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LHCb - A Forward Spe

' The Goal of LHCb: discover new physics
through precision measurements, with a
| primary focus on CP violation and rare decays
in heavy-flavor hadrons, and a broader
program beyond flavor physics.

INSTR2026 Hefei, China Speaker: Yuan Yuan



I | HCb Upgrade
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LHCb Upgrade Il Scoping Document

This presentation

e The LHCb Upgrade I: ~5X luminosity (upto 2 X 10°3cm™?s ) w.r.t Run 1 & 2

o New Tracker system: VELO (silicon-pixels), Sci-fi and Upstream trackers (silicon strips)

o Enhanced PID detectors (Invited talk from Antonios Papanestis)

o 40 MHz readout with fully software trigger!
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I \Why LHCb needs Upstream Tracker ?

LHCb Tracker Upgrade TDR

Upstream track

T1 T2 T3
e Role of the UT in the tracking system
uT = Suppressing ghost tracks
VELO —1— Long track
||W = Enabling faster software-trigger decision
VELO track ~{ Downstream track = Improving track momentum resolution
T track = Reconstructing long-lived particle decays efficiently

e Upstream tracks:

o Hitsinthe VELO and UT, without SciFi
e Downstream tracks:

o Hits inthe UT and SciFi, without VELO
e Long tracks:

o Across the full tracking system
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I Components of the UT I

mm Y ili 1 I
e T — oTx g e 4 layers of silicon micro-strip detectors
X

UTaU o Arranged as vertical/stereo layers (+5°) to provide x-y position of
UTaX

particle

A

P

o 68 staves = ~500k strips

3
1338 mm

o Different types of sensor close to beam: Pitch 187.5 uym — 93.5 um

_

Lo Length 100 mm — 50 mm
LHCb TDR 15 1528 mm

Optical signal
SLVS signal

Hybrid Flex

Flex Cable

SALT ASICs

Si Sensor

-2
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I SALT ASIC and Configuration Registers I

e SALT: a custom front-end ASIC for UT
o 128 readout channels implemented in 130 nm CMOS

o A6-bit SAR ADC per channel, sampling at 40 MHz

e Channel response controlled by configuration registers

o Baseline DAC register: Analogue baseline adjustment
o Pedestal register: residual offset correction

o Other registers: shaper, pre_amp, kill_mask

e Single-Event Upset mitigation: Triple modular redundancy in registers

= Sensors, 22(1), 107 st A o) Y || | (o
: P )| s_ctfmuutmmm'l e l! m_

Preamplifier, + — SLV> F® 6x data
. Memo S .al. . output
. | Single ADC | Ty |>| Serialiser :
IN[127:0] : Shaper i : | DSP e
o] | g p to Diff, 6 bit SAR : buffer
ot —
1;“1]; BS l Deserialiser o rpc“ .

] A I A trcamd ]

'|'_ adc_clic DLL data) clk
Test pulse 64 CLK
generator Phases TFC PLL
| counters
callb&clk Configuration | g, x4
|' Registers
Biasing DACs Ca Ib ‘r
12C

e hnanaal REEEL 0L L piaiabbboioiiei RO

12C_SCL IZ2C_SDA MAIN_CLK
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I Calibration for the UT |

e Analogue baseline equalization

. ; . g OFT T T UTaxBATSI § Zswof 0 T T A ’ 3
o Channel baseline currents are tuned using an 8-bit 2 | Chipl— 1 Bk /™ f
) ) ga m- % 6000 - \ £
baseline DAC register i 5 S0 - 3
o F * g 4000 E
. . . = oF ' W3 Z a0k =
o Optimal DAC values are determined to equalize O I 3 // \ :
oE E 1000 F- A 3
| T T S E . o™ [ " L ) |H‘:->—-\.__'

channelresponses 5 200
Baseline DAC value Optimal baseline DAC setting

e Digital pedestal correction

o Residual offsets are determined for outlier channels
UTaU_3CT_M2: ASICO

o Pedestal values are stored in dedicated 6-bit SALT &

2 14 Hl wegir 0762 049,
. 12 i 4 8.002 £ 06612
registers o 10,24 £ 0707 150
8
L Ll ](X}
e Time alighment q:
4
o Align hits with bunch filling scheme 2 -
0E i i A : i i
=75 =50 =25 0 25 50 75 100

o Choose ADC sampling time to digitize the peak of SALT

Shifted sample time (ns)

analogue response
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Il UT Performance in Track and Decay Reconstruction s

~ 110
St . . . e .
> fLHch, e Track reconstruction efficiency for finding hits
-5 1001 oo ottt
£ L ’ N i .
R R in at least 2 UT layers:
X o Achieved ~99% efficiency beyond about 1 GeV/c
BD;_ o 10% drop forpy < 200 MeV/cis seen
- —+— Efficiencyftrack (=2 UT layers)
+— Average UT layer efficiency o Achieved an average layer efficiency of about 95%
% ' 5 0
pT [ GeVic]

0 — (It ==t
Tacks with UT =4 Tackswithur<3 ® B 2D (K'm m)m™:

x10° x10° 3
T w1 HCb ommss | T [LHCD FE— o Evaluated using Run 3 data for long tracks
2 | #tracks with UT = 4 — Full fit 2 L#trackswith UT< 3 — Full fit
= | — B0 = — B0 . .
‘__N—_' 60— -----Cambir::mrial ‘._N‘_' 10 -----Cambir::torial O HLT SeleCtlonS applled
g | 4 : : s
§ | g [ o All particles required to be within UT acceptance and
g 40_ g i

i e T constrainon D™ mass

20| L
S/B - 0.44 i -/\S"M” = Requiring UT hits on all four decay tracks yields
5200~ 5250 5300 5350 5400 5200 5260 5300 5350 5400
M(D =) [MeV/cY] M(D =) [MeV/c?] ,.,3.5)( higher S/B.

UT Performance Paper (In preparation)
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Il Radiation Effects of the SALT ASIC I

e Radiation-induced effects in SALT registers are investigated

o SEU may modify calibration parameters (baseline DAC and pedestal)

o Potential impacts: biased charge, increased fake hit rate

e Previous SEU studies in beam tests :

Test beam @MGH Test beam @CIAE Test beam @CSNS
e SALT V3.5 tested e Further confirmed for e SALT V3.9 was tested e Testformemory SEUs
e First observation of SEU behaviors on SALT e Significantly reduced e Complementary study

SEU in Baseline DAC V3.5 SEU rate to other register SEUs

and Pedestal registers

---* O O O >

Aug 4, 2019 Dec 31, 2020 Oct 18, 2021

SALT V3.5 SALT V3.9

e Vulnerable to radiation in Baseline DAC and Pedestal registers j‘> e Improved radiation tolerance Mo s i

e 16 channels within same LV grid affected simultaneously e 16-channel grouping removed
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Il Radiation Effects of the SALT ASIC I

e Radiation-induced effects in SALT registers are investigated

o SEU may modify calibration parameters (baseline DAC and pedestal)

o Potential impacts: biased charge, increased fake hit rate

e Previous SEU studies in beam tests :

Testbe, ~— " —" Test beam @CIAE Test beam @CSNS
e SALTV 32007 7 ier confirmed for e SALT V3.9 was tested e Testfor memory SEUs
e Firstokd | 1 oehaviors on SALT e Significantly reduced e Complementary study
SEU in Em} . SEU rate to other register SEUs
and Pe i ]
100_— .
e
eee l)ui' —55" 4'0 56 'anq-;(‘:o' ' 'ulm'j ) ) @ >
Channel ID Dec 31, 2020 Oct 18, 2021

SMAT V3.5 SALT V3.9

e Vulnerable to radiation/in Baseline DAC and Pedestal registers j‘> e Improved radiation tolerance Mo s i

e | 16 channels within same LV grid affected simultaneously e 16-channel grouping removed
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Il Radiation Effects of the SALT ASIC I

e Radiation-induced effects in SALT registers are investigated

o SEU may modify calibration parameters (baseline DAC and pedestal)

o Potential impacts: biased charge, increased fake hit rate

e Previous SEU studies in beam tests :

Test beam @MGH Tesy’beam @CIAE Test beam @CSNS
e SALT V3.5 testen e Further confy ~ed for V3.9 was tested e Testformemory SEUs

e Firstobservationo SEU behavj ALT ificantly reduced e Complementary study
SEU in Baseline DAC s to other register SEUs
and Pedestal registers

A strong preference for 1—0 bit

cee s transitions is observed @) >
Aug 4,201° — Oct 18, 2021
SALT V3.5 1 V3.9
e Vulnerable to radiation in Baseline DAC and Pedesta, gisters e Improved radiation tolerance NIMA.2024.169556.
e 16 channels within same LV grid affected simultaneoUsly e 16-channel grouping removed
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Hl Radiation Effects of the SALT ASIC I

e Radiation-induced effects in SALT registers are investigated

o SEU may modify calibration parameters (baseline DAC and pedestal)

o Potential impacts: biased charge, increased fake hit rate

e SALT versions installed in the real UT system:

:SALTV3.9 [ :SALTV3.5

UTaX UTaU UTbV

e In-operation SEU studies provide a unique opportunity to validate the understanding

gained from beam tests
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Il Observed SEU Characteristics m

2025 2026
e SEU occurrences increase with accumulated £ 12000F T S
o X Pedestal (total: 3151) i -
. . = 10000 Baseline DAC (total: 16802) ! _'
luminosity 2 : ; :
‘ 2 8000 2025 i
o SEU data period: Jul-Oct 2025 and Mar-Jun 2026 2 ool |
= [ i
£ - i
e Strong preference for 1—0 bit transitions S 4000 [ i
o The initial configuration from calibration can 2000 - |
[ L L | L L L ) | L L | .
influence the SEU sensitivity % 2000 4000 6000 8000 10000
Integrated luminosity [pb~!]
Initial configuration 1 bit proportion
o SALT ?.5 I+|SA|LT|3.|9IBIasq1iIneI DAC r e SALTI3.I5I+ISAILTFI3;9 Pleflielsllal — .

8 ' ' ' ' ' N SRR ' ' ' ' ' U [P e e Baseline . Pedestal Pedestal

5 3000 3 @ : . Baseline DAC .

a -0 | T, w10 ] Year DACbit1 oo O bit 1 SEU
200 - 0>l . 0->1 fraction fraction Rate/mHz
2000 . ]

i ] 400 .
1500 Baseline DAC SEUs : Pedestal SEUs | .05 500 5 36 4.4% 0129
1000 — 200 ]
500 3 )
. . ] 2026 51.4% 2.01 22.1% 0.60
50 100 150 200 250 300 350 400 5 10 15 20 25 30 35 40
Bit flips per event Bit flips per event
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Il Observed SEU Characteristics M

e Group-of-16 channel effect observed for SALT V3.5 :03 %03
e The observed SEU distribution shows different Z‘"“’ SALT V3.5 %0'6 SALTV3.9
patterns among UT layers/quarters Zo1f : Zzz _

0.0 T Lo
0 16 32 48 64 80 96 112 128 0 16 32 48 64 80 96 112128
i - Number of changed registers per event Number of changed registers per event

T
! i SEU vulnerable time window

e Whenthe SALT sampling time falls

- within this vulnerable window, SEU

protection can be less effective, leading

to observable SEUs.

¥

Determined by time alighment
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Il Observed SEU Characteristics

e Different optical fiber lengths for UT quarters

o Each quarter has different optical fiber lengths

" - A-side Top C-side Top
oo 144 f UTbX — o
L~300m
trunk (144f) o .
1 s - 4 4. e - A-side Bottom C-side Bottom
IE ‘.
o i2r m‘o
patch cord (12) date 15 peneowqzl
P\a\N mqu\venrnv?w\v\f-#;y.ﬂa»@\téqc
%10° UTaU_2CB_M2: ASIC3: Raw ' ¥
120 : 1 l . | . UTaU_3CT_M2: ASICO 10°
! ' O spillover: (5.07 + 1.61) G 2 i 2.208/9
100 J. * '[ J' q % 14 ?’]u}Lpi[l; (0.76 £ i]J,_u!h'.: "\ L[_;‘_;[ : ::l'j?: . . '
“ ; 12 o s © Thesedelays areincluded in the time
10 .24 = (0.7071 |
coF | ; 8 100 alignment procedure, thus ASICs in
40 . L E : : ; : : : . . .
NENENENEEENE ‘E 5 Py : ; 50 different quarters require different
e HEHEHEEHE NN 2B : : : : :
] ] 1 ' 1 ' h - ' 1
' ' ' ' ' ' 0 i 1 H 4 i 0
0 TP LSRN EH W 75 -50 =25 0, 25 50 75 0 sampling phases
] -50 Sh'fteod sampleS(:ime (ns) I Shifted sample time (ns)
» 1
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Il Observed SEU Characteristics M

e Different quarters within the same layer show different

A-side Top | C-side Top

SEU distributions

o Different proper sampling time distribution for each quarter

o Overlaid with observed SEU cross section at each sampling point

AT (N = 209 ASICs) CT (N = 231 ASICs)
0.20 B AsIC fraction 0.20 B AsIC fraction
§ Al 5EUs (baseline + pedestal) [ 100 5 € Al SEUs (baseline + pedestal) [ 100 5
= =
2 0.16 g 2 0.1 3 —
tso YU go "y
— w = — .
2 B9 22
5 012 60 O S 012 6o OT
3 85 % ¢ 5
© = [ o
- } co - co
- 0.08 lag © in - 0.08 a0 G In
] Lo ] Lo
& = =
< g= « g~
0.04 20 3 0.04 20 3
G i 5
- S K3 o 3 K3 K3 -7 K3 K9 S & e o o & o &
0.00 0 0.00 -0 . tt . tt
10 15 20 25 0 5 10 15 20 25 A'SIde Bo om C_ d B m
Proper Sampling Time [ns] Proper Sampling Time [ns] SI e O o
AB (N = 201 ASICs) CB (N = 202 ASICs)
0.20 B AsIC fraction 0.20 W AsIC fraction
#  All SEUS (baseline + pedestal) [ 100 g All SEUs {baseline + pedestal) [ 100 g
G g
v 0.16 n 0.16
c % U c % U
— n = = T
- ] 2 — n 2
c ex £ 012 ol
= U NE = E NE
] S ] ] L5
I o ¢ o
ful cy = co
£ A “ 0.08 T 7
8] 5o U ]
n [ 0 il
< &= a &=
3 0.04 5
o . o
5] £
(&} g
0 0.00 -0
5 10 15 20 25 0 5 10 15 20 25
Proper Sampling Time [ns] Proper Sampling Time [ns]
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Il Observed SEU Characteristics M

e Different quarters within the same layer show different

A-side Top | C-side Top

SEU distributions

o Different proper sampling time distribution for each quarter

o Overlaid with SEU cross section at each sampling point

AT (N = 209 ASICs) CT (N = 231 ASICs)
0.20 B AsIC fraction 0.20 SIC fraction
@ Al 5EUs (baseline + pedestal) [ 100 _E & Al SEUs (baseline + pedestal) [ 100 E
B L
9 0.16 i " 0.16 i
: [ 8o E %) : 20 § %}
— w Y n
5 012 M g§~
g P E o5
g Zo  f £
< 0.08 Lo ©7 « 0.08 a0 T
g 59 Y £9
2 L T
0.0a 20 § 0.04 20 §
U ; U - S K3 o 3 K3 K3 ¥ K3 & e & s o o & of &
0-00 20 250 0-003 5 10 15 20 25 A 'd B tt C 'd B
Proper Sampling Time [ns] Proper Sampling Time [ns] -SI e o Om -SI e Ottom
AB (N = 201 ASICs) CB (N = 202 ASICs)
0.20 B AsIC fraction c 0.20 W AsIC fraction c
® Al SEUs (baseline + pedestal) [ 100 § All SEUs (baseline + pedestal) [ 100 5 . .
£ £ o The sampling region for AT overlaps
v 0.16 Y v 0.16 Y
= 0 2T J 0l
= - 22 . .
5 o 8T §00 6% with the SEU-vulnerable window,
2y 8 2y
o a0 2 F';, o oo £ F';, . .
5 2§ 72 which result in the enhancement of
20 3 0.04 3
& &
0 o SEU rate in AT
10 15 20 25 0 5 10 15 20 25

Proper Sampling Time [ns] Proper Sampling Time [ns]

INSTR2026 Hefei, China Speaker: Yuan Yuan



Il Observed SEU Characteristics M

e Different layers show different SEU distributions

UTaX UTaU

~~
-
~

o Different z-positions of the UT layers ~

-~

o Particles reach different layers at slightly different times

-~ o
~ -~
~

UTbV UTbX
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Il Observed SEU Characteristics M

UTaX UTaU UTbV UTbX

e Different layers show different SEU distributions | I
UTa

o Different z-positions of the UT layers

55 mm

o Particles reach different layers at slightly different times

UTb

UTaX (N = 194 ASICs) UTaU (N = 188 ASICs)

il ill
L -
UTaX- i l UTaU -

B ASIC fraction B ASIC fraction
0.20 § Al SEUs (baseline + pedestal)

& AllSEUs (baseline + pedestal) 5 &
80 80 =
i o g_ g
e ~ 0.16 ay - og
o )
w w
II c 60 o = 60§
o 5A o 5N
I i : i
= u = u
] 2 [ g
g a0 €9 I a0 £Q
£ 57 = o
U 0.08 50 U 5o
a =] ] =
Ey S < g
20 3 20 32
0.04 [ 2
] (V)

N

0.00 + o 0
o 5 10 15 20 25 5 10 15
Proper Sampling Time [ns] Proper Sampling Time [ns]
UTbV (N = 225 ASICs) UTbX (N = 231 ASICs)
W AsiC fraction W AsIC fraction
0.20 & Allseus (baseline + pedestal) 5 0.20 §  All SEUs (baseline + pedestal) 5
80 5 80 5
o v
“ g gz 2 g
~ 0.16 e ~ 0.16 0o
. T 60 8 = 60 &
] 5a S 58
S 0.12 £ = 012 £
— — 7] LG 5] LG
@ o © o
= 40 %7 = 0 57
— [ Q 0.08 Lo U 0.08 5o
- = - v
a gt ] )
< 3 < s
20 2 20 2
0.04 =] 0.04 =]
T T
e} ) S
0.00 + o 0.00 0
o 5 10 15 20 o 5 10 15 20 25
Proper Sampling Time [ns] Proper Sampling Time [ns]
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Il Observed SEU Characteristics M

UTaX UTaU UTbV UTbX

e Different layers show different SEU distributions | I
UTa

o Different z-positions of the UT layers

55 mm

o Particles reach different layers at slightly different times

ML i UTb

- IIIIII“ I I I UTaX (N = 194 ASICs) UTaU (N = 188 ASICs)
I I ) BN ASIC fraction B ASIC fraction
. e & Al SEUs (baseline + pedestal) 5 5
UTaX ] uTau
s n w
— 2 0 c @,
~ 0.16 ﬁ% - 0.16 z%
usn = 60 0 < = 60 & <
S 5 S G
= 0.12 o E = 0.12 e E
: 2’ # 2
[ 40 € s 40 £
- T - ] LA
o 0.08 fo U 0.08 £o
@ =T jg=)
< } 20 2 < 20 3
0.04 ° 0.04 8
o (V)
- I
0.00 0 0.00 - -0
0 15 20 25 0 5 15 20 25
Proper ing Time [ns] Prope pling Time [ns]
Shift on proper sampling time
UTbV (N = ASICs) UTbX (N 1 ASICs)
IC fracti C fra
0.20 (baseline + pedestal) 5 0.20 All SEUs (baseline + pedestal) 5
80 5 80 5
) Y w 7]
“ c hg < g
~ 0.16 "= ~ 0.16 ">
- 0¥ - oY
- c o< c 60 o
=] a o o
UTbV UTbX T 012 o E = 012 UE
- s g o v g o v
= =R = a0 £
- Je— U 0.08 £b U 0.08 50
2 2 g =t
S 20 3
0.04 E 0.04 i S
0.00 0.00 -0
0 5 10 15 20 0 5 10 15 20 25
Proper Sampling Time [ns] Proper Sampling Time [ns]
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Il Observed SEU Characteristics M

UTaX UTaU UTbV UTbX

e Different layers show different SEU distributions | I
UTa

o Different z-positions of the UT layers

55 mm

o Particles reach different layers at slightly different times

UTb

UTaU (N = 188 ASICs)

UTaX (N = 194 ASICs)

- I ASIC fraction - #
— ine + pedestal) 5 0.20 s (baseline + pedestal) 5
a 80 = 80 =
2 N ;
e - ¢
— " % — " %
susm { n w
'":‘ 60 8 E ; 60 8 -4_
o Tl =] G
= oE w012 o E
2 55 8 5o
- FCT a0 £3
i
o SEU vulnerablewindew 5
<« 2=« g~
20 3 20 3
o 0.04 2
o (V)
- b
£ ¢ ¥ 0 0.00 + -0
15 20 25 o w 25
per Sampling Time [ns] RiapesSampling Time [ns]
UTbV (N = 225 ASICs) UTbX (N = 231 ASICs)
W AsIC fraction W AsIC fraction
0.20 & Allseus (baseline + pedestal) 5 0.20 §  All SEUs (baseline + pedestal) 5
80 & 80 5
n o w u
- c 8z < i Es)
~ 0.16 w g ~ 0.16 05
N < 60 g 60 83
e ) o 5
T 0.12 £ T 0.12 £
— 7] LG 5] (]
@ o © o
. = 40 %7 = a0 ¢ 3
" U 0.08 £o U 0.08 £b
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20 2 20 2
0.04 ° 0.04 o
4 T
e} ) S
0.00 0 0.00 o
5 10 15 20 25 5 10 15 20 25
Proper Sampling Time [ns] Proper Sampling Time [ns]
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I Conclusion s |
I. |

e The Upstream Tracker has demonstrated excellent

performance during Run 3 operation

o Providing high-efficiency hit reconstruction

o Stable and reasonable low noise performance
e The Single-event upsets of the SALT front-end has been

studied using collision data

o The observed SEU signatures are consistent with previous beam test
results: 120 bit-flip preference, group-of-16 channel effect for SALT
V3.5, etc.

o We can optimize initial register and timing configurations to reduce

SEU rate
e EXxperiences from the current Upstream Tracker guide the

design for the future upgrade: Upstream Pixel
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I Components of the UT I

\¢
4 1719 mm ———P> UTbX ; I
X

UTbV
UTau e UT has maintained a total noise of ~0.9 ADC counts

UTaX

e 4 types of silicon micro-strip sensors

A

over Run 3 operation!

ol
3
3
1338 mm

LHCb unofficial

_

T 12 2024 i 2025 | 2026
111 ! N L : L
LHCb TDR 15 1528 mm - ; 1 % : %I
o 1.0 | i
- I i
2 oYy g BT RART DR H
< o8 | |
Sensor [] t*;é 0.7 i T T T i
A |l B | cCc | oD 0]
Pitch (um) 187.5 | 93.5 | 93.5 | 93.5 oo HINNINNINNINIS | | | | | | ||
“ “ “ “ ") “ “ \o] “ © © '+] © o '+]
Length (mm) ~100 | ~100 | ~50 | ~50 &wéoqw& '1,& Q’f’m "I;Gm j’m &@w&obf»& 6"1& ,\w& o)ff’q' Q’l& ,\’w& ,Lwc’q'oj’m&w& &w&@w&o‘,‘w& @w&
Strips/sensor | 512 | 1024 | 1024 | 1024 A e
SALTs/sensor 4 8 8 8 Date
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Hll Performance with Signal Decays I

e B > D (K'mm)m™:

x10° x10°

;‘; 8‘0_—|_HC|D —+- Data, mu=5.3 P;‘; _LHCb —+ Data, mu=5.3 .

g |fueceminiT= — Pl g [frecswinUTs3 — it o Evaluated using Run 3 data for long tracks

Sk — B D < f — B =D+

g 60— -+ Combinatorial = 10 - Combinatarial . .

g I S e o HLT selections applied

g r B

2 40 2 : : .

S | 8 | o All particles required to be within UT acceptance and

” _ constrain on D~ mass
S/B =0.44 i S/B =013
R e o U = Requiring UT hits on all four decay tracks yields
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Il Observed SEU Characteristics M

e SEU vulnerable window for each position of SALT 3.5 registers

Group
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e The observed distribution of SEU events across different group positions.

Number of Events with SEU in This Group

SALT 3.5: SEU Event Count vs Group Position + Vulnerable Window
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SEU vulnerable window (ns)

The overall trend is consistent

with the simulation.
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Il Observed SEU characterist

e Split by

magnet - ho si

gnificant difference observed
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Starou

T windaw. None = None

UTaU
MagUP “"ffjl'ji

UT SEU 20 map | nyer=UTY | magnet=UP | bascliog | chip| o | Ioa
35roup)= 43 SALT3 Slregiter)= Toal=430
C window: None -

UTbV
MagUp -

UTaU
MagDonw

Counts
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Il Observed SEU characteristics
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  2 ×  10 33 c  m  − 2  s  − 1


  ± 5 °


  𝜇 m →


  𝜇 m


  →


  GeV / c


   p T < 200   MeV / c


   𝑩 𝟎 →  𝑫 − (  𝑲 +  𝝅 −  𝝅 − )  𝝅 +


   D −


   𝑩 𝟎 →  𝑫 − (  𝑲 +  𝝅 −  𝝅 − )  𝝅 +


   D −


   𝑩 𝟎 → 𝑱 / 𝝍  (  𝝁 +  𝝁 − )  𝑲 𝑺 𝟎 (  𝝅 +  𝝅 − )


  N  ( D D ) / N ( L L )
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   𝑩 𝟎 →  𝑫 −  𝝅 +


   𝑩 𝟎 → 𝑱 / 𝝍  𝑲 𝑺 𝟎

