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Indirect search for New Physics
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* Measure FCNC transitations, ;, /J_\

and compare to predictions i/l T\ ;

* Operator product expansion (OPE) of b — s £~
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— Wilson coefficients Cl.( encode short-distance physics

— Operators Oi(') describe low-enery QCD (using form
factors), which have large theory uncertainties



Indirect search for NP (cont.)

* Overconstrain the CKM triangle
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Proton energy: up to 7 TeV (102 eV)
speed: 0.999999991-c




Beauty/charm production

* Large production cross-section @ 7 TeV
— Minibias ~60 mb
— Charm ~6 mb

]- Flavour factory!
— Beauty  ~0.3 mb cf. 1nb @Y (45)

* Predominantly in forward/backward cones
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The LHCb experiment

[JINST 3 (2008) S08005]

A LHCb Cumul Integrated Recorded Luminosity in pp, 2010-2018
— - 2018 (6.
y M5 | oF N -1y
- M4 E 9:— : 8
M3 = J I l
N M2 P /
Sm — SPD/PS = £ 75 /
3 8E
- 2 F , 7
N
F S s LSt /
H gk s
1 /| | 3F
/ | /IRICH1 3 E /
[} um " © 2: /
C ) / g iE ,
Verte)}/ v TT £ E
LOCXIOI/L e — | 0 %010 2011 2012 2013 2014 2015 2016 2017 2018
/ ﬁ/‘fi Year
ol o= \, N\ f
| T — \ \\ N
e - N\
V4 ‘,i/' R NN N\ N
A HE R NN N
/ /’,v ‘ // ¥ \\\ \\ \\ N\
AT 1 Ne = oy .}\{..
/ / // /, ) \\\ \\
Y WSS NN\
/ / / \
/ / / ‘ \ N\
/ y / / \_“." :
— Sn'l | | / “ J JVL ‘ \‘J“‘
O Mg T
- 7 44 1
¥ - 1 —_
A A TN NN AN M N N NN A B Ll

N Y

20m
Opv x/y ™ 10 pm, OpPV,z ~ 60 um
Ap/p: 0.4% at 5 GeV/c, 10 0.6% at 100 GeV/c
(K — K) ~ 95%, mis-ID rate (x — K) ~ 5%
e(u — u)~97%, mis-ID rate (x - u) =1—-3%
og/E ~10%/VE©1% (E in GeV)

og/E ~70%/VE ©10% (E in GeV)

Sm 10m 15m

Vertex Locator
Tracking (TT, T1-T3)
RICHs

Muon system (m1-M5)
ECAL

HCAL



The LHCb trigger 5

SR - L0, Hardware

~ > I+
LO Hardware Trigger : 1 MHz — Pt (:ul) XPr (MZ) >(15 GEV)Z

readout, high Et/P+ ignatures — D1 (,U) > 1.8 GeV
— ET(e) > 2.4 GeV
Software High Level Trigger — ET (]/) > 30 GEV

Partial event reconstruction, select

[ displaced tracks/vertices and dimuons ] — ET (h) > 3 . 7 GeV
" Buffer events to disk, perform online K H |gh Level T”gge I

450 kHz 400 kHz 150 kHz
h# H/HH | e/y

detector calibration and alignment

:( Full{offiine-like event selection) mixturej _ Stage 1’ pT’ I P

of inclusive and exclusive triggers

r I b — Stage?2, full selection

12.5 kHz (0.6 GB/s) to storage




The turbo stream

Turbo stream, uDST, event size 10 times
smaller, maximize physics output!
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“LHC bunch crossing (30MHz)
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LO hardware trigger (1MH2z)

candidates / o[m(uu)]

l Real-time alignment
I and calibrations
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> Offline reconstruction and
» associated processing

= ——— Offline reconstruction and
Calibration associated processing




[PRL 124 (2020) 041801]

Candidates / o[m(u*p™)]/ 2

Dark photon

earched in m(uu)

LHCb
10° = isolation Vs =13TeV
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Proposed to cover this with
D*(2007)% - DA’ (- ete™)
[Iten et al., PRD 92 (2015) 115017]



[JHEP 01 (2022) 036]

* Anti-correlation of PDF at GPD/LHCb

Normalised events per GeV'!

Ratio

W mass

e CDF results demand more measurements at LHC
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[PRL 128 (2022) 082001]

Intrinsic charm?

* Bound to valence quarks,
longer time scales

e Z associted with charm

intrinsic c
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Acp(f) =

AAcp in char

F(M—>f)—F(1\7I—>f)
M- f)+T(M- f)

AAcp = Acp(K"KY) — Acp(m™m™)

A CP

Combined one:
AAcp = (—15.4 + 2.9)><10‘4‘

m-tagged

= [~18.2 4 3.2 (stat.) £ 0.9 (syst.)] x 1074,
AALLEE — [_9 + 8 (stat.) + 5 (syst.)] x 1074,

1964

Strange particles: CP
violation in K meson
decays

J. W. Cronin, V. L. Fitch
etal.

2001
Beauty particles:

time-dependent CP
violation in B® meson

decays
BaBar and Belle
collaborations

2019

Charm particles:
CP violation in D°
meson decays
LHCb collaboration

2013

Beauty-strange particles:
time-integrated CP
violation in B meson
decays

LHCb collaboration
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[PRL 122 (2019) 211803]
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[arXiv:2212.11203]

D® — ptu~
* Very rare decay: FCNC+helicity
suppression, contributions in SM
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[LHCb-Conf-2022-003]

1I-CL

CKM-y combination

e Simultaneous determination of

—CKM y = (63.8733)°

— Charm mixing x
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 Some tension between
exclusive/inclusive
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[PRD 101 (2020) 072004]
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[LHCb-Paper-2023-016]

CPV In
¢

mixing

D

¢bs = dpy — 2¢p, /

small in SM
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[PRL 128 (2022) 041801]

GeV

e Suppressed in SM, could be
enhanced by New Phy5|cs
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[PRL 128 (2022) 041801]
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* BY mixing = effective T
_ 7B, 1+2A ys+ys
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BO N K*O,U-I_,Ll_

* Described by g% = m*(£7¢7)
and 8,, 0y, ¢

 Many observables!

1 d3(C'+7T) 9

dT+D)/d¢2  aa0 32
— F1, cos? Ok cos 260¢ + S3 sin? Ok sin? 6 cos 2¢

+ S, sin 26k sin 26 cos ¢ + S5 sin 260 sin 6y cos ¢

= [%(1 — F1)sin® Ok + Fy, cos® Ok + %(1 — F1,) sin? O cos 26,

- %4 pp sin? @k cos @ + S7 sin 20k sin 6 sin @

+ Sg sin 20k sin 26¢ sin ¢ + So sin? Ak sin? ¢ sin 2@‘)]
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dB/dg? [10°® x ¢*/GeV?

dB/dg? [10°® x ¢*/GeV?]

Branching fraction of b = su™u~

Pattern of tensions seen,
theoretical uncertainty?
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[arXiv:2302.08262]

* Firs

Candidates / (8 MeV/c?)
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[PRL 125 (2020) 011802]

.PSI—

P: with B°
Ss
JFL(1-FL)

K*u*u~

, less form-factor dependent
[S. Descotes-Genon, et al., JHEP 01 (2013) 048]

e Also measured by BeIIe ATLAS CMS

R

1. _
_ e LHCbdata o ATLAS data ]
= Belledata © CMS data ]
0.5 [ SM from DHMV
- SM from ASZB ]
Of | ] ]
- I/ L \ -
: R \| {;)\ J :
- I — BN —]
00 = S
i \ K =S =
| \ |'
-1=, \ So 1l .‘ N B )
0 5‘ 10 15
2 2/ .4
[Belle, PRL 118 (2017) 111801] q* [GeV/c?]

[ATLAS, JHEP 10 (2018) 047]
[CMS, PLB 781 (2018) 517]

@l [rad]

Count blue minus red
[P. Koppenburg, arXiv:1606.00999]




Lepton flavour universality

* In SM, three lepton families (e, u, T) have
identical couplings to the gauge bosons

q -« q q < q
b > > C h —>»
W~ £~
V¢

— which means, e.g.,
_ 0(10~*) uncertianty
_ B(B+ — K+/i+,u ) 1 [C. Bobeth et al., JHEP 12 (2007) 040]
o B(B‘l' RN K+€+€_) 0(1%) QED correction
[M. Bordone et al., EJPC 76 (2016) 440]
* Lepton flavor universality violation? New Physics!

Ry

IR
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LFU in b —> Sf"'{_ decayS before Dec 2022

* Deviations from SM seen by LHCb - < 2
. BaBar T Unepos 2017055 b s
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1.0 < g2 <6.0 GeV?/c*

: -y
LHCb 5 fb! EI—)—I—( B(Hb _)Xl’l :u )

Ry

; . 0.5 =
1.1 < g2 <60 GeV¥c* @ LHCb —
: i e B(H, = Xete™)
: -1
— | LHCbO b - LHCb Belle _
(NP 18(2022)277]f , , Moot 0.0 ‘ —— e O LHCb
0 5 10 15 20 % 500 :_ —+ Data Q'ﬂ)
0.5 1 1.5 2 2 4 = o —— Total fit i
Ry ¢ [GeV7/cT] Sa0F  f} 0 B> K*pp
> F Combinatorial
‘ bl [ (2020) 040]
A ; Ry Belle 1. [JHEP 05 (2020) 040 =R
= 1.1 < g2< 60 GeV¥Ych ﬁ 1.4] 2 2008
o ] © joof
N R Belle 1 2 - Eobegt® "
0045 < g2 < 1.1 GeV?/ct ] 05200 5300 5400 3500 5600
i m(K* utu) [MeV/c?]
H RKg Belle 10 PP ~
: 10 < g2 < 6.0 GeV¥c* ] R LHCb
: I | > — Data 9 fb"
; T ! s — Total fit
o | R, LHCbOMm' 0.8 %) N SR EE R By Koo
: 0.045 < g2 < 6.0 GeV¥/c* ] < BB (e )K"
N LHCb @ B Part. Reco.
; RK2 LHCb 9 fb’! 0 . 6__ | | | | _§ Combinatorial
H 1.1< ¢2<6.0GeV¥c* T T T T T T 'g
i R 0 2 4 6 &
1 2 R 3 2 2 4 - - .\ .
[PRL 128 (2022) 191802] K" q [Gev /C ] 5000 5500 6000

m(K*ete™) [MeV/c?]

25



LFU in b = s£7 £~ decays

[PRL 128 (2022) 191802]

Precision at 5-10%
O0(1%) LFUV still possible

KBS

g2 gHERS, B LETMRE

The road ahead will be long and our
climb will be steep

[JHEP 05 (2020) 040]

L] [ )
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LFU in b — cfv decays
* Deviations from SM seen by Babar/BeIIe/LHCb
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[CERN-LHCC-2018-027, 2021-012]

The LHCb upgrades
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Upgrade II, 4D detector '

Timing, O(10 ps), is essential

Phase-II Upgrade

L =4x103% cm2%s-1 L=2x1033 cm2%s~1 L=2x103*cm2s1



[CERN-LHCC-2018-027, 2021-012]

 LHCb upgrades

(2025: 23 fb1, Upgrade-II: 300 fb1)

Prospects

Observable Current LHCb LHCb 2025 Belle IT Upgrade II ATLAS & CMS
EW Penguins
Ry (1< ¢* < 6GeV3ch) 0.1 [274] 0.025 0.036 0.007 -
Rk- (1 < ¢% < 6GeV3cd) 0.1 [275] 0.031 0.032 0.008 =
Ry, Rk, Rx - 0.08, 0.06, 0.18 - 0.02,0.02, 0.05 =
CKM tests
v, with BY — DK~ (+37)° [136] 4° - 1¢ -
7, all modes (20> Hodl 1i5° 1.5° 0.35° -
sin 28, with B® — J/yK? 0.04 [606] 0.011 0.005 0.003 -
¢s, with BY — J /¢ 49 mrad [44] 14 mrad = 4 mrad 22 mrad [607]
¢, with B — DD 170 mrad [49] 35 mrad - 9 mrad =
53 with BY — ¢¢ 154 mrad [94] 39 mrad - 11 mrad Under study [608]
ag) 33 x 107 [211] 10 x 1074 - 3 x 104 -
Vsl /|Vas| 6% [201] 3% 1% 1% -
B2, B’ —putu~
B(B® — p*u)/B(BY — ptu~) 90% [264] 34% - 10% 21% [609]
TBO i 22% [264] 8% - 2% -
o = = = 0.2 -
b — ¢~y LUV studies
R(D*) 0.026 (215,217 0.0072 0.005 0.002 -
R(J/¥) 0.24 [220] 0.071 - 0.02 -
Charm
AAcp(KK — mrr) 8.5 x 10~ [610] 1.7:%:10~% 5.4 x:10™4 3.0x 1075 =
Ar (=~ zsing) 2.8 x 107" [240] 4:35¢10~° 3.5x 1071 10 X100 -
zsin¢ from D° — K+~ 13 x 107 [228] 3.2:x:10~4 4.6:%:10™* 8.0 x 107° =

z sin ¢ from multibody decays

(K3m) 4.0 x 1073

(KOnm) 1.2 x 1074

(K3m) 8.0 x 1076
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Summary

Many interesting results from LHCb

— Electroweak, A’, W mass, intrinsic charm

— CP Violation, CKM triangle, ¢, v, AAp

— Flavour anomalies, b — su™u™ BR, Ps, R («0), Rp*, to
be confirmed or refuted with more data

With LHCb upgrade (50 fb?) & upgrade-Il (300 fbl),
much more will be done

Your continuous and strong supports are always
appreciated!

— Form factors, non-form-factor contributions

— New observables?



FEMAF: YERF HF RXF

6.4

SCIENCE CHINA Physics, Mechanics & Astronomy
BISCIENCECHINA . i Editor-in-Chief: Prof. XinCheng Xie

Physics, Mechanics

&Asm’“"my'”"”""""“Wfa « Editor’s Focus: aim at PRL quality, fast channel

* Full-text HTML and timely publication

(online immediately)

Editdi"s Focus

* Two-month free access at Springer
e Highlighted at EurekAlert and other public media

e Since 1950, in Chinese
* 100 Outstanding Academic Journals of China

e Indexed in Scopus, ESCI, etc. Scan the QR code
* Special topic is encouraged, published over 70  Get the news
special topics

Supervised by Sponsored by Published by

[T 22 rhEIELSES) 2 !‘: . 0 .
@1ein | @reuzn | @ O springer RGN




