution (o(mg)~25 MeV for 2-body decays) tion at high

e Excellent particle identification to distinguish p, K*, %, y* y

) =144 £ 1+ 21 ub
av 2o 1ov i the LHCb acceptance
=~ 25% of the total inside LHCb
[Phys.Rev.Lett. 118, 052002]

® 5(pp — ccX) ~ 25 mb= 1 MHz
cC pairs in the LHCb acceptance
[JHEP 05 (2017) 074]

e Excellent leptonic and hadronic triggers
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LHCb trigger scheme

LHCb 2012 Trigger Diagram
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LO Hardware Trigger : 1 MHz
readout, high E1/Pt sighatures
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[ Software High Level Trigger
29000 Logical CPU cores

Offline reconstruction tuned to trigger
time constraints

‘

Mixture of exclusive and inclusive
\___selection algorithms J
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LHCb Run 2 Trigger Diagram
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LO Hardware Trigger : 1 MHz
readout, high Et/Pr sighatures

450 kHz

400 kHz 150 kHz

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

O O 0

12.5 kHz (0.6 GB/s) to storage

trigger efficiency: ~ 90% on muons,
~ 30% for multi-body hadronic final

states



LHCb data samples

Integrated Recorded Luminosity (1/fb)

e o T N & 1 I = e IR = I i e

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
. 2018 (6.5 TeV): 2.19 /fb

levelled instantaneous luminosity of £ =4 x 10** cm™
Run 1: ~ 3fb™! of pp collisions at /s = 7-8 TeV
Run 2: ~ 6fb™" of pp collisions at /s = 13 TeV
a(pp = QQX) < /s = 4x b- and c-hadrons in Run 2

Total ~1012 bb in the acceptance

2017 (6.5+2.51 TeV): 1.71 ifb + 0.10 /b
2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /b
. 2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /b
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Why b — s£7£77

* Flavor Changing Neutral Currents
* Forbidden at tree level (Rare decays with BF <10-°) B k#¢t¢%B, - ¢t

A, = pK¢te, ...
* NP could enter the loop at the same order as SM b r ‘I
* Small LD contribution, can be interpreted with ¥
Effective Theory b
* Effective couplings from loops parameterized by o+
Wilson Coefficients => Sensitive to NP!
* SM contributions: Gb”_
* Vector (Cy) and Axial-vector (C,y) leptonic currents H oy = —‘;V,,,V;EZ C.0

* C, well constrained from radiative b — sy processes f



Dilepton mass (g?) spectrum of b = s€7 £~
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Electrons at LHCDb Electron ID

@ Efficiency bottleneck at hardware trigger: éwi— c
(W) > 1.5 - 1.8 GeV S LHOD +
o pr(p™) > 1. .8 Ge A e
o Eg(e®) > 2.5-3.0 GeV S pE
@ Electron ID based on ECAL and tracking oonE
(harder and slower than ¢ ID) 0'045
+ P el Mod Phys. A3, 159002 @019 ! [
eB" - K 'u"u™) p
~ 28 Recover brom Int.J.Mod.Phys. A 30, 1530022 (2015)
+ +o+o— \
€(B — K¥e'e ) in this region vy M4 e

\ g
Magnet Tracker RIC ECAL =

[ o :

® Measurement of p(e™) affected by " Magnet ’\Y il
o . )
bremsstrahlung emission before magnet VELO -
® Bremsstrahlung photon recovery At "_:': | X B j:t -
procedure has limited efficiency capos { : / / | e

L == Sy
----- e L ] =
\ ‘-:,:::f“ o
o o

From M. Borsato’s talk @ Flavour Anomaly Workshop 2021 e ‘



Lepton universality test: R(K)

* SM predicts R(K) to be very close

to one:

BR(B—)K(*) ,u;t)

R K(*) — -
(K7) BR(B>K"ee)

[EPJ C76 (2016) 8, 440]

=1+ O(10°)

+0(107°)

QED

neglect lepton mass

* Experimentally, double-ratio used
to cancel systematic uncertainties

K(*)

B(B— K™ete

-)

B(B— KWputu™)

B(B— Jh)(ete)

K®)

B(B— Jhp (ptp~) K®)

K+ o —0.039

Candidates / (12 MeV/c?)
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arxiv:2103.11769
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—— Total fit

------ B'— Jw(utu)K*
B = Jy(uiuint
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1
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= 0.84610-9%2(stat) T 913 (syst) in [1.1,6.0] GeV?

10



arxiv:2110.09501

Lepton universality tests: R(K*)

o F T

> Lo b LHCb  § Data9fb E
g - — Total

2 ot cweee B'—= Kleve-
. % E Comb. Back. .
* SM predicts R(K*) to be very close £ 15§ f\| WK
=] : 7| B —J/y(e'e) K A
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+ BR(B= K" u u) - _: 5_ : '."‘-. E
R(KY)= =——=1= 0(10 ") =0O(10 ) A N ]
----- Pttt L EPRLLLEY S 490 AT S w =

BR(B_)K ee) neglect lepton mass QED 0 5000 5500 o 6000
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* Experimentally, double-ratio used

-
to cancel systematic uncertainties : ® e
Rl _ B(B— K®ete™) B(B— K®putyu) g 40F g?fb;s:l{;} =
KO = BB (e ) K©)/ BB I (ut ) KO) N P
4 (5" ;2K06+€_) =2.6+0.6 (stat. ) £ 0.1 (syst.) x 1073GeV~2 _ _ 0 205_ | E
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= 9.2‘:}:2 (stat. )fg:g (syst.) x 1078GeV~—

dq? m(Kg w*e*e”) [MeV/e?]

for > € [0.045,6.0] GeV?



From M.

Summary of LU tests @ LHCDb
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Partial BFs of b - su™u~ @ LHCb

Bt - Ktutu~ B - K%*
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PRL 127 (2021) 151801

Measuring B = ¢(—» KtK )utu~
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PRL 127 (2021) 151801

Observation of BY = f,(1525)(—» KTK )utu~

80 - 1,1
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- B" S K'mutu

B(BY?— fouTp™) = (1.57 £0.19 4 0.06 & 0.06 & 0.08) x 10~"

q, 2008 1~ data ' LHCb
: : : = 180 _ -1

* First observation of a spin-2 FCNC mode! % i ot o

= — B, = f,(1525)u"p

— ----- combinatorial

— 120 —— other BY — KK utu-

~~ 100 0 — by -

8 —- A, = pKutp

S

o

8

&

SM:1.2—1.7x 10" T e

[PRD 83 (2011) 034034, EPJC 81 (2021) 30, arXiv:2009.06213v2]

Candidates / ( 15 MeV/c?)
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Angular analyses of By — V(hh)u*p~

..........

LHCb 2016

=2 2200 events ]

* B - Vu"u~ 4-body decay has rich kinematic
structure

* Described by 3 angles and g? J

Sl S gttty
5200 5400 5600
m(K* -yt ) [MeVict]
200 [ ‘ ‘ ‘
LHCb
9fb! |

BY > K*Oy"'u__:

PRL 125(2020)011802 ]

Candidates / 5.3 MeV/¢?
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Recent results: S

: —_— . g igg .Background
o BY = K™%t j~with 6/fb (~4600 events) £ B dutiu-
o BT = K"yt~ with 9/fb (~700 events) S PLCEDARF R11:022

C

_ . 5300 5400 5500 5600 5700 )
o B, > ¢u*pu~ with 9/fb (~1900 events) m(K*K ) MeVietl 10
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Angular analysis of B® - K*%u*u~

« 8 independent CP-averaged

P-wave formulism:

1 d*(r' +7T)

d(T +T)/dg? dg? da

A

‘P

© 32r

9

+i1 4R

- ,—- . - ,—h\ -
[i(l —(\FL)’SIHZ QK 'H\FL (;OSZ 9}(
~= ~=’

N
)}sz O cos 26,

observables: F. Arg S345789

Pl . Pl L. L. ‘
I 9032 B cos 26, -14\835}11'12 O sin® 0, cos 2¢
-~ -

27N . P A N .
HS4 s 20 sin 26, cos ¢ H S5 $in 26 sin 6, cos ¢
= ~=

-

=N . ’ . . .
| %‘AFB;SHIA Ok cos O 4 S7 $in 20 sin 0; sin ¢
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PianlS . . ) ,—h\- - L A
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~=7 ~=’

Candidates / 0.1

LHCb 2016

1.1 < g <2.5GeV/et

40

Candidates / 0.1

LHCb 2016

1.1<g?<2.5GeV/et

Candidates / 10 MeV/¢?

Candidates / 0.31

« Form factors cancel at leading

order: P; = S;/\/F.(1 — Fy)

=N
>

20

850

900

LHCb 2016

1.1 < g <2.5GeV¥/c

950
m(K ) [MeV/c?]

m
[EH

PRL 125 (2020) 011802

SM prections from:

%,
[]

Bharucha et al arXiv:1503.05534
Altmannshofer et al arXiv:1411.3161

Descotes-Genon et al arXiv:1407.8526
Khodjamirian et al arXiv:1006.4945

0.5 LHCb Run 1 + 2016
| AsM from AszB

30k

LHCb 2016 7}

1.1<g?<2.5GeV/et

Anomaly from Runl

persists

;' N i
_05- - -
N 1 " " 1 " M N " 1 N

0 5 10 15
g2 [GeV*/ 4]
EL > E T I ]
. LHCb Run 1 +2016 ]
i [ sM from DHMV .
0'5 - i _-
o 1
C 1 N n ]
—0.5 1 = % —
[ > s — —+5
_l [ " " 1 N N " 1 " " N " 1 N ]

0 5 10 15

g* [GeV*/c4]
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Angular analyses of By — V(hh)u*p~

* Simple fits of vector coupling Cq based
on different LHCb analyses give

consistent resu |tS Private compilation of the Flavio fits results
\ presented in from PRL 125(2020)011802,

PRL 126(2021)161802, LHCb-PAPER-2021-022

BY — K*Opfu_ — 3.30 —e— E

Bt — K*tytyu | 310 f—e—ro .

By — oup 190 o |
—3 —2 —1

1
Re(Cy — C3™M)

* However C3M could be altered by

NON- Iocal cC |OOpS From M. Borsato’s talk @ Flavour Anomaly Workshop 2021
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Candidates / ( 50 MeV/c?)

Yield/ (0.88 ps)

arxXiv:2108.09283, arXiv:2108.09284

B — p*u~ and search for B, —>/,4 u (y)

LHCb
6 b

— [a— S
[=] L [=]
L L TT T T[T

n
LI B |

R L T LLLT T

0.70 =BDT =1.00 &,

(=]
T

8F LHCb .
| o1 5
6 0.55<BDT<100 -
4:_ * Data _
— Effective lifetime fit
2r
of - L T _
0 10

Decay time [ps]

7 =2.07 =0.29 = 0.03 ps

—

:3,
3
7

2
e
]

-9
0.7 x10 B
- contours correspond to 68%, 95%, 99% CL regions -
0.6 LHCb _|
B 447 o
0.5 —ofbt
0.4 —
03 —
0.2 —
0.1 —
I ! L1 Ix107
OO 1 5 6
B(Bi—utu)

B(BY — ptp~) = (3.0919753 £9313) x 107°

BB — 7)) <2.6x 10"
B(B? — p ™) < 2.0 x 1072 with
my, > 4.9 GeV
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[LHCb-PAPER-2021-03]

Photon polarization in Ay, = Ay

o [ . . _
First angular analysis of radiative b-baryon decays Npo sy = 440 £ 40
R\;\w")‘ - F L B :200,""\""I""l""‘
y % A(l)) A r\/\f\j\‘?\J ; . % 300 LHCb ] 9180;_+ LHCb preliminary LHCb _;
= 250 6fb1 4 160 6fbt -
b O S s E —+—Data| E % 140: —+ Data =
Ao 4l 5% . = 200¢ Y PV 2 120 S AP
u u GF . ’ ! § 1505_ agonlbix;oria\_f % 1002 Combinatorial 3
Herr = —4—Vts\/tb(C7O7 +C7O—,-) S f 1 © 80F
V2 —— e S 100f t 60F
left right & f . He -
L 50:_LHCbpreI|m|nary +"k': 40; ..... B
E ] 20 - e 3 .
A 0™“%000“““ss00 6000 600 4 05 0 05 1
1 ) b m(prry) [MeV] cos6,
(A, (0p) = — (1 — Oty Q\COS Hp) y
4 . =0 82-|—0.17 +0.04
vy YY=—-0.26 —0.13

Compatible with SM prediction (a, = 1)
o, = 0.754 + 0.004 [BESIII: NP 15 (2019) 631]
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Search forz, - E7y

* First search

 Normalization channel: E; = E7J /Y

Candidates / ( 60 MeV/c?)
L e = B TN T = I+ o]

............
Signal
------ Background
— Total

s 1 4 L L L | L ) L " 1 0

5500 6000 © 6500 -0.02  —0.01 0 001 0.0
m(mpy) [MeV/c?] N(E,-E PINE,-ET y)

B(=; — =77) <13(0.6) x 10~* at 95% (90%) CL |

B(=, — =~ J/%) is the main source of uncertainty

arXiv:2108.0767/8
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A coherent pattern?

1.50
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Global fit based on experimental
inputs from b - sff and b - sy

NPpu
Cho

From B. Capdevila et al’s talk @ Flavour Anomaly Workshop 2021
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Overview of rare charm decays @ LHCDb

branching ratios, especially regions away from the resonances

* search for DO—=u+u-  [PLB 725 15-24 (2013)]

* search for Ac*=pu*y-  [PRD 97 091101 (2018)]
e search for DO = T+IT-U+yU-  [PLB 728 234-243 (2014)]

* observation of DO— h-h()+ V(p+u-) [PLB 757 558-567 (2016)], [PRL 119, 181805 (2017)]

null tests based on (approximate) symmetries

* lepton-flavor/number-violation

* search for DO = p+e- [PLB 754 167 (2016)]

" * searchfor D+ = 0% Dt = h+utes wHEPosas@o2t) N
|

! I
E * angular observables and CP asymmetries :
|

i e angular analysis and search for CPV in D% = h+h-p+p- :
\ [PRL 121 091801 (2018)], [LHCb-PAPER-2021-035 y'

B =

DO— K-Tt+V () 106
Do —>'|-[+r|:-V(IJ+H-) g
DOKKVEH) o
D —=hepipr
Nct—=puHir 10°
Do =TT -
@)
Z
O
f
DO —}'uipi ‘| O—T 2

1015

DHg—=hpp+

DO—yei’ui

—_
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Candidates/(2 MeV

_|_
Search for D,

* 25 decays
LFV & LNV included

* Normalized with D5y — ¢p(£€)m™

JHEP 06 (2021) 44

htet (Ot decays

D’ =3 &N aN7
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DY - ntuTe

D" - ru"e’
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DY - K" e™ DT - nvetu DY - K*u'e
D" = au"u DI = x7e™e D - K u“e®
DY = au*u” L= g"e"e" D - K e u
DI - nvuTe DY - K 'u™u DY - K'e"e
DT - au“e’ D" - K u*u® D" - K eve”

Allowed in the SM, Forbidden in the SM

* Analysis based on 2016 dataset (1.7 fb1)
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Search for D5y = h*¢+£()¥ decays

* No signal observed, BF limits are set down to 0(107%)

* Results improve the prior world's best by up to a

factor of 500
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CPV and angular analysis in D — hhutu~

1000 [
* Rarest charm meson decays observed, soof  SHCt :FD;t“a
dominated by resonant contributions - preliminary NS
0 . 4 — + —7 L O0F WD —»n'm
BD" »>rnmuu)~96x10 = 400 ---Comb. backg.
BD® - KK pu*tu~)~1.5%x1077 = 00k
* First full angular analysis with 9 fb"! data £
0 o “t g | preliminary A e Data
* D" selected from flavor specific D™ —»  Z 1001 § _ Fit
DOt S 0 \ D’ —K*K utu-
ND°® - ztz~u* ™) ~3500 I /\ -~ Comb. backg.
ND® - KK~ utu™) ~ 300 o *\\\\\\‘ Nee .

1850 1900
m(h*h™u*u”) [MeV/c?]
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Differential decay rate in D° - hhu*u~

= 600F LHCb ¢i preliminary,

dr I+ S s00f 907 |
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Flavor-averaged observables (S;)

® Shown examples: SM null tests (Ss ¢ ) [(Se) ~ Apg]
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D(D° = hthputp™) —T(D° — hth=ptpu™)
D(DO — hth=ptp=) + I(DY — hth=ptp)

Acp =

CP asym m etri eS <Al ) From D. Mitzel's talk @ 11™ workshop on "Implications of

® Shown: (Ag) [(As) ~ AfLl, (Ag ) [triple-product-asym.] & Agp LHCb measurements and future prospects”
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Run3 and beyond for LHCb

Run 1,2

* A new LHCb detector for  iue—
Run3 with 5x higher

uminosity

* Real time trigger with fircoun
GPUs

L£=2x108——

s s o 0

ATLAS/CMS

Phase 2 upgrades

2026 | 2027

Run 3,4

e =

o———— LHCb Upgrade —

BN T T

LS3
HL-LHC -

2028 | 2029 | 2030 | 20 31

LHCb Upgrade I: incremental
improvements/prototype detectors

Ready for HL-LHC

WAL
'@"‘"‘1‘7

ﬁq"fﬁ' '0"*

LHCb Upgrade Il —

— [ ~50" L4 L=1-2x 10%— S5 =L~ 300!

EAESEREREINED D

e ICHEP talk by Federico

Observable

e Goals for Runs 3-4:
collect 5x more data In
' : Sup (B = prp~
dimuon channels, 10x in o o e

: Al (BY 5 K*0¢ter)
hadronic channels BT (B0 )
Sin (B — ¢7)
ay(A) = Ay)
Lepton Universality Tests

Rare Decays

Ry (B = K+et47)
Ry~ (BY — K*0¢+4-)
R(D*) (B® - D*~t+ )

Current LHCb
(up to 9fb~1)

0.10  [52]
0.10  [52]
Toa 51
0.32 [51]
03 (53]
0.044 [12]
0.10  [61]
0.026 [62,64]

B(B® — p*u™)/B(B) — ptu™) T1% [40,41]

Upgrade 1
(23fb~1)  (50fb™
34%
0.060 0.043
0.060 0.043
0.124 0.083
0.093 0.062
0.148 0.097
0.025 0.017
0.031 0.021
0.007 —

D)

Upgrade 11
(300fb~1)

10%
0.2
0.016
0.016
0.033
0.025
0.038

0.007
0.008
0.002
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summary

* LHCb has been extremely successtul in searching for NP In rare

decays of heavy flavor hadrons

* Flavor anomalies in b = s€¥£~ reinforced by recent

measurements
* A coherent pattern?

* LU related to muon g-2 anomaly?

* Continuing efforts in analyzing Runs 1-2 data
e Stay tuned for more exciting results!

* Run 3 Is upcoming, more data may be
able to solve the puzzle
* Synergies from BESIII important in the quest
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