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pectrometer at the
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PYTHIA simulation of
b-hadron production:
b and b quarks are
typically produced at
small angles to the
beam line




LHCb detector
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* LHCD has been taking data Eub CRERE Y
since 2010: 3P0 CRupR .~
- Majority of published results are S o /
based on data from 2010—2018. T o6 / [
: : . L 4F / ﬁ
« Major upgrade carried out in LS2 5. s
€ oF i
to enable the deteCtor to run at - 20009 2011 20]13 20l15 20l16 20118 20|20 2022 20124 2026
higher instantaneous luminosity Year

and the full be read out at 40MHz.
 To do this many sub-detectors were upgraded:

- Silicon strip vertex detector replaced by a silicon pixel detector, straw drift tubes
replaced by a fibre tracker.
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Programme of measurements

Measurements of CP violation and searches for rare and forbidden
decays of b- and c-hadrons.

- Exploiting the large cross-sections for heavy flavour production at the LHC.

Measurements of new hadrons and multi-quark states.

Measurements of electroweak production in the forward region.

Studies of quark-gluon plasma in heavy ion collisions and
measurements of proton or heavy-ion collisions with injected gasses
(Ne, Ar and He).



Hadron spectroscopy

» Large number of new hadrons discovered at the LHC

(70 of 79 by LHCD): S S
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Standard Model flavour structure

* The Yukawa mass mechanism s 1,  am@&Am  gewm ]
results in a misalignment of the " & R & o A\ gl
mass and weak eigenstates. CEE - . alozcs 3

04 3 " <</ —

* Represented by the = B N B
Cabibo-Kobayashi-Maskawa M i
quark-mixing matrix, which y ol C
appears in weak interactions. 0 TENNEE A \ERE FEEES b

« CKM matrix is hierarchical, off- P
diagonal elements are small. Constraints on the CKM . .

. . matrix can be represented 1+ Vap  VidVi _

« Single complex phase in the by triangles in the VE VeV

complex plane.

CKM matrix is the sole source
of CP violation in the SM.
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Neutral meson mixing BV
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* In neutral meson system mass eigenstates are not flavour elgenstates
and instead correspond to combinations |B; ;;) = p|B O+ ¢|BY).

. Observe oscillation between B( 9 and B( 5
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* In neutral meson system mass eigenstates are not flavour elgenstates
and instead correspond to combinations |B; ;;) = p|B O+ ¢|BY).

« Time dependent decay rates of BO and BO mesons to a
common final-state depend on mass and width difference of | B, H):

dT[B?
[ ; t—>f | ~ oIt [cosh(% AT 1) + AfAFS sinh(%AFst) + Cycos(Amgt) — S; sin(Amst)]

_ 2
dT[B° —
[ - ULIOR A |cosh(FAL0) + AT sinh(LAT 1) = C; cos(Amyn) + 8 sin(Amy)|
q
~ Yy ~ Yy
Time evolution due to the width Time evolution due to the mass
difference of mass eigenstates difference of mass eigenstates



Measuring CP violating effects

* CP violation can show up in three ways:

e el|” - |~e5|

- In mixing | B : » 4 R B, anB, ;R
Le-e| - |e:6|

- In the interference between mixing and decay

etel -1l a'ec - ay
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Observation of CP violation in b-baryon decays

* To measure CP violation in decay need contributions to the decay with

different weak and strong phases.

 First observation of CP g ﬂ_.'.méb'gf'b—'l .............. -
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Submitted to Nature]
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http://arxiv.org/abs/arXiv:2503.16954
https://cds.cern.ch/record/2927827

Observation of CP violation in b-baryon decays

. Asymmetry is largest at small pz* 7~ masses:
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https://cds.cern.ch/record/2927827

CKM angle y from BY — DFK™* decays

+ Exploit interference between mixing and decay to measure relative weak
phase between contributing diagrams (y — 2/,):

- yis an angle of the unitary triangle
- P, is the B, mixing phase (2, = 0.031 £ 0.018 rad [PRL 132 (2024) 051802])

. We can determine C, S and A2l and infer y from known p.forf = DK™
and f = DK™

13



CKM angle y from B) — DFK™* decays

* Separate signal from experimental backgrounds

using the B

\)

and D, masses:
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[JHEP 03 (2025) 139]
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https://cds.cern.ch/record/2920424

Flavour tagging

* Need to determme the

flavour of the B or BO

at production.

- Use information from
the decay of the other
b-hadron and the
hadronisation of the
B? meson.

- Achieve an effective
tagging power of 6%

SS pion
‘ SS proton
u SS kaon (for B?)

B'

®—

. s ,-—r‘ 0OS kaon
b—ec —
b— XU~ \. 0S muon

OS electron
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CKM angle y from B) — DFK™* decays

t+ B0 DKt 4 B - D;K* % Untagged Dy K+
 Splitting by the final-state 4 B)— DyK- % BY - DK~ ¥ Untagged DIK~

L

T T T T T T T T T

and by the initial flavour tag
shows the fast oscillation of

A,

o

o

BY system <
J system. S

* Fit the decay-time
distributions to determine:

G= 0.791x0.061 £0.022
Sy=—0.571+0.084 £ 0.023
Sp=—10.503 £ 0.084 = 0.025

AfAF =—0.051 x0.134 =£0.058 o
Resolve the oscillations of

t [ps]
[JHEP 03 (2025) 139]
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https://cds.cern.ch/record/2920424

CKM angle y from B) — DFK™* decays

- From decay-time distribution parameters can determine y along with
nuisance parameters due to the unknown decay amplitude ratio and
strong phase.

- Use a modified frequentist g
approach in GammaCombo —08p
[JHEP 12 (2016) 087] tO obtain o6l

y = (74 + 12

50 100 150
[JHEP 03 (2025) 139]
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https://arxiv.org/abs/1611.03076
https://cds.cern.ch/record/2920424

LHCb measurements of y

* Most recent LHCb combination
of measurements of y yields:

y = (64.6 +2.8)

* Determined in a simultaneous
analysis of parameters relevant
to CP violation and mixing in the
charm sector.

[LHCb CONF 2024 004]

. T ,
LHCb ." 4 BE decays 4

L Preliminary i e B decavs b
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A I All Modes |

¥ Time Dp ndent]

{10 Time Integra td
I All Modes

68.3%

....................

80 90 100 110

']
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Rare decays of b hadrons

* Rare flavour-changing neutral current decay By b u,ct ¢ ¢
processes can be highly sensitive to W
contributions from new particles. y170 ut

* New contributions can enhance or suppress the .

decay rate and modify the angular distribution
of final-state particles.
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Rare decays of b hadrons

* Can interpret measurements of
b — s transition processes in an
effective field theory formalism.

* Fit data from experiments (ATLAS,
BaBar, Belle, CDF, CMS and
LHCDb) to look for deviations from
the SM.

» See tension between data and SM
expectations (new contribution or
just a problem with SM
calculations?)

Modified axialvector current

Re CESM

N. Gubernari et al.
[JHEP 09 (2022) 133]

-+ sm
20- I B" Kpu +Bs" pu L
I B K'uu
1-5_/- Bs" iy
1.0+

05
0.0
SM
1 0.5-

1 1.0+

! 1.5 Ll Ll T Ll
12 11 0 1
Re CESM

Modified vector current
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Lepton flavour universality in BS — ¢plT]™ decays

. Expect B — ¢pete™ and B — ¢pu™ ™ decays to have same rate:
Differ only by phase space in SM due to universality of lepton couplings.

- In SM extensions couplings could be modified.

- Experimentally more challenging to reconstruct/select BS — ¢e+e_

decays in LHCb due to Bremsstrahlung losses from electrons.
[PRL 134 (2025) 121803]

30 T T T T T T ™ 150 T T T T T T 1 [ 7 — °
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;z 25 + Data ] € 1 + Data - o 30 F + Data -
= —— Model = —— Model 1= —— Model
2 20 === Signal 1 =210 ==== Signal 13 ====Signal
— < S Misidentified — - Jve 1 - /o
\1 . B Semileptonics \/ @ Misidentified ] 20 == B (296 g
3 15 s P B, Semileptonics < B Misidentified
< < B Combinatorial { <= = B - ¢(25) (J/UX) 6
<10 _é- 50 -] —é 10 . Combinatorial n
S S 1<

) 7]

0 ~ == B e i - e L P T
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Branching fraction of BY — ¢I*[~ decays

* No evidence for
non-universal
couplmgs in the rates
ofB — gbe e~ and
B) — ¢utu-
decays.

* Measurements are
consistently below
SM predictions.

10

— ol 7)) /dg? [GeV 2]

0
S

dB(B!

< 10-8 [PRL 134 (2025) 121803]
LI L L . .. S WL
: oL o B! = gutps -

o LIIC]) Aclul — gﬂ) + B? _) gﬁe*'e‘ |
[ - SM (LCSR+Lattice) |]
i SM (LCSR)

P SM (Lattice)
g I/ ¥(29) -
_I 1 I 1 1 I 1 I L I L I 1 I 1 I
0.0 2.5 5.0 7.5 10.0 12,5 150 17.5




Angular distribution of BY — ¢pe*e™ decays

* Decay can be parameterised by three ) <
angles and dielectron mass X ,
squared (g2). X s D :
 Obtain simplified distribution by integrating \
over @ and decay time: e |
K
1 dceH+# 9 3

= = (1! 9psin? ! 1
d[# + #)/ dgg dePdcos! « dcosle 16 4 (1! FLOsinl (1+ 3cos2e)

+ L %0 1 (1! cos2,)

Time integrated observables +

(differ from t=0 due to AI')) + $A\60/5in2 Ik cosle .
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Angular distribution of BY — ¢peTe™ decays

* Decay can be parameterised by three ) !
angles and dielectron mass :
squared (qz). X

- Integrating over cos 0 and cos 0,

1 d’[#+ #) 1 . o
dif+ 7/ g AR d% = > [1+ $S:%0s 26+ $AY6IN 204 .

* Determine observables by performing unbinned maX|mum -likelihood
fits to mass and angular distributions in bins of q
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Angular observables in B) — ¢ete”

[LHCb-PAPER-2025-006]

- 71— > T
S LHCb 9 fb"' 1 2 | LHCb 9 b ]
== 27 BT S+
0.6 :— Standard Model ‘: j’ Standard Model E
: | o jL—_
0.4 1 B i z
o2t | o5t :

OOIIIIS IlO‘IIIISII‘ _IOIIIIS'IIIIOIII'ISlI‘

¢ [GeV*/c4 ¢ [GeV*/c4

. Observables are con3|stent with SM predictions and between
BY - ¢pete” and BY — ¢t~ decays.
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https://cds.cern.ch/record/2929839

LHCb Upgrade Il

VELO

Pixel detector with
3D silicon and fast-

* Second upgrade
planned for LS4,
aiming to reach
1x1034 cm-2s-1.

* Range of interesting
technological challenges.

* Fast timing is key:

timing (20 ps per
track to improve
track-PV association)

N B O =N
ISURARAERERRNLRRRN RRRRE BRI

z [mm]

Impact of 30ps gate in PV reconstruction

ECAL

RICH

New optical
arrangement +

Rebuilt modules with new WLS fibres
for fast-timing in outer regions.

fast-timing photon
detectors

CMOS pixel
detectors

UP+MT Scintillating fibre
tracker with new
cryostat for SiPM

MT

Time-of-flight
detector for
improved PID

TORCH

New W SPACAL
modules with
smaller cell size i
inner region

Muon system

New uRWELL
micro-pattern gas
detectors in inner
region + new
electronics
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Summary

« Data from 2010—2018 has enabled world leading
measurements of a wide range of b- and c-hadron
decay processes.

* Alarge data set has already been acquired with
the upgraded detector. Expect new results with
this data set soon.

A future upgrade to operate at even higher
instantaneous luminosities is planned.
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Opportunities in flavour physics

2010

Data from 2010—2018 and
updated results from BaBar/Belle.

2023 Adding projected
‘ sensitivity of Belle 2
and LHCb upgrades

TN

T T T
Amy& Am, I

stststststst

cilibon b b b b

S
end of HL-LHC
bl T " 4l T T
B 08 »-—2 ' T “,";:Am’ & Praco n —:

* Huge opportunity for flavour physics with
Belle 1l and the LHCb upgrade | and II.

* Will lead to a step change in precision
on flavour observables.
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CKM angle y from B) — DFK™* decays

 Splitting by the final-state
and by the initial flavour tag
shows the fast oscillations
of BY system.

* Fit the decay-time
distributions to determine:

C,= 0.791 £0.061 £ 0.022

S;=—10.571 £0.084 £ 0.023

Sz=—0.503 = 0.084 = 0.025

AfAF = —0.051 £0.134 £ 0.058
[JHEP 03 (2025) 139]

mix

0.4
LHCh !
[ 6" —t ]
0.0 ok |27
—0.2 i_
| — ]
_0.4 lllllllllllllllll
0.0 0.1 0.2 0.3

t modulo 27/ Am [ps]

Resolve the oscillations of

the B, system [JHEP 03 (2025) 139]
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https://cds.cern.ch/record/2920424
https://cds.cern.ch/record/2920424

CKM angle y from B) — DFK™* decays

Amplitude ratio between Strong phase difference between
AB? —» D7K*)and A(BY — D7K™) A(B® - D7K*)and A(B? - D7K™)

100 —E Run 1

- l; Run 2
380 .

o [°]—
-
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o
lIII

IIIIII

360

340

IIIII

320

ntours hold 68 959 CI

L | L |
50 100 150

Y [°]
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Backgrounds in BY — J/y¢ decays

T T I T T T I T T T | T T T I T T T I T T T I T T

 Mass constraint in L LHCh Ly = 0! I
B, — J/y¢ decays O 3
allows background 10000 |~ (B.i’ - T/ | b

[ ————- Jombinatoria
components to be o | B AT :

studied in detail. @ g W A 5 J/ypK*

[ ——e-- B! — J/é

Candidates / (12.5 MeV / )

- Background appears 6000 = - BY s D-(e-5,)e » .
well understood. | By o xa(J/en)o ]
4000 [~ ----- BY - y(28)(J/¢:X )¢ .

BY = JjpoK

2000 F

- u‘L‘L (-

4400 4600 4800 5000 DZUU 5400 5600
m’,]/(.j;(h K & l C_) [1\»’1()\’7/(:'2]
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