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Outline

LHCD detector and its upgrade plan

* Charm physics @ LHCb

* Prospects on charm mixing and CP violation
* Prospects on rare charm decays

e Conclusion



LHCDb experiment before 2019
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* Forward spectrometer dedicated for flavor physics studies
* Excellent primary and secondary vertex measurements;
* Very good PID performance on K/mt/p
* Excellent momentum resolution

*  Wonderful performance with the LHCb detector:
 Runl: 3 fb! pp data at 7 and 8 TeV
* Run2: 6 fb-! data at 13 TeV, effectively 4-6 times more than Runl



The retired detector
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The LHCb upgrade plans

L~4X1032cm2s™1 L~2X10%3cm2s1 L~2X10%4cm2s"
Data ~ 9 fb-’ Data ~ 50 fb™" Data ~ 300 fb""
~1 interaction/Xing ~5 interactions/Xing ~50 interactions/Xing
>
ielle II starts Zi fb-! EL-LHC
S o A Q “© o A S
LTSI TS TS

1

1

Phase | Potential phase Ib Phase I
upgrade in preparation for upgrade
installation phase | installation



Data acquisition situation in Upgrade 1

1-2 fb-! per year

~1 interaction per Xing

Hardware + software trigger
LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Etr/Pr sighatures

450 kHz 400 kHz 150 kHz

oooooooooooooooooooooooooooooooooooo

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

L > b

9-10 fb"! per year
~5 interaction per Xing

Software only trigger
LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

-Software High Level Trigger

xclusive kinematic/geometric selection

L

Buffer events to disk, perform online

[ Full event reconstruction, inclusive and J
e s

detector calibration and alignment

L

q N
Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers

\. J

> > b

2-5 GB/s to storage




A new LHCDb detector from 2021

Reduce PMT gain
+ New electronics

New
electronics

New optics, new
photon detectors

Side View EC HCAL "
M3
M2

RICH2

Magnet Sci
Tracke

trigger-less
readout system |/

ok o afu s
y; ’

LA

' e

I

//’; i

0

/
--------

New silicon
pixel detector
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Remove

N_eW silicon New scintillating
strip detector fiber detector SPD/PS & M1




A next LHCDb detector from 2030

I~2X10%cm=2s1 New ECAL R e
Data ~ 300 fb"’ Technok)gy ? HCA More MUON filter +

/4‘?@ replace MWPC
New Vertex Magnet Station

Detector Side View
(4D?)
agnet SciFi RICH2
Tracker

Vertex) Ayl 4
Locator /|| "

Improve granularity

Better radiation hardness

Keep triggeriess O = Better coverage for low
readout ! J momentum tracking
Add @.center Ad Use timing to distinguish
Mighty Tracker TORCH ? vertices (high—pileup)




Charm phySiCS @ LHCDb CERN-LHCC-2018-027

e Charm physics 1s a core part of the LHCb upgrade physics program

Table 10.1: Summary of prospects for future mgasreente o soles S s bl - dleIlos ] Phase-11 ATLAS and CMS. The projected
LHCD sensitivities take no account of potential ensitivities are taken from Ref. [608].

OI)S('I'VHI)IP Cl \\'\(—" :'||:zn|::n|q . Upg’ra(l(' II ATLAS & CNIS
EW Penguins v 27 August 2018

R+ (1 < ¢* < 6GeV3ch) 0.008

Ry, Rk, Rx for an .02, 0.02, 0.05

CKM tests LHCDb Upgrade |l

~v, with B - DY K 1°

v, all modes 0.35°

sin 243, with B® - J/yK? 0.003

b5, with BY — J/y¢ 4 mrad 22 mrad [610]
¢s, with BY - D} D, 1 9 mrad

¢%%, with B — ¢¢ 1 11 mrad Under study [611]
”:] 33 3x10°1

|Vis| /| Ves| 1%

BY, B sutu~

B(B® - u*tu~)/B(B? - utu~) 10% 21% [612]
TBY—utp- 2%

Spp 0.2

b — cf 7, LUV studies

R(D") 0.( 0.002

R(J/¥) 0.02

Charm

AAcp(KK — nr) R.5 3.0x10°°

Ar (= zsing) .8 Opportunities in flavour physics, and 1.0 x 10-5

rsing from DY - Ktn~ 13 beyond, in the HL-LHC era 8.0x 1075

x sin ¢ from multibody decays ) 8.0 x 1076




Charm (D/D*) production

LHCD (50 fb!) ~200 x 1012 <0.1%
Bellell ~0.1 x 1012 few %
CEPC ~0.26 x 1012 few%
BESIII ~0.25 x 108 > 10%

Super tau-charm ~25x 108 >10%

* LHCb: decays into charged final states; charmed baryons; time-dependent measurements

« Belle II (CEPC): decays into final states containing neutrals, i.e. ¥, 91", K9, neutrinos;
absolute branching fraction measurements

e BES III (super tau-charm): Quantum-coherent production; absolute branching fraction

measurements
See W. Yan and H. Li’s talk for more details



Charm sources (@ LHCDb

Direct prompt production: large background; not possible for flavor tagging

D** - DOx*: large yield, high purity, o (t)~ 0.17

B - D°u~X:1/6 of D** tagged, lower purity, o(t)~ 0.37
B - D**(D°mt)u~X: 1/40 of D** tagged, highest purity, o(t)~ 0.3t

K-
K_
K+
,
e K*
* 4+ -

D -
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We can get more

* Low detection efficiency for soft pion
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Upstream track

1T s
Long track

T track

-

Magnet Statlon

low-momentum tracker

T1 T2 T3

4500

: LHCb dlpole magnet.

4000}

3500

* By adding a new detector inside magnet give

2500

Count

~40% increase in yields
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Turbo technique

* Storage limits bandwidth; by storing selective part of an event increase number

of signals stored; Key for charm physics
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Charm physics overview @ LHCb

* Charm mixing and CP violation

* Complementary to K and B system C A 1
* Direct CP violation in charm found recently o, d, s, by Ad, s, b 7"
* Indirect CP violation not yet U — €A ‘ c
|44
* Rare charm decays
* Unique access to up-type FCNC with down-type W
quarks in loops d,s,b

c—p > u} N
* Very rare in SM, though long-distance dynamics DOJ %< d(™

can enhance; still room for new physics searches " < Z }W—

* Charm hadron spectrum and properties

* Charm baryons



Charm mixing notation

* Neutral charm meson mixes with its anti-particle
D12) = p|D°) + q|D°%) (CPT: p*+q°=1)

* Mass and decay width different for the two eigenstates
M, — M; _ I —TIp

X=2 , = ——
I'h+15 I'h+1I>

* CP violation in mixing

@@ *| @@

e CP violation in mixing and decay

5@ @ Q| @1 @@ #=ars(L) #0

e Direct CP violation | Aflz | Aflz

D°—>-.<fl2¢‘ 504>-‘<J_°’2 Ag;)cay = |Af|2 _:_ |Af|2

2
#

2or B‘il




Year of direct Charm CP violation

ys. Rev. Lett. 122 (2019) 211803

1964 2001
1956 Strange particles: Beauty particles:
Parity violation _ CP violation in K CP violation in B?
T.D. Lee, N B meson decays _ meson decays
C.N.Yangand @2%; J. W. Cronin, S BaBar and Belle
C.S.Wu et al. V. L. Fitch et al. ¥/ collaborations

4

'

2019

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

See L. Sun’s talk for more details A. Carbone, CERN seminar, March 19, 2019

A4, =(-15.4+2.9)x 107

1963 1973

Cabibbo Mixing The CKM matrix [P

N. Cabibbo M. Kobayashi and f§
T. Maskawa /

CP violation in charm observed at 5.30




Why luminosity matters

Phys. Rev. Lett. 122 (2019) 211803

n-tagged (6 fb) - LHCb-PAPER-2019-006 9fb"Vs = 7.13 TeVpp -
u-tagged (6 fb) - LHCb-PAPER-2019-006 385.8 fb™' Y(45) ] BaBar [Phys. Rev. Lett. 100, 061803(2008)]
n-tagged (3 fb) - Phys. Rev. Lett. 116 (2016)

. 9.7 fb~1 /s = 1.96 TeV pp o CDF [Phys.Rev.Lett. 109 111801 (2012)]
u-tagged (3 fb) H JHEP 07 041(2014)
p-tagged (1fb) BN N Phys. Lett. B723 33 (2013) 976 fb7 b Y(4S5) —_— Belle Preliminary [arXiv:1212.1975]

n-tagged (0.62 fb) —_ Phys. Rev. Lett. 108 (2012) T
i -1 0 1
sl s e e laa oo by aagll
AAgp [%]

-1 =05 0 05 1
A Acy [%]
Statistics is the name of the game

To probe a value of 10-4, you need 102 events



PrOSPECtS (units Of 10-3) CERN-PUB-LHCC-2018-027

BELLE2-PUB-PH-2018-001

-1 -1 1
Current best LHCb U1 (50 fb-') LHCb U2 (300 fb-1) Belle 1l (50 ab-1)

(stat. + sys) (2029) (=2037) (2027)
(stat. only) (stat. only) (stat. + sys.)

AAcp LHCb 9 fbo-) 0.29 0.07 0.03 (0.6)
Acp(D® = K+ K-) | LHCb@fb1) 1.8 0.17 0.07 0.3
Acp(D® = m+ 1) | LHCb (3fb-1) 1.8 0.17 0.07 0.5
Acp(DO =00 | Belle(1ab) 6.5 - - 0.9

Acp(D0 — K+ 1) | LHCb (5fb-1) 9.1 0.9 0.35 (4.0)
Acp(D0 — Ks Ks) | Belle (1ab-') 15 7 2.8 2
Acp(D0 — Ks K*)| LHCb 9fb-1) 4.0 3.7 1.5 (?)

Acp(D* =+ i+ m0) | Belle(1ab') 12.6 _ _ 17
Acp(D* — ¢ 11*) | LHCb (4.8 fbo-) 0.49 0.15 0.06 0.4
Acp(D+ — Ks K*) | LHCb (6.8 fb-') 0.76 0.29 0.12 0.4
Acp(D+s — Ks 1i#)| LHCb (6.8 fb-) 1.8 0.78 0.32 2.9

(

D+ —»n’m) | LHCo3fb-) 8.9 0.9 (0.35) 1.4




Indirect CP violation

Phys. Rev. D 97 (2018) 031101

One of the golden channels: D —» K= 51b,2011-2016

Right sign: D** - D°(» K™ nH)n* Wrong sign: D** - D%(-» K*n™)n™*
6 3
Q AO ._%240;‘1,‘)........' —]
> osp LHCb |« Dat 1 > 200 LHCb . Data :
= - (a) ¢ — Fit 1 s 2000 (b — Fit E
— 20k | Background | —~ 1805— ------ Background
O - 1 < 160
= ® ;d.-‘) -
& 15[ ~177M 1 g mof
g | + g 1200 5
:-g ol b _g IOOE— E
2 S 80p E
< i 1 S 60p =
© sp 1 © 401 -
. ] 205 =
ol . 0: Lo A
2005 2010 2015 2020 2005 2010 2015 2020
M(D°m+) [MeV/c?] M(D°n*) [MeV/c?]



Methodology

Phys. Rev. D 97 (2018) 031101

T 7T+y
Ry, (t) = RE™ + \/RE™ o). (Tt) + i 1

™ ([t)?,
Direct CP yiolation X' kw = X COS gy + V Sin Ok,

! —_ .
= vVyCoSOp. — XSind
RK7T+ RKn_ Y kn y Kt Kt

Kt _
Rp™™ + Rp Link to x, y through 6, (measured by BESIII)

e (Can also access to CP violation in mixing and decays

+2 +
q / / . 1+ q|— r - ! .
(x )2 = |_| (x Kr COS ¢ £ Yy, Sin ¢)2 YKkn — |;| (y K COS ¢ + Xy Sin ¢)




RES“ltS Phys. Rev. D 97 (2018) 031101

* The results give constrain on mixing parameters:

—7 77T T

b LHCb (a) CPV allowed | (b) No direct CPV } (c) No CPV ]

TF T T ;

—_ : ‘:‘~~~ (- :

s 9 1 S i ';

= . ] ]

= 1 1 N

4f --D° 68.3% CL } --D"683%CL }--os5mcL uln

| —D°68.3% CL } —D°68.3%CL I —683%CL RO

P BRI I RERI ST R T S S T N N N PR SRR PR
01 0 0.1 -0.1 0 0.1 0.1 0 0.1

xv2 [10—3]

* And also CP violating parameters:

Ap = (—=0.14+9.1) x 1073 1.00 < |g/p| < 1.35




Prospects

* Prospects for D — K : Uncertainties depend on central values
Sample (£) Yield (x10°)  o(a’2) oY) o(Ap) oa(lg/pl) (o)
Run 1-2 (9fb™1) 1.8 1.5x 107> 29x10~*% 0.51%  0.12 10°
Run 1-3 (23fb™1) 10 6.4x107¢ 1.2x107* 0.22%  0.05 4°
Run 1-4 (50fb—1) 25 39x107% 76x107° 0.14%  0.03 3°
Run 1-5 (300fb™1) 170 1.5x 1075 29x 107> 0.05%  0.01 1°

* Similar analysis also for D - Knnm;

* Variation of strong phase over phase space allows direct measurement of x’, y’ and thus

provide higher sensitivity to CP violating variables ¢, | % |

Sample (£) Yield (x10°)  0(2rnn)  0Wicnnn)  o(la/pl)  o(¢)
Run 1-2 (9fh 1) 0.22 23x 1077 23x107%  0.020 1.2°
Run 1-3 (23th™ 1) 1.29 09%x 1074 09x107%* 0008 0.5°
Run 1-4 (50 th™1) 3.36 0.6 x 1074 0.6 x 1074 0.005 0.3°
Run 1-5 (300 fh 1) 22.5 02x 1074 02x107% 0002 0.1°

e Similar sensitivities also from D — K,



An overall picture

* Summary of potential precision on CP-violating parameters

T | | | T | T T '

¢ 02 HFLLAV World Average 2017 _
| [ LHCb 300/fb
0.1

O B |
—0.1~ ]
_0 2 contours hold 68%, 95% CL o

| L I ! | | ! !

I
1.1
q/p|

: |
0.85 0.9 0.95 1 1.05



Fingerprint of charm decays

10" 4 Mixing and CPV
10!
» I cabibbo Favoured J

d

10~

107? | Cabibbo Suppresse

10~

10)_ -+ Radiative D'— ¢y, py - < -

1()‘_’ ' ] D'>ataV(—I1'T)

10~ ; Vector-Meson Dominance D+—>7I+V(—>l+l')A —>pV(—>l+l')
C

1078 D>y

10" "’ D'—atr 1t 0 "
10" | Flavour Changin z I

T 9INg p a1 A —pl'T ) )
10-'' .4 Neutral Current

102k
10~ 4=
10 =

10~

Lepton Number Violating D*—ap'u* D'Krnptp*
¥ Lepton Flavour Violating D *—a‘e'n D'—e'p- D'>K-nte y




+ + .-
AC — pﬂ l’l’ Phys. Rev. D 97 (2018) 091101

Run 1, 3 fb’!

Rare charmed baryon decays with FCNC process

—————————————— « [ ong distance contributions (¢, p, w) dominated;

T 60 —
% o F LHCH (—>ptp )” :
= YF first observation of decays to p/w final states
o r
— 40
SO + +,,- _ =
5 Wk BAL = plp i ]pw) = (94+£3.24+1.0£2.0) x 10
g 0¢
o C . . .
5 0 » Upper limits on non-resonant (short-distance)
< C
O 10 | _ _
N YR BA} = pptp™) < 9.6 x 107° at 95% CL
700 800 900 1000 1100
m(utu) [MeV/c?]
e e ——Resonances + NP
* Prospects for future sensitivities ----Perturbative SM + NP
10~4 5 107 5
1 A = pptpm ~——Resonances 1 A = putpm CYP = —0.6, CNP = 0.6
10-5 4 ----Perturbative SM 105 -
L 1070 /\ L1070+
) ] @ ]
) ] ) ]
: 10_7—5 ;\]_‘ 10_7—§
S ] LHCl 3fh 1 = ] &%
2 1054 o 310—8;/ i
) E THCb 2315 1] 9 17 LHCD 231h T\
< i LHCb 3 =1] < 1 LHCb 300 fb—1].
IO_Q?K 10—9_E D .
1010 : T T T T T T T 1010 : T T T T T T T
0.00 0.25 050 0.75 1.00 125 150 1.75 0.00 025 050 075 1.00 125 150 1.75
7> [GeV? ¢* [GeV? Phys. Rev. D 97 (2018) 034511



More clever way...

Phys. Lett. B 724(2013) 203

o — Run 1, 1 fb'!
S 60 (a) “r - -
2 | LHch + 200 { : * Run 1 analysis with 2011 data on
S 40;_ + o ST D* - wtu*u~ decays shows no
2 anl 0 oo
g 20p + -H_]L | J 10001100 significant contribution from short-
-'.é 0%### ; +J[J[ +++ M h +T~LL l%m“ﬂh—m distance contribution
S o™ HTI % ]
500 1000 500 . BDT—atutuT) <7.3(8.3) x 1078
P puT) (8-3) :
* Short-distance contribution from SM far below LHCb limits; @ 90(95)%
e Angular distributions like Agg or Acp may help to distinguish short- and long- distance
- contributions
10-5 L0 /\ PP

1A

K
//:>

5
N
Acp(D*>1'u'r) [GeV 2]
! o
o

dB(D*>ntutu)/dg? [GeV~2]
=)
Acp(D*=rtptur) [GeV2)

=)
d

1.00 1.02 1.04 1.06 1.08
q? [GeV?)

5
0.0 0.5 1.0 1.5 20 25 30




An example: D® - tm(

* Asymmetries sensitive to short-distance
through short- and long- distance interference
* Observables null for SM, but few% for some

NP models

* angular asymmetries

* forward backward asymmetry
Ao I'(cos @, > 0) —I'(cost, < 0)
7 T(cos 0, > 0)+I(cos, <0)

* triple product asymmetry

~ I'(sin2¢ > 0) — I'(sin2¢ < 0)
7 T(sin2¢ > 0) + [(sin 26 < 0)

 CP asymmetry
D(D° — hth=ptp~) — (D — hth=utpu~)
T(DO — h+h—ptp=) +T(D° — h+h—ptu-)

CP —

+K Yutu
K K )” #Lett. 121 (2018) 091801

<lg> (DO 7Tt Tt )

Phys.

Run 1+2, 5 fb’!

0.02F"

0.01f

0.00

-0.01}

A

S

Phys. R¢v. D 98 (2018) 035041

0.0

0.5

1.0 1.5 2.0 25
¢ [GeV?]




Results

Phys. Rev. Lett. 121 (2018) 091801

S Samaman : q, 60— ] Run 1+2, 5 fb’!
= 300EHCb D 37 = FLHCb ~+ Data ]
Z F 1 7 s0F ]
= 250F — Fit - 2 C — Fit
12 . DD°%:1*:ryﬁu’ ] l: 40:_ |:|D°%K*K’u+/t‘ —: g DO - 7T+7T—l_,l + l.,l— . 1 . 1 k
a200 :_ .Doﬁnr*zrir*;r _: & .DOﬁK+K-”+;r’ ]
4] :_ """ Comb. backg. _: v 30 - Comb. backg. _: - —-
8 150 18 Ty =1 e DO K+K U"’U - 110
o r o C ]
5 100 1 5 20 ]
2 2} |
O 50 (3 10t L/ N
-------------- f“ L f P O - ) | L + ]
1850 1900 1850 1900
m(tautu) [MeV/c?] m(K*'K u*u) [MeV/c?]

* All asymmetries consistent with zero (null as predicted by SM)

* More interesting results with 300 fb-!

E 06_ T I I ] ;@.l 06_ T T T T T T =] E.s 06_ T T T T T ] T L T ]
0.2f 1 0ok ] 02k + .
L v L B ] el
02 a : + — —0.23— “
—04F D'— mrautu _ DO—or e —0.4F D'~ mmptu ]
-0.6 AL S i N . ] _ : P S B IR ]
500 1000 M V1/5020 00 500 1000 1500 067500 1000 1500

m(u*u) [MeV/c?] m(u*u) [MeV/e2] m(u*u~) [MeV/c?]



Conclusion

* The LHCb experiment, dedicated for b- and c-quark physics, has a rich
upgrade program (on charm)

* The tremendous charm samples collected by the LHCb experiment will help
ping down precisions on many key physics variables and probe for new
physics

 Stay tuned for more charming results in the future
LHCb luminosity prospects
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Thank you for your attention



