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The LHCb Experiment




The LHCb Experiment
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The VELO and RICH in particular make LHCb a great place to study beauty
decays to open charm final states i.e. containing ¢ but no ce particles e.g. J/1.
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Why LHCb?

— BY - D;nt — B%— B? — D;nt — Untagged
The VELO is the superstar for finding the B
vertex position

__*. _____________

t [ps]

Good knowledge of B vertex position is
essential for precise measurements of
e.g. meson mixing [Nat. Phys. 18, 1-5
(2022)].
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https://doi.org/10.1038/s41567-021-01394-x
https://doi.org/10.1038/s41567-021-01394-x

Why LHCb?
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[J. High Energ. Phys. 2022, 99 (2022).]
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https://doi.org/10.1007/JHEP07(2022)099
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

Why LHCb?
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MisID backgrounds can be dramatically reduced!
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https://doi.org/10.1007/JHEP07(2022)099
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

CPV with Beauty to Open Charm

CP symmetry is not a fundamental SM symmmetry =— any generic New Physics
(NP) theory expects contributions at O(1).

Interference of dominant tree amplitudes with sub-dominant conftributions
produces direct CP asymmetries, which are predicted to be small in the SM for
b — ceD transitions, at the level of 1% (5%) for D = s(d).

[JHEP09(2023)202] measured CP asymmetries for 7 B~ — D((;f))’D(*)0 modes
or T D" D) —T(B* — D)D)
(B~ - D) DY) 4 T(BT - D)D)

= Araw - AP - AD

Insight can be gained from measuring families of decays.
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https://doi.org/10.1007/JHEP09(2023)202
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Raw asymmetries and yields are determined with an extended maximum-likelihood
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))’D0 candidates in the data.

Binned simultaneous fit for all
modes, charges, and for Run 1
and Run 2.

The model includes:

¢ Signal

* Missing /" from D*

e Part-reconstructed with D**
B” - DK K'n~
Cross-feed of B~ — D; D" to
B~ —» D D’

Combinatorial background
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https://doi.org/10.1007/JHEP09(2023)202

Production and Detection Asymmetries, A, and A,

Samples reweighted to match kinematic distributions of simulated selected signal.

Source Asymmetry Calibration Ref.
Production ~1% BT - J/YK™ [1703.08464]
KrTracking ~01%) D' = K #xtat, D" = K=" [1505.2797]
rTracking  ~0(01%) D" = (D" - K ntz 7" )a" [1605.09768]
Particle ID ~0.3% Dt 5 (D° - K at)xt [LHCb-PUB-2016-021]
B—D'utv,X [1701.05501]

Trigger 0(0.1%) D (DO . K’w*)w*

[LHCb-PUB-2011-026]

[JHEP09(2023)202]
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https://arxiv.org/abs/1703.08464
http://arxiv.org/abs/1405.2797
http://arxiv.org/abs/1605.09768
https://cds.cern.ch/record/2202412?ln=en
http://arxiv.org/abs/1701.05501
https://cds.cern.ch/record/1407893?ln=en
https://doi.org/10.1007/JHEP09(2023)202

Combining asymmetry contributions, one obtains, with uncertainties from statistics,
systematics, and A“Y (BT — J/yK ™), respectively [JHEP09(2023)202]:

Results

~
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A°Y(B~ - D D°
A°Y (B~ - D; D

) = (+0.5+0.24£0.5+0.3)%,

)

)
AT (B~ - D™D

)

)

) =

( )
(—0.5+1.14+1.0+0.3)%,
(+1.14+0.8+£0.6 £0.3)%
(+2.5£1.0+£0.4+0.3)%,
(= )

( )

( )

[=)

)

R

A°P(B~ —» D™ D™
ACP(B’ — D D"

02+2.0+1.44+0.3)%,
+3.3£1.6+0.6+0.3)%,
+2.3+21+1.7+£0.3)%.

N

J

All measurements consistent with zero, but having a comprehensive set of
Acp(B — D(*)D’(*)) can provide great sensitivity to new physics [JD, M. Jung, S.

Schacht, 2023].
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https://doi.org/10.1007/JHEP09(2023)202
https://arxiv.org/abs/2311.16952
https://arxiv.org/abs/2311.16952

~- the SM benchmark

CKM matrix unitarity is a key assumption of the SM = triangle with angles «, 3, 7.

B* — Dh*, with h = {r, K}, have
excellent sensitivity to

1.5\|||||||x{x|||Q‘|||||||||||||||
excluded area has CL > 0.95 %

v ¥
i ® A& Am,

Y= arg(_VudVJb/VchZZ)'

with small theory uncertainties, ©(10")
[1308.5663]
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Two types:
¢ Direct measurements provide a SM

Loy oo i i

-5 benchmark, assuming no free-level
r i NP.

-10r xzm ] * Indirect determinations can be
T P oaatoLs0%) | inferred from observables more likely
o by by by v v b i by 0 i i i

S o5 0 P 20 to receive NP contributions.

p
+3.3\0 +0.72\0
bLHC (before LHC) Ydir. = (65'9—3.5) » Yindir. — (65'29—1.86)
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https://arxiv.org/abs/1308.5663

~- the SM benchmark

CKM matrix unitarity is a key assumption of the SM = triangle with angles «, 3, ~.

1.5 R

LU I

[ | excluded area has CL > 0.95 |+ ]
[ | excluded area has : ‘?%% ]
¥ T % ]
1.0 — —
F i
0.5 — -
= 0.0 —i
L Vi o J
-0.5 — 3
10 Y &
r % sol.w/cos2p<0 |
- Summer 23 ' (excl. at CL > 0.95) |
sl b b ]
-1.0 -0.5 0.0 0.5 1.0 15 2.0
p

Including LHCb

http://ckmfitter.in2p3.fr/

B* — Dh*,with h = {r, K}, have
excellent sensitivity to

Y= arg(_VudVJb/‘/chzl:)'

with small theory uncertainties, O(1077)
[1308.5663]

Two types:

¢ Direct measurements provide a SM
benchmark, assuming no tree-level
NP.

¢ Indirect determinations can be
inferred from observables more likely
to receive NP contributions.

[ Yair, = (65.9752)° Yinair, = (65.2970°58)°

|
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http://ckmfitter.in2p3.fr/
https://arxiv.org/abs/1308.5663

Measuring v with D*

Measurements with excited D mesons, B — D*h*, are also sensitive fo ~ but are
largely unmeasured — cue [JHEP12(2023)013], [2311.10434].

Reconstructed with D* — Dv/x°, D — KSh*h™ and binned in s* = m?(K%h*);

“optimal” scheme (left) for h = w, and “2-bins” scheme (right) for lower yield h = K.
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Binning schemes taken from [PhysRevD.101.112002], and [PhysRevD.102.052008], respectively.

Bins where s_ > s, are given a positive index (+i), with the matching negative
index (-i) given to the corresponding bin that is a reflection in the s_ = s line.
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https://doi.org/10.1007/JHEP12(2023)013
https://arxiv.org/abs/2311.10434
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.052008

Accessing v

Comparing bin yields, N;© for B allows access to v through

[ o2 = B cos(oB ), 42" = B sin(oF ), ]

where rf,?*h and 6§*h are the relative amplitude and strong phase between
favoured and suppressed modes.

N:I:i:Hi

[JHEP12(2023)013]

2 2
D*h D*h D'h D"h
F¥i+<xj: + Yz )F:ti""sz*\/W(cixi TS Y >]
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https://doi.org/10.1007/JHEP12(2023)013

Accessing v
Comparing bin yields, N;* for B allows access to ~ through

[ 22" =rB " eos(3p "£7), y2 " =rB "sin(3p " +7), ]

where r2 " and 65" are the relative amplitude and strong phase between
favoured and suppressed modes.

2 2
Fz; +<3U?:h + yih ) Fi; +2fp-y/ FiF_; (Ciwih +5iygh)]

e [, ; efficiency weighted intensities of the amplitudes per bin (fitted).

NE—mg*

[JHEP12(2023)013]
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https://doi.org/10.1007/JHEP12(2023)013

Accessing v
Comparing bin yields, N,* for B allows access to v through

[ 2B =DM cos(68 M ), 2 " =15 Msin(68 " +4), ]

where ré’*h and 5§*h are the relative amplitude and strong phase between
favoured and suppressed modes.

2 2
D*h D*h D*h D*h
Fe, + <3Ui + yx ) Fy; +2fpy/ BF_; (6 x1 " +8; Y+ )]

e [F; ; efficiency weighted intensities of the amplitudes per bin (fitted).

® ¢;,s,; . cosines/sines of D strong phase- from BESIII [2003.00091, 2007.07959] and
CLEO [PhysRevD.82.112006 ].

Nt =H*

[JHEP12(2023)013]
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https://doi.org/10.1103/PhysRevD.101.112002
https://doi.org/10.1103/PhysRevD.102.052008
https://doi.org/10.1103/PhysRevD.82.112006
https://doi.org/10.1007/JHEP12(2023)013

Accessing v
Comparing bin yields, N;* for B allows access to ~ through

[ DB B oo ), 2 = B (6B ) ]

where ré’*h and 5§*h are the relative amplitude and strong phase between
favoured and suppressed modes.

2

2
D*h D*h D*h D*h
F:Fi+<ffi + v+ >F:|:i+2fD* W B (6 22" + 8 Y+ )]

e F, . efficiency weighted intensities of the amplitudes per bin (fitted).

® ¢, s, . cosines/sines of D strong phase- from BESIII [2003.00091, 2007.07959] and
CLEO [PhysRevD.82.112006 1.

o fp=:+1(-1)for D* — Dz’ (D* — D~) [0409281].

Nt =H*

[JHEP12(2023)013]
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https://doi.org/10.1103/PhysRevD.101.112002
https://doi.org/10.1103/PhysRevD.102.052008
https://doi.org/10.1103/PhysRevD.82.112006
https://arxiv.org/abs/hep-ph/0409281
https://doi.org/10.1007/JHEP12(2023)013

BONAECD N

+

Fitting

Data split according to; the charge of the parent B meson, B + decay mode,
D* decay mode, D decay mode, and DP bins.

Simultaneous fit performed on the 2D invariant-mass distributions, m(Dh* ) and
m(Dx° /), for all above categories.

Model

B* » D*(Dr°)K*, D + random 7°

B* - D*(Dy)K*,D + random 7°

B* - D*(Dv)K*,D + correct 7

B® = D*(Dx¥)K*, D + random 7°

BY = D*(Dv)K*,D + correct ©°

B* = D*(Dr°/y)K*n¥,D + correct 7°
B* - D*(Dn°/)K*x¥, D + random 7°
BY — D*(Dr°/4)K#*, D + random 7°
B? - DK*7%, D + random 7°

B* - DK*7¥,D + random 7°

B* — D*(Dvy)n*, D + correct ©°

B* - D*(Dx°/7)n*, D + random 7°
Combinatorial

B* - DK*,D + random 7°

B* - Dr*, D + random 7°

Data

[JHEP12(2023)013]
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https://doi.org/10.1007/JHEP12(2023)013

Results
The final results are:

7= (69111)°,
B = 0.15£0.03,
=0.01£0.01,
53 K — (3114+14)°,

58T = (37+37)°.

J

e The combined uncertainty in the v measurement is dominated by the

statistical uncertainties and is larger than that in the B * _ Dh* measurement.

® These results are consistent with the world average and those from the
B* - D®n* measurements.

¢ The measurement gives the most precise determination to date of v using
these channels and will help improve the sensitivity in the global fit to ~.

[JHEP12(2023)013]
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https://doi.org/10.1007/JHEP12(2023)013

Summary

e The LHCb experiment is excellently suited to make a wide range of heavy
flavour measurements

e Beauty fo Open Charm plays an important role in LHCb’s physics programme,
including making both SM measurements, with v, and probing for BSM effects
with CP asymmetries

e The removal of our hardware trigger means that hadronic final states, in
particular, will have much improved efficiencies and reduced uncertainties

e With luminosity expected from LHC's Run 3, we will predict ~2 — 3 times more
signal events than in Run2 so statistically-dominated measurements, such as
these, will be ever-more sensitive 1o the effects of BSM Physics

* Recently-observed tensions in B(B?S) — DW= hT) [PhysRevD.105.115023] make
this an exciting area for the near future.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.115023

Any Questions?
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Dec ay A raw AP AD

D; D" —-1.3x02x01 —-11x03x03 —-07x0.2
D;_D(j —24x11x09 —-11x04x03 —-08=x0.2
D;D*  —08+08+04 —-1.1£04+03 -08+£0.2
D-D° 1.5x10x02 —-11x04x03 0.1x0.2
D-D* —-13+20+13 -1.1+04+03 0.1x0.2
D*~D° 24+16=x02 —-12x04=x03 0203
D*~D* 132116 —-11x05=x03 0.1+0.2

Values of A,,.,. Ap and Ay, in percent, averaged over all D° decay modes and data-faking periods. The
uncertainties on A, are statistical and systematic, respectively. The first uncertainty on Ap contains all sources of

uncertainty except that on A p (B+ — J/1[1K+), which is the second uncertainty.

[JHEPO9(2023)202]


https://doi.org/10.1007/JHEP09(2023)202

Runl Rumn2 Runl Run2 Runl Run2

B —-D;D" B =D D B =D D
Double charm model — 0.01 0.02 0.11 0.08 0.21 0.18
Single charm model 0.05 0.05 — — — —

Cross-feed model — — 0.00 0.00 — —
Combinatorial model — 0.01 0.00 0.14 0.13 0.52 0.15
External inputs 0.05 0.06 0.01 0.00 0.04 0.01
Total 0.07 0.08 0.18 0.15 0.56 0.23

B~ = D;D" B =D D" B = DD
Double charm model  0.14 0.23 1.10 1.04 1.51 1.19

Cross-feed model — — 0.00 0.00 — —

Combinatorial model  0.08 0.04 1.14 0.92 4.49 1.02

External inputs 0.55 0.38 0.14 0.12 0.11 0.11

Total 0.57 0.45 1.59 1.40 4.74 1.57
B~ =D D"

Double charm model 0.78 0.51
Combinatorial model — 0.55 0.22
External inputs 0.89 0.73
Total 1.31 0.91

Systematic uncertainties on the raw asymmetries in percent, averaged over all D° decay modes.

[JHEP09(2023)202]


https://doi.org/10.1007/JHEP09(2023)202

n;D° D-p° DD
Ruinl Run2 Runl Run2 Runl Run?2

Final state

Ap 042 043 041 043 048 048
AF(BT = JK*) 030 030 030 030 030 030
A 028 011 004 004 010  0.00
Ax 009  0.00 006 006 018 017
Apip 029 003 025 011 055 010
Aris 008 010 008 010 009 011
Aros 00l 003 00l 002 00l 001
Weighting 001 000 004 000 001 000
Part. rec. weighting  0.03 0.02 0.02 0.01 0.03 0.01
Total 067 055 058 055 082 061

Systematic uncertainties on the corrections for ACP in percent, averaged over all D° decay modes.

[JHEP09(2023)202]


https://doi.org/10.1007/JHEP09(2023)202

D;p* Dp:-D° D7D D-D° D-D* DD DD
D;D" 1
DD 0335 1
D7D 0.431 -0.282 1
D-p° 0.386 0.186 0.234 1
D—p* 0.183 0.227 0.180 0.195 1
DD 0.286 0.161 0.177 0.166 0.130 1
D D* 0.190 0.227 0.211 0.168 0.311 0.189 1
Total correlations between the measured ACP.
[JHEP09(2023)202]

4/0


https://doi.org/10.1007/JHEP09(2023)202

Source (VY | a2 | o (25 | oy U{I?-:} J(yf'“]
Neglecting correlations 0.05 0.03 0.19 0.04 0.70 148
Efficiency correction of (e, 5;) 0.53 0.18 0.18 0.20 0.64 1.73
Invariant mass shape parameter 0.09 0.16 0.20 0.05 0.39 0.06
Fixed yield ratios 0.09 0.03 0.03 0.01 0.33 0.15
Bin dependence of the invariant-mass shape 0.40 0.38 0.41 0.33 1.78 L57
DP bin migration 0.32 0.70 0.03 017 1.2 2.0
,-12 background 0.97 1.34 0.55 0.77 1.13 143
Semileptonic B backgrounds 0.27 1.29 0.02 0.67 0.03 0.04
Merging data subsamples 0.06 0.02 0.12 0.03 0.06 0.34
CP-violation in B*Y — DRK*=r"%* 0.03 0.13 1.97 0.99 0.13 0.68
Total systematic 1.26 2.04 212 1.48 2.66 3.78
Strong-phase inputs (external) 0.41 0.23 0.30 0.64 0.93 0.83
Statistical 3.16 3.55 4.41 3.98 5.00 5.04

D*K D'K D D*
Summary of uncertainties on the measurementof 27 ™, 3y} ©,z¢ "andye ™. Allnumbers have been scaled up
by a factor of 100.

[JHEP12(2023)013]


https://doi.org/10.1007/JHEP12(2023)013

2R = ( 11.42£3.16 £ 1.26 £ 0.41) x 1072,
PR = (-8.91+3.55+2.04+0.23) x 1072,
YK = ( 3.60+4.41 £2.12+0.30) x 1072,
y? K = (—16.75 £ 3.98 + 1.48 + 0.64) x 1072,
ad ™= ( 0.51+5.00%2.66+0.93) x 107,
ye' ™= ( T92+£5.04+3.78+0.83) x 1072,

with
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[JHEP12(2023)013]


https://doi.org/10.1007/JHEP12(2023)013

Confidence level regions for the combination of physical parameters (v, 63
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) of interest. The

68% (hashed blue area) and 95% (light blue area) are determined from GammaCombo [ZENODO 3371421

JHEP12(2021)141]

[JHEP12(2023)013]
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https://doi.org/10.5281/ZENODO.3371421
https://doi.org/10.1007/JHEP12(2021)141
https://doi.org/10.1007/JHEP12(2023)013

xED'n I_?‘K ;rf'!" yé)‘:r y9'K yE‘K
zlm 1 0.25 —0.16 0.18 000 0.00
aP K 1 —0.05 0.06 —0.08 0.03
DK 1 —0.14 —0.08 —0.08
ylr 1 033 —0.19
yb K 1 —0.09
yy e 1

Statistical correlation matrix for CP -violating observables.

[JHEP12(2023)013]
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https://doi.org/10.1007/JHEP12(2023)013

x?'!\’ I_E‘K y_D‘K y_?‘h' I?r yéD‘r
xD'K 1 —0.01  0.01 0.02  —0.02 —0.05
K 1 —0.01 000 -0.01 0.06
yo K 1 -0.01 001 -0.10
y K 1 —0.09 —0.02
zf 1 0.02
ye " 1

Systematic correlation matrix for considered LHCb related effects.

[JHEP12(2023)013]
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