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Introduction



Observation of CPV in charm decays

PHYSICAL REVIEW LETTERS 122, 211803 (2019)

Observation of CP Violation in Charm Decays

R. Aaij ef al.”
(LHCb Collaboration)

M (Received 21 March 2019; revised manuscript received 2 May 2019; published 29 May 2019)

A search for charge-parity (CP) violation in D° — KK ' and D — 7~z decays is reported, using pp
collision data corresponding to an integrated luminosity of 5.9 fb~! collected at a center-of-mass energy
of 13 TeV with the LHCb detector. The flavor of the charm meson is inferred from the charge of the pion
in D*(2010)" — D’z" decays or from the charge of the muon in B — D’ ~7,X decays. The difference
between the CP asymmetries in D? — K-K* and D° — z~z* decays is measured to be AAqp =
[—18.2 + 3.2(stat) + 0.9(syst)] x 10~ for z-tagged and AA.p = [-9 4 8(stat) £ 5(syst)] x 10~ for u-
tagged DY mesons. Combining these with previous LHCb results leads to AAq-p = (—15.4 £2.9) x 1074,
where the uncertainty includes both statistical and systematic contributions. The measured value differs

from zero by more than 5 standard deviations. This is the first observation of CP violation in the decay of
charm hadrons.

DOI: 10.1103/PhysRevLett.122.211803

R. Aaij et al. [LHCDb], Phys. Rev. Lett. 122, no.21, 211803 (2019)
K. Abe et al. [Belle], Phys. Rev. Lett. 87, 091802 (2001)
B. Aubert et al. [BaBar], Phys. Rev. Lett. 87, 091801 (2001)
J. H. Christenson, J. W. Cronin, V. L. Fitch and R. Turlay, Phys. Rev. Lett. 13, 138-140 (1964)
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Observation of Z}*

|8 Selected for a Viewpoint in Physics o
PRL 119, 112001 (2017) PHYSICAL REVIEW LETTERS 15 SEPTEMBER 2017

S

Observation of the Doubly Charmed Baryon Z}*

R. Aaij et al.”

(LHCb Collaboration)
(Received 6 July 2017; revised manuscript received 2 August 2017; published 11 September 2017)

A highly significant structure is observed in the AJ K~z 2" mass spectrum, where the A} baryon is
reconstructed in the decay mode pK~z". The structure is consistent with originating from a weakly
decaying particle, identified as the doubly charmed baryon Z/.". The difference between the masses of the
E&F and A states is measured to be 1334.94 + 0.72(stat.) & 0.27(syst.) MeV/c?, and the Z;" mass is
then determined to be 3621.40 + 0.72(stat.) + 0.27(syst.) + 0.14(A}) MeV/c?, where the last uncer-
tainty is due to the limited knowledge of the A} mass. The state is observed in a sample of proton-proton

collision data collected by the LHCb experiment at a center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 1.7 fb~!, and confirmed in an additional sample of data collected at 8 TeV.

DOI: 10.1103/PhysRevLett.119.112001
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Observation of the doubly charmed baryon =,

LHCb Collaboration « Roel Aaij (CERN) et al. (Jul 5, 2017)
Published in: Phys.Rev.Lett. 119 (2017) 11, 112001 » e-Print: 1707.01621 [hep-ex]

pdf & links @ DOI [= cite FQ reference search 2) 497 citations
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Observation of Z}*

Weak decays of doubly heavy baryons: the 1/2 — 1/2 case

Wei Wang (Shanghai Jiao Tong U. and Shanghai Jiaotong U.), Fu-Sheng Yu (Lanzhou U.), Zhen-Xing
Zhao (Shanghai Jiaotong U. and Shanghai Jiao Tong U.) (Jul 10, 2017)

Published in: Eur.Phys.J.C 77 (2017) 11, 781 » e-Print: 1707.02834 [hep-ph]

pdf @ DOI [S cite [[Q reference search ) 134 citations

Discovery Potentials of Doubly Charmed Baryons

Fu-Sheng Yu (Lanzhou U. and Lanzhou, Inst. Modern Phys.), Hua-Yu Jiang (Lanzhou U.), Run-Hui
Li (Neimunggu U.), Cai-Dian Lu (Beijing, Inst. High Energy Phys. and Beljing, GUCAS), Wel Wang (Shanghali
Jiao Tong U. and Shanghai Jiaotong U.) et al. (Mar 27, 2017)

Published in: Chin.Phys.C 42 (2018) 5, 051001 « e-Print: 1703.09086 [hep-ph]

pdf & DOI [S cite [ reference search Z) 125 citations

-- Test the standard model

-- Search for the origin of CP violation and new physics
-- Understand the strong interactions



Light-front quark model—the diquark picture

diquark
O*or1*

H. W. Ke, X. Q. Liand Z. T. Wei, Phys. Rev. D 77, 014020 (2008)
H. W. Ke, X. H. Yuan, X. Q. Li, Z. T. Wei and Y. X. Zhang, Phys. Rev. D 86, 114005 (2012)

Some defects:
- Epc(bcq),
for c decay, bq -- diquark
for b decay, cq -- diquark
-- more parameters, such as mg;-- mp,q) and Mg, 4



Light-front quark model—the diquark picture

A Lorentz boost between p, and P Qe %(r})

B(P)

[Q24](p2)

[ = ==t (. ).
H. W. Ke, X. H. Yuan, X. Q. Li, Z. T. Wei and Y. X. Zhang, Phys. Rev. D 86, 114005 (2012)
r—- Vst (P, A2)
7 :
1 My +mqy +mgy |

75 (ﬁ{*(iﬂzg Az) — (p2; A2) .P):

= €
P2 - P —+ mgﬂafn

V3

Chun-Khiang Chua, Phys. Rev. D 99, 014023 (2019)



Light-front quark model — the three-quark picture

S. Tawfig, P. J. O’'Donnell, and J. G. Kérner, Phys. Rev. D 58, 054010 (1998)
H.-W. Ke, N. Hao, and X.-Q. Li, Eur. Phys. J. C 79, 540 (2019)

C.-Q. Geng, C.-W. Liu, and T.-H. Tsai, Phys.Lett.B 815, 136125 (2021)

=)

-- lack a proof of spin wavefunctions
-- shape parameters cannot be well determined
-- relationship between the diquark picture and the three-quark picture



Framework and some applications



The baryon state

IB(P, S, S.)) f{dS 1 HdpaH{d?ps}2(2m)%6% (P — pr — ﬁ2—ﬁ3)\/113—+

X Z \IJ pl p2>p3aAla)\27A3)0w |Q1(p11)\l)qg(pQ:)\Q)qg(pSJ)\3)>1

S | |

spin and momentum color flavor

AQ Agti(ps, A3) (P + Mo)(—v5)Cu” (pa, Aa)tw(p1, M )u(P, S ) (i, ki),

1
V3
20 ALi(ps, A3) (P + M) (7" — v")Ca” (p2, o) a(p1, M )y (P, S2)®(ws, ki),

(udQ)

1 1
Three different flavors (— & —) ®

2o Avi(ps, A3) (P+ Mo) (7" —v")Ca™ (pa, Ao)ai(p1, M) (—=vu 75 )u( Py S2) B (i, K1),
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Spin wavefunction

Take X, (udQ) as an example
where ud are considered as an axial-vector diquark

Step 1: In the rest frame of quark 2 and 3 — “diquark”

i P+ M i
" = ’U»(Psass)( O)Wi(mS)(—C)UT(pmSz)
2M
g y a5 Mophs + mosP* v (P) - pos )
V' (p23) = (P) — ,
mas Mo €23 1+ Ma3

D23 = p2 + ps3, m%:—; = p%i’w

\ ,}/jﬂ_(P):,}/,&_ﬁvlJ»’ UM:P“/MO. )

11 11

I ~ (555 8382|§§; 1=823>€*“(P233823)-
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Spin wavefunction

Step 2: Couple the “diquark” to quark 1
T = I’u . ’E',(pl, Sl)Fljgguu(P, Sz)

’75( - Mo+ my +mas 4
m

T — 2 P,).
h2sn V3 7 My(e23 + ma3) 2
11 11 1 1 1
T ~ ——:1 1: .
(22 8382|22 823>(2 81823|2 25>

Step 3: Tensor simplification

a(p?n )\3)(}7‘) + MO)’YSL_ (p23)(—0)’aT(p27 )\Q)ﬁ(pla Al)Fl,QBuu(pa Sz)

= @ps, A3) (P + Mo)(v* — v")Ca” (p2, A2)u(p1, A1 )(

V3

1 _
7#75)U(P7 Sz)

Same method can be applied to multi-quark states!
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Momentum wavefunction

. ky — k
Q(x1, 2,23, k11, ko1, k31) = V/$1$2$3ﬂ4b¢%kn’£ﬁ)¢% = 5 2 Bas)

o(k,B) =4 (12)3/4 exp (kikg)\ \

232
shape parameters

/ S drid?h) ; ; :
(H 2(27)3 )2(2) 5(1_Z$i)5 (Zku)@(%,kuﬂ =1

* T

1

€1€2€3
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To determine the shape parameters

Take Ay as an example
<0|JAQ|AQ(P7 Sz))

Step 1: Calculate it in LFQM

Step 2: Use the definition of
(0]Jag |[AQ(P, S.)) = A u(P, S2).

Step 3: Extract the pole residue
drod?kyy dzsd?ks, 1

P4 Adg = / 2(27)3  2(27)® \/TizaTs

® (24, ki1 )V6A

M can be « Tl Tefy* (p, + ma) (P + M) ™~ !-|e||red B
) includes
extracted! ~ TTW(PfL M)]. X  and Bys '
AAo = the above equation with v — ™"
Tl"[...] = TI“[C’)/5(}03 + mg)(ljb + Mg)(—’}/g))C(pQ + mg)T]
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Form factors

Ay = A, Form factors

Step 1: Calculate the matrix elements in LFQM
Step 2: Write the matrix elements in terms of form factors

<AC(P,7 S,Iz) ]E’y“b\Ab(P, Sz)>

u(P',S,) ’Y“fl(qg)HU””qM”fz(qQH%fs(qg) u(P, S,),

[ m
a(P',S)) |71 (q?) + io™ gy (¢®) + L g3(®) | y5u(P, S.),

A(P',S))|eyHysb|Ay (P, S,
(Ao, S1)[er"15b| Ay (P, S2) L ¢

Step 3: Extract the form factors
J1 ! /{d?’ﬁz}{d?’ﬁs}

~ PPt

d'*P
\/ P+PHplpit
< Te[(P + Mo)y™ (B + M) (P, + mi)v* (p, +ma)),

Tv[...] = Te[(P + Mo)(—5)C(p, + m2)TCrs(P + ME)(p, +ms)]

f2, g1, g2 can also be obtained in a similar way

X, > X, Zcc = A, Form factors
16



The relationship between the two pictures

ho(321) = a(p3, As) (P + Mo)(—5)Ca” (p2, A2)a@(pr, M )u(P, S.),

$1(321) = lps, As) (P + Mo) (v = v*)Cu” (pa, Az)a(py, m(%m@u(ﬁ, 5.)
= —p(231
Quark 3 and 2 form a d|quark{ ) wlw((;(?)l) )

1

normalization factor

A diquark bases { 4/ Mg (er +mi)(ez +m2)(es +m3)

orthogonal > wh321)11(321) =0
A1 X2 A3 -
[ (312 wE Y L 1 -2
T matirx (101(312)> (?#1( )) T(_zg _; )
T-1=T
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The relationship between the two pictures

1. Calculate the overlap factor of = (cbu) — Ay(dbu)

Py (beu) = —?Wﬂbuc) — %wl(buc),
o (udb) = %wo(ubd) _ §w1(ubd)

1 V3
= —§¢0(bud) — 7@1 (bud)

V3
- ¢

(tho(udb)|th1 (beu)) = —= (1o (bud)|tpo(buc)) + ?(wl(bUdﬂwl(buc)%

2. Calculate the overlap factor of =+ (ccu) — A.(dcu)

2 | V3 V3, V6 V6
NG Rl A et

W. Wang, F.-S. Yu, and Z.-X. Zhao, Eur. Phys. J. C77, 781 (2017)
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Possibly better definitions of interpolating currents

Hermite conjugate g ¢

Jnew —€abc [Ugc%(l + %)db]Qca

Jnew —€ube [ugC(’Y‘u )(1 + Zé)db] \/—’Y;ﬂ%Qc [fuﬂ = p‘u/\/—]

Traditional definitions

Irg =€abe[ua CY5dp) Qe
JZ}Q =€abc [Ug 07“ db]f)/;ua’)/f) Qc

Comments:

1. The factor 1/4/3
/ )\ZQ ~ 2)\AQ

2.letv - 0in J*V — J --infact, we cannot do that.
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Numerical results



Inputs and shape parameters

Inputs My, =mg = 0.25 GeV, m. =14 GeV, my =4.8 GeV.

Aa, = 0.030 +0.009, Ax, = 0.022 + 0.008,
As, = 0.062 +0.018, Ay, = 0.045 4 0.015,
A=, = 0.115 & 0.027.

Z.-G. Wang, Eur. Phys. J. C68, 479 (2010)
Z.-G. Wang, Phys. Lett. B 685, 59 (2010)
Z.-G. Wang, Eur. Phys. J. A 45, 267 (2010)

Ap = A, Bojug =0.63£0.05 GeV, B, = 0.27 £ 0.03 GeV,
5c,[ud] = 0.45 4+ 0.05 GeV;

Xp = X, Bp,{uay = 0.66 = 0.04 GeV, [yuqy = 0.28 £0.03 GeV,
Be,quay = 0.49 +0.04 GeV;
Eee = N, Bu,{ccy = 0.490 £0.040 GeV, Sy = 0.400 +0.025 GeV.

[)\1 Ry R )\QCDSR]
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Form factors and comparison

TABLE II: Our form factors are compared with other results in the literature. The asterisk on Ref. [Shil9a| indicates that, in
this literature, we made a mistake in the calculation of the axial-vector form factors, which led us to get the wrong symbol,

and here we have corrected it.

Ay — A, f1(0) f2(0) f3(0) g91(0) 92(0) g3(0)
This work 0.469 £ 0.029|—-0.105 = 0.011 0.461 = 0.027 | 0.006 £ 0.005
Three-quark picture [Kel9 0.488 —0.180 0.470 —0.048
Diquark picture [Zhaol§] 0.670 —0.132 0.656 —0.012
Diquark picture [Ke(7] 0.506 —0.099 0.501 —0.009
QCD sum rules [Zhao20] 0.431 —0.123 0.022 0.434 0.036 —0.160
Lattice QCD [Detmold15] 0.418 —0.099 —0.075 0.390 —0.004 —0.206
Xp = e f1(0) f2(0) f3(0) 91(0) g2(0) 93(0)
This work 0.490 = 0.018] 0.467 = 0.006 —0.163 = 0.005| 0.007 = 0.001
Three-quark picture [Kel9) 0.494 0.407 —0.156 —0.0529
Diquark picture [Kel2] 0.466 0.736 —0.130 —0.0898
Eee = Ae J1(0) f2(0) f3(0) g1(0) g2(0) g3(0)
This work 0.517 £ 0.071|—0.036 = 0.007 0.155 = 0.019 |—-0.072 = 0.012
Diquark picture [Wangl7] 0.790 —0.008 0.224 —0.050
QCD sum rules [Shil9a] * 0.63 —0.05 —0.81 0.24 —0.11 -0.84
Light-cone sum rules [Shil9b]| 0.81£0.01 | 0.32+0.01 |-0.90£0.07| 1.09+0.02 | —0.86+0.02 [0.76 £0.01
NRQM [Perez-Marcial89)] 0.36 0.14 0.08 0.20 0.01 —0.03
MBM [Perez-Marcial89| 0.45 0.01 —0.28 0.15 0.01 —0.70
Diquark picture Bulcq] | Bdlcq) | Bsicq)| Belcq) [Pblca) | Bulba] | Bdibg] | Bsiba) | Belba) | Bolbg]
0.470 10.470{0.535§0.753}j0.886]0.562(0.562(0.623|0.886| 1.472 29




Decay widths and comparison

TABLE III: Qur decay widths (in units of 107'* GeV) are compared with other results in the literature.

A,b —* Acf}_ l"_},g

Decay width

Eb — Zce_ l'-_‘r,g

Decay width

ECL‘ — ﬂcﬁ-l_l'/e

Decay width

This work
Three-quark picture [Kel9|
Diquark picture [Zhaol8]
Diquark picture [Ke07]
QCD sum rules [Zhao20)]
Lattice QCD [Detmold15]

2.54
2.78
3.96
3.39
2.96 £0.48
2.35£0.15

This work
Three-quark picture [Kel9]
Diquark picture [Ke07]

0.870
1.03
0.908

This work
Diquark picture [Wangl7]
QCD sum rules [Shil9a] *
Light-cone sum rules [Shil9b]

0.755
1.05
0.76 £ 0.37
3.95+£0.21
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Summary and outlook



Summary

* A three-quark picture in LFQM is built up using the quark
spinors and Dirac matrices

* The shape parameters are determined with the help of
pole residue

 The relationship between the diquark picture and the
three-quark picture is figured out

A small flaw?
@‘ : [)\1 A R )\QCDSR]
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Outlook

e Various applications

* Lorentz boost effect plays an important role in the model
building -- Multiquark states?

* Interpolating currents of baryons
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Thank you for your attention!



