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The LHCb detector

CHE

® (General purpose detector in the forward

direction [flavour, EW, QCD, heavy ions...]

FCAL HGAL MSs
SPD/PS M3 A — _
Magnet RICH2 ) i ® | arge bb and cc production at the LHC

LHCb acceptance

® Excellent tracking, vertexing and

® \/ersatile and efticient trigger

P

® 25% of the total pp — bb cross-section in the

D capabillities
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The LHCb dataset

Integrated Recorded Luminosity (1/fb)

Flavour at the crossroads 2022
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LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV): 2.19 /fb
2017 (6.542.51 TeV):1.71 /fb + 0.10 /fb
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /fb
2010 (3.5 TeV): 0.04 /fb
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|_epton FHavour Universality

® |[n the Standard Model the couplings of the gauge bosons are lepton |
universal = provides a clean probe for New Physics J/Y = ee/ I/ — pp *’*

T = Welr [ — €Vely : Gr /Gy M
[A. Pich, PPNP 75 (2014) 41]

¢ [ests in B-meson decays show some anomalies T = eUels [l — €Vl & Gr/ Gy P
» Flavour Changing Charged Current N W = v /W =, , .
b—cfv decays (tree-level)
W+ 7 v W — v /W — er, o .
7
W W — eve/W — uv, —e
7 = T1T7/7 — ee M

» Flavour Changing Neutral Current

7 — up/Z — ee o
~ [PDG, PRD 98, 030001 (2018)

0.85 0.90 0.95 1.00 1.05 1.10
Ry

b—sff transitions (loop-level)
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Neutral currents




b—s ¢+ £~ decays

Suppressed in the SM

» Effects of new physics can be relatively large b

» Access high mass scales, due to virtual contributions

FCNC transitions, such as b—s(d)£¢ decays, are

excellent candidates for indirect NP searches

Rare B decays offer rich phenomenology:

» Branching ratios, angular olbservables, LFU ratios...
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1he di-lepton spectrum

J/01S)

h(25)

dI'
dg?
1 () () *
| G Cy (/) (1)
| interference 09 and C1 0
Long distance
contributions from CC
above open charm
threshold
| Alm()P

Flavour at the crossroads 2022 7 P. Alvarez Cartelle (Cambridge)



| FU tests in b—=sé+{-

® Ratios of muons/electrons are extremely well predicted in the SM

» Hadronic uncertainties of O(10-4)

» QED uncertainties can be O(10-2)

® Any statistically significant deviation from 1 is a sign of New Physics
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Flectrons vs Muons at LHCD

® [lectrons lose a large fraction of their energy through

SBremsstrahlung radiation

» Bremsstrahlung recovery: Look for photon clusters in the calorimeter

® After this correction electrons still have

» Lower reconstruction/trigger/PID efficiency

» \Worse mass and g2 resolution
(more background)

See Martino’s talk tomorrow for more details
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(Er > 75 MeV) compatible with electron direction before magnet

Magnet oLAL
v |
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Flectrons vs Muons at LHCD
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See Martino’s talk tomorrow for more details
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https://www.nature.com/articles/s41567-021-01478-8

1 he double ratio S

e Measure Ry as a double ratio, relative to equivalent ratio for B — H, J/w(£¢) decays

® reduces impact of the differences In efficiency between electrons and muons

Bt = K+J/¢(1‘S)(z+z—)
| A R — B(BT — K utu™) B(BT — Ktete™)
BT — KT(25)(070) BBt = KtJ/y(utu))/ B(BY = KtJ/p(ete))

dg? _ NETpTpm) o NETJ/d(e )
1 N(K+J/p(ptp))  N(E*e o)
BT — K (~

(KT J/pptpnT))  e(KT )
e(Ktutp) e(KTJ/9( )
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| FU tests at LHCD

BY = K*0pte- Ny = pK=C7C™
< 1.4}
2-250 - TR 10
1.2 |-
............................. S s s ] e
| - o
0.8} 1
® LHCDh V Belle i
W BaBar 0.0 LHCb
0.0""lllllllllllllll _|||||||||||||
0 5 10 15 20 0 ) 4 O

Belle [PRL 126 (2021) 161801] ¢? [GeV?/cY]
BaBar [PRD 86 (2012) 032012]
LHCb [JHEP 08 (2017) 055]

New measurements of Rk and Rks  LHCb [arXiv:2110.09501]
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LHCb [Nature Phys. 18 (2022) 277]
BaBar [PRD 86 (2012) 03]

Belle [JHEP 03 (2021) 105]
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[LHCb, arXiv:2110.09501]

uter)y T 4

| FU in BO=2Ksél and B*—=K*+{L

® |sospin partners of RK and RK* VELO region (ot to scale)

— S
e Reconstruct K¢ > #7n~and K 7 - K¢ 7™

B Part. Reco. K B Part. Reco. K

(—
-

IIIIIIIIIIII

< 300 MeV/c?

10

(V)|

*
*

» More challenging due to long-lived Ks in final state per)
B’ — K, ¢¢ Bt = Kt ¢¢

> 255_ LHCb § Data9fb 3 50 LHCb § Data9fb E

= i — Total - S 60 — Total =

é b T, A B’ Klete- - é ..... B Kot 1 BY: ¢*€[l.1, 6.0] GeV*/c*
SO Comb.Back. | < > Comb.Back. -

2 15 N W B> K)nr - S 40 W B" > K *ntn =

E W BIyEe) K ] F BB > JyEte)K* | BT g* €[0.045, 6.0] GeV-/c*
< — < _

O 7 @) _:

’
¢¢¢¢¢
- -
-----
---------

( Bz N LT T AV A W s e S . 1 N T e —— T f
5000 5500 6000 5000 550 6000
m(KSOe+e‘) [MeV/c?] m( KSOﬂ+e+e‘) [MeV/c?]

First observation of electron modes!
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https://arxiv.org/abs/2110.09501

Analysis valigation

e Analysis uses double ratios w.r.t. B — KO J/w(£¢) to cancel
most p/e differences

e Single ratios, Fipy K Are used to check the understanding of

the efficiencies (%)
i B — K"’ J/y(ee)

KT B SR Ty

r]/w K, = = 0.977 £ 0.008 (stat) = 0.027 (syst)

o ke = 0.965 £0.011 (stat) £ 0.045 (syst)

» Also checks vs variables relevant to the detector response
and double ratios using B — K w(2S)(£¢) decays

Flavour at the crossroads 2022 14
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[LHCb, arXiv:2110.09501]
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https://arxiv.org/abs/2110.09501

Results for Rks and Rk~ HES

[LHCb, arXiv:2110.09501]

1 1 1 1 I 1 1 1 1 I 1 1 1 1
N R .. Belle
1.1 < g%<6.0GeV?c*
| | R, Belle
R IESI = 1.51 J_r8431(5) (stat) J_r88491 (syst) * ; 0.045 < g2 < 1.1 GeV?/c*
| R Belle
R I€*1+ = 1.44 1_8% (stat) fggg (syst) | . 5 1.0 < g2 < 6.0 GeV?/c*
e . | R,.. LHCb 9 fb"
: : - ' 2
Compatible with the SM prediction at ~1.5 © ; 0045 < ¢* <6.0 GeV¥ct
o ' R, LHCb 9 fb’
| 1.1|< g% < 6.0 GeV?*/c*
0 1 2 3
Phys. Rev. Lett. 126 (2021) 161801, JHEP 03 (2021) 105 RK(*)

Flavour at the crossroads 2022 15 P. Alvarez Cartelle (Cambridge)


https://arxiv.org/abs/2110.09501

b—s {+{- anomalies

® Pattern of tensions with the SM predictions in several observables

Angular observables Lepton Flavour

Universality
J/w(ls) ,LL_

¥(25)

\ s‘f / /
\ »\ (“-‘ + “,“
\ \ / /
d \\ ‘\"\‘ u'j‘ J‘J‘l
»\.‘ 9 Y\\ C{;‘ 9 ) x‘y
— \ \ / /
“‘»,‘_\ L0, K oA \ ;s"‘ e /
dg? K b
‘\_\ “,‘"“l
\ /
\ \
\

dm, q* = m(up)’

Theoretically ‘cleaner’
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b—s {+{- anomalies

® Pattern of tensions with the SM predictions in several observables

. . _ . % _
Branching ratio of BY — ¢ utu Angular analysis of BY - K Tu™u .
LFU ratios
x 1078 l1os/—mp—m—m————7 i
< ufE THoD | ISR ; LHCh z T
| . LHCb 3fb" 1 F — Data 9fb ™! — :
> 121 ‘ | SM(LCSR+Lattice) T SM from DHMY - | ) | BaBar
g 10 = SM(LCSR) 0.5 H- SM from ASZB _ ' 0.1 < ¢><8.12 GeV?/c*
:\é.‘ E SM (Lattice) i _ i :
= 8 = - L @A T - ] :
I3. :‘-{-‘q) J/IP 'LP(ZS) - ~ 0 i = —e— i i . . Belle
3 6_ F | — S _ : I i T3 ' ‘ 1.0 <¢><6.0GeVc*
S 4 | == sk | N -
I T e I - .
oo 2f TF - F - an - LHCb 9 fb
% OI‘L I ., ., . N N B 1 ] o 1.1 < g2 < 6.0 GeV/c*
S 0 5 10 15 JE B e B i
¢* [GeV?/c? 12 5 10 15 ' 0'5 T 1'5 '

: 2 2/ 4 - -

[LHCDb, arXiv:2105.14007] LHCb [PRL 126 (2021) 161802] ¢ [GeV7/¢] LHCb [Nature Phys. 18 (2022) 277] %«

——

Theoretically ‘cleaner’
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https://arxiv.org/abs/2105.14007

b—s {+{- anomalies

0T

1.5 1

B, — up lo

RK & RK* 10‘, 20

b— sup lo, 20
rare B decays 1o, 20

4
4
4
4
4
4
4
4
4
1.0 ’
. 4
4
_______________________________ - -
4
4
/
’
4

[W. Altmannshofer et al., arXiv:2103.13370]

3
3
22 05-
S P S 70 N B
| -
O
O 00
0)
7
©
X —0.5 -
©
% Alguero et al:
Z 10 | | | | Hurth et al:
—2.0 1.5 ~1.0 —0.5 0.0 0.5 1.0 Ciucchini et al:
CSSW Kowalska et al:
NeW VeCtOI’ Geng et a|

Critical to improve the precision in all of these measurements to clarify this picture

[Similar fits by
arXiv:2104.08921,
arXiv:2104.10058,
arXiv:1903.09632,
arXiv:1903.10932,
arXiv:2103.12738

and many others]

Flavour at the crossroads 2022

18 P. Alvarez Cartelle (Cambridge)



BOs)—utu- at LHCb

7~ T
N
)
; LHCDb Preliminary —e— Data
é) 0 e 9 fb! Total ]
R = B/—u'uw .
vy | BDT =0.5 B .
AT —— Bi—u'uy B
—’ § -
7 : A -----+ B—=h'h'"" -
X B ‘ -
8 20 X,—huv —
= u
:-8‘ _ ‘ ...... B*P > 700 - .
"8 B + ’ ------ Combinatorial
< 10+ ' —
@) - + ! | +
SEETHIT e P S T ey )+
0 e -~-".“_ _____ H ------
E— I [ 1 [ 1 I 1 [ 1 [ —
5000 5500 6000

My [MeV/c?]
¢ Full Run1+2 LHCb sample

e Find B, — p™u~ with significance >100,

but no evidence vyet for B® — utu= (1.70)

[PRL 128, (2022) 041801]

S

Decay

.10.

o . 1 . r r T T T =1
- 8 :— LHCb Preliminary —:
3 ; 9 fb! :
= 6 055 <BDT < 1.00 —
—; 4 i * PData _
— "

9 - — Effective lifetime fit -
> 2t -

0 5

time [ps]

BB, = p*u7) = (3.09 T538 Ty

BB - utu) <2.6x 10719 (95

)X 107
% CL)

e Set a limit also for the radiative decay (ISR) 95’(35(,) — ,u+/fy)mﬂ+ﬂ_>4.9GeV <2.0x1071Y95%CL)

e Updated effective lifetime 7 (B> — utu™) = 2.07 £0.29 £ 0.03 ps

e Main BR systematics from f./f ; (3%) improved from an updated hadronisation fraction [LHCb, arXiv:2103.06810]

Flavour at the crossroads 2022
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https://arxiv.org/abs/2103.06810

Charged currents




| FU in b—=cév transitions

® [ree level transition already in the SM

® NP scale could be order tew TeV

® | FU tests measure ratios between T

and y (LHCb) or e+pu (B-factories)

H,7
W — Uy Vs
_ b < < C l
By — —t D*
d > > d
Flavour at the crossroads 2022 21

B+9, Be, /\b

DO, J/y, /\c...
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| FU in b—cév transitions at LHCb

® Experimentally challenging for LHCb due to

the presence of multiple neutrinos

» Use botht — uvv, v — nrnv

e Multidimensional template fits use topological and

multiple backgrounds

o K- .
T {BOeD'rWT}

Flavour at the crossroads 2022

Kinematic information to discriminate signal from

x K
te
‘ {BO — D*_J'L’+JZ’_JI’+X}
50
D*- J'L'O..
BO
jz,+
PV -

22

MVA bins ) -

CHE

2200
>~ —_
& 1800 o 1600 £
S 1600 8 1400
= -
2 1400 L2 1200 -
= 1000 = =
= ~ 800
< 800 - 600
N— —
© 600 3
200 8 200

1400 |

1200 |

C 800
1000 |
300 | 600
600 400
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= 200
200

500 - 500

400 : 400
300 : 300 |-

200 : 200 :

100 100 |-

50 - 60 4 Data
—— Total model
SOF mmB° — D1 v,

40 F
[ B — D"ttv

30F 40 B — D*"D*(X)
- 30 @B — D DX

20 F B — D 3xX
[ 20F B@B — D D(X)

I Comb. bkg

0 0.5 1.0 1.5 20 0 2 4 6 8 10
t. [ps] g% [GeV?*/ 4]

[LHCb, PRL 120 (2018) 171802]
P. Alvarez Cartelle (Cambridge)



R(AH TRED

ILHCb, arXiv:2201.03497]

e LFU test using baryonic decays A) — A £7u,

» Complementary NP sensitivity compared R(D()

e Measure the BR of the tau decay mode and normalise to A — Al 3x

» Run | dataset (3/fb)

» Reconstruct the tau in hadronic mode

‘- --------------

B(A}) — Aftw) < B(AO — AT 37:)
B(A) — A} 3n) B(AO — A+/u/)

R(AY) =

external input
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R(\ct)

® [emplate fit in 3-dimensions: tr, g2 and

LHCb
3 fb!

> 1200

0 05 1.0 1.5 2.0
t. [ps]

=t | BD1<0.66

[S— [ p—d
S DN LN
(] ()} (]
(e} o o

[

w

=

o0

S

@)
T

Candidates / (1.83 GeV%/c%)

10
g2 [GeV?/c4]
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Candidates / (0.17)

Candidates / (1.83 GeV*/c%)

B —+— Data
: LHCb
2500 :_ 1 —— Total model
—_—ttu— 3 fb- ‘S A TV
2000 Wi,
AV A:D;(X)
1500 - W A a0x)
C W 42— 4D (x)
1000 :_ Combinatorial
500 F
[—
0 02 04 0.6 0.8 1
BDT output
- LHCb
350 R BDT1>0.66
300 - + Data
250 F — Total model
a0 EHA—ATT.
A,—AD(X)
150 W A-ADx)
j00f M A-AD0)
Combinatorial
50
L [r—— 1
0 5 10
g2 [GeV?/c*]

TR

ILHCb, arXiv:2201.03497]

SDT

» BDT trained using kinematic distributions to exploit resonant structure of the 3

[ system In T decays

4 H H = = = = = “ -------

R(AY) = 0.242 i+ 0.026: i+ 0.040: = 0.059

Statistical L

Systematics:
- background fit templates

Result compatible with SM prediction at 10
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| FU in b—=cév transitions
B.— Jly v,

;—\ B | I | | 1 | I | 1 | | I | | | | I | | | |
- - 2 _ -
< N Ax”=1.0 contours  _ LHCb R(J/v)
0.4 |- 2021 — PRL 120 (2018) 121801
_ LHCbl5 _ 0.71+£0.17 £0.18
C BaBarl2 ] SM prediction
0.35 36 — — PRL 125 (2020) 222003
C ° //t vy ] 0.2582 + 0.0038
C LHCb18 ]
- - 17— / - I | | | | | | | | | | | | | | |
0.3 | = -0.5 0 05 1
L o | _ T — TATLA R(J/ y)
0.25 | 4 Belleld — — Bellel5 _
= | _ A, = A, Cu,
B Bellel7 World Average ]
0.2 B R(D)=0.339%0.026+0.014  ~
4 [T 3% Bigi 16, Gambino 19 R(D*) =0.295£0.010£0.010 ] LHCb R(A))
—  F Bordone 19 f,(;z')of%% - : et ‘B LHCb-PAPER-2021-044
T T L 0.242 + 0.026 + 0.040 + 0.059
0.2 0.3 0.4 0.5 SM predic[ion
R(D) PRD 99 (2019) 055008
B ( sk ) with input from
N l ) f 7/ PRD 92 (2015) 034503
f e 5 v v @ 10'3124 i| 0'0P4 E 1
LHCb15: PRL 115 (2015) 111803 Belle15: PRD 92 (2015) 072014 2 0.3 0.4 05
LHCb18: PRL 120 (2018) 171802 Belle17: PRL 118 (2017) 211801 R(A+)
BaBar12: PRL 109 (2012) 101802 Belle 19: PRL 124 (2020) 161803 ¢
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b— st b— crv

Common origin? X=X

e tffective Field Theory fits can accommodate both sets of anomalies (left-nanded, semi-leptonic operators)

e Simplified models, such as leptoquarks, usually point to Lepton Flavour Violation too

0-006 1 1 1 1 I | || 1 || I T T T T I T T T T ._ ! L} l””l ! LI} llllll 1 l:l llilll 1 LI | llllll
i 107 | +4 —
s
other b — su™ i~ observables Excluded at 95% CL LO
s | 107" 4 O
—
0.004 - 8
— 1078 4
b — CTU 8 A~ ; 1 C\I
e % - Belle 11 (50 ab ) S
- ﬁJ(AmBs)l > 10% for Ay, = 1 TeV =3 10-9 >2
800028 T T — T 3 R
© - s ~ -
= \m—/ 1 -

g ~10

02 = . 1077 RH currents{ ©
0.3 - 0.1 Ci B 5 3 -lq_)'
0.000 = < _ 0-1L = 1 L
- — C
E 1071 S 3
_ - - & 1 O

L Ll I L lllll 1 1 l l

_0.002 1 1 1 1 I 1 1 1 1 | 1 1 1 1 l 1 1 1 1 _8 _7 _()' _5 _4 _:j
0-000 0.005 0.010 0.015 0.020 10 10 10 10 10 10
CaTT B(Bs — 7 p")
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|_epton flavour violation at LHCDb

Limit @ 90% C.L.

B0 e u 1.0 x 10 3 fb! (Runil) JHEP 03 (2018) 078
B, >eu 5.4 x 109

B+ »Kte*u- 7.0 x 109 3 fb' (Runi) Phys. Rev. Lett. 123
B+ >Kro- 1+ %109 (2019) 241802

B0 K0 yte 9.9 x 109 9 fb!' (Run1+2)  LHCb-PAPER-2022-008
BO »KOu-e+ 6.7 x 10 (prefiminary)
BO>KOpu+e- 5.7 x 10°°

B ﬁ\ﬁiii'e 16X108

Also: BR(t > ppuu ) <4.6x 108at 90% C.L. with 3 fb™! (Run1)JHEP 02 (2015) 121]

Compilation by F. Polci, Moriond QCD 22
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Vlore data is on Iits way! il

[LHCb, arXiv:1808.08865]
Rx precision 9fb~1

Ry 0.043
From LHCb many results still to come from Run1+2 data Ry 0.130
e . . . Rpk 0.105
e | FU test in different channels/kinematic regions R 0.309
| R0, Re, high-g2, R(D), ...] -
® Angular observables of b — sp+p- decays 1_05_ S —F——— = |
o T I
[parameterising hadronic contributions, LFU.. ] sl T T—1 :
R
e Measurements of b = sTT processes and LFV involving T’s QL] ===
_1_02_ Belle
F=Todi |

0 5 10 15 20
q* [GeV?/c?]
Phys. Rev. Lett. 118 (2017) 11
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https://arxiv.org/pdf/1808.08865.pdf

Vlore data is on Iits way!

( NEW RING-
IMAGING
CHERENKOV
DETECTORS
NEW DATA CENTRE AND
ALL-SOFTWARE TRIGGER
The LHCb Upgrade | in Run3 and Run4 - —

® Almost brand new detector

e [ull software trigger [readout at 30 MHZz]

® Accumulate at least 50/fb 1« ‘
NEW SCINTILLATING FIBRE
TRACKING SYSTEM
LHCb Upgrade |
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| FU with LHCb Upgrade |

T

ILHCDb, arXiv:1808.088695]
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Significant increase in data opens the door to a very significant jJump in precision and access to

‘rarer’ processes

For b—clv transitions, apart from the statistical gain, many systematics expected to scale with

luminosity [background templates, normalisation BRs,...]
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https://arxiv.org/pdf/1808.08865.pdf
https://arxiv.org/pdf/1808.08865.pdf

| HCb Upgrade i

LHCDb Upgrade Il will profit from the boost in Lumi from HL-LHC

LHCb
UPGRADE!II

» Maintain performance in a much more challenging environment

LHCb, CERN-LHCGC-2021-012]

[new technologies, adding timing information]

» EXxpect to collect 10x more data than phase |
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Technical Design Report

~5 visible ~50 visible
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LHCb Upgrade I: incremental

LHCb Upgrade |
improvements/prototype detectors

Installation starts
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https://cds.cern.ch/record/2776420/files/LHCB-TDR-023.pdf

| HCb Upgrade i
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Access amplitudes for B->D* t v

b Upgrade |
Installation starts

Flavour at the crossroads 2022

CC-2021-012]

LHCb
UPGRADE!I

Pi’ojecti'on for a vector-axial-vector NP contribution
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Clearly distinguish New Physics scenarios

b Upgrade |: incremental

‘ Improvements/prototype detectors

32

P. Alvarez Cartelle (Cambridge)


https://cds.cern.ch/record/2776420/files/LHCB-TDR-023.pdf

Summary

e | HCb’s Run1+2 dataset leaves us with an interesting pattern of
anomalies

» Understanding what these mean requires more data

® | uckily, many results expected with the full exploitation of LHC’s
Run2 dataset, and Rung3 just started!
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