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The Standard Model (SM)

Standard Model of Particle Physics > SU(Z) X U(l)
P t 12 > Fermion:
L o S ¥ Quark
s ' v'Lepton
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Success of SM

Standard Model Total Production Cross Section Measurements [Ldt
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Beyond SM

v’ Neutrino: Mass, Dirac or v' Hierarchy problem?

Majorana Fermion
v Dark Matter: 27%
v' Dark Energy

v Landau pole vs Triviality
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Beyond SM: Three Frontiers

. nergy Fr
Direct search: >, Ony,
< 8.

LHC Origin of Mass

MaﬂAsymer,An:l::ym 4 Dark Matter

Origin of Universe

Unification of Forces

New Physics

Beyond the Standard Mode/
indirect search: e A
D
g_z % Dark Energy 3
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Heavy quark % &
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Tau/charm factory S o
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Heavy quark:
v' Bottom
v' Charm

u 1JP) = 33H)

m, = 2.167:8:‘2‘2 MeV Charge = % e I,= +%
my/mg = 047103

d 1P) = 33h)

my = 4.671‘8:‘{? MeV Charge = —% & L= —%
mg/my = 17-22

m= (my+my)/2 = 3.45f8:?g MeV

s 1(JP) = 0(37)

mg = 93‘_“; MeV  Charge = —% e Strangeness = —1
ms / ((my + mg)/2) = 213507

c 1(JP) = 0(3™)

me =127 £0.02GeV  Charge=5e Charm = +1
m¢/mg = 11.72 & 0.25

mp/m. = 4.577 £ 0.008

mp—m. = 3.45 £ 0.05 GeV

b 1(JP)=0(31)

mp = 4.18f8:8§’ GeV  Charge = —% e Bottom = -1
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BIFYIELI

> 2010%

EHJ: Babar, Belle

> 1EfEiz4T: LHCb, BESIII, Belle-II
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Strong
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A # |

=RERZENEGREFE=1ES
Al—MMER

C12C13

. L —is
S12C13 S13¢”"

—S512C23 — (€192593513€ C12C23 — 512593513€ 593C13
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Vud
Vcd

Vs
Ves
Vis

Vub
Vcb
Vib

)

First row:

10~* accuracy  |Vyq|* + |Vis|“+ |Vyup|* = 0.9985 + 0.0006

Vud
Vus

Vub

= 0.97370 = 0.00014
= 0.2245 = 0.0008
= 0.00382 + 0.00024

Second row:

10~2% accuracy

Vcd
Ves
Vcb

Veql? + |Ves|?+ |Vep|? = 1.025 + 0.022

= 0.221 £+ 0.004
= 0.987 £ 0.011
= 0.0410 £ 0.0014
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0.221 £ 0.004
0.987 + 0.011 D6
0.0410 £ 0.0014 4, fog, "

l+

determinations ot |V.s| can be obtained using the PDG values for the mass and litetime ot the L,
the masses of the leptons, and fp, = (249.9 £ 0.5) MeV [14]. The average of these determinations
gives |V s| = 0.992 £ 0.012, where the error is dominated by the experimental uncertainty. In
semileptonic D decays, lattice QCD calculations of the D — K/v form factor are available [14].
Using fPX(0) = 0.765 & 0.031 and the average [24] of CLEO-c [28], Belle [29], BABAR [48], and
recent BESIII [26,49] measurements of D — K/v decays, one obtains |V s| = 0.939 £+ 0.038, where
the dominant uncertainty is from the theoretical calculation of the form factor. Averaging the
determinations from leptonic and semileptonic decays, we find

|V.s| = 0.987 £ 0.011. (12.10)
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(0) G% 0 o mj ’ 2
roOw—w)= Ly ’m,Mp(l——) Varao|” - (72.1)
8m P M) e

Here Mp is the P mass, my is the £ mass, Vg, 4, is the Cabibbo-Kobayashi-Maskawa (CKM) matrix
element between the quarks ¢1¢2 in P, and G is the Fermi coupling constant. The decay constant
fp is proportional to the matrix element of the axial current between the one- P-meson state and
the vacuum:

(0lq1YuY592| P(p)) = ipufP, (72.2)
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2 2

— == m —m )
(K™ (pa)|ay,b| Bs(pB)) = FY* 5 () | Pu - %qu + FP~K (g?)

_Gry VA
V2 g

2 9
Gp,, mp, — Mgk

Vu
\/ib

Hy EE (gD Hy=—

and obtain the differential decay rate for FS — K*¢py as a function of ¢ and 6,

d’T'(Bs —» K0~ i) 1
dg?d cos 6; ~ 512m3md;

where §; = 1 -}, m; =m;/+/q? and X = X\(m}_, ¢*,m%) is the Killen function
Ma,b,c) = a4+ b? + ¢® — 2(ab + be + ca) . (3.3)

Here, 6; is defined as the polar angle of the lepton momentum relative to the moving
direction of the Bg-meson in the ¢ rest frame. Integrating over the polar angle, the
differential partial width in ¢? is given by

dl'(Bs —» K0~ ;) 1
dg?  12873mY;

4 ) 2,
VAPHE §|Ho|2+2mzzllrﬂﬂtl2+ynzIHol2 - (34)

One can also explore the g?-dependent ratio

R/ (g?) = dT'(Bs - K*171,;)/dg* (3.5)
o dl'(Bs — K"'u‘ﬁu)/dqz’ ’

and its integrated form:

i F(Es — K+7'_17-,-)

R — ; 3.6
K " I(Bs - Ktu—,) (8:6)

With the form factors defined in eq. (2.2), we evaluate the By — K matrix elements as

(3.1)

\/X4q2ﬂl2[sin2 6| Ho|? + m?|Hy + Hycos 6;]%], (3.2)
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Matter-Antimatter Asymmetry
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= T —

CP

C: q;@ }'D:’i _ fi q;@ )'Dn’i /;Ei';g% electron positron

Current universe

positive charge negative charge
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Heavy Quark Physics: CPTIA

|A ’615161¢1 + ’A |6252 ’L¢2
— |A1’€Z516—Z¢1 _|_ ‘A2|62526—i¢27 A — |A1|6i516i¢1 (1 i Teiéeiqb)

r= |A2|/|A1|7 ¢:¢2_¢17 5:52—51
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Heavy Quark Physics: CPTIA

AP — A A= |A]e” e (1+re?e)
9CP T AR+ AP
AP+ redeid|2 — | A, 2|1 + rete—id|?
|A1|2|1 + re®ei?|? + | Ay |21 + rePdei|?
2r cos(0 + ¢) — 2r cos(0 — @)

B 2(1 4+ 72+ 1rcos(d + ¢) +rcos(d — ¢))
27 sin 0 sin ¢

T 1+ 72+ 2rcosd cos é

70, if #0 and ¢#0

EI:}E[I]EE I\'I%I_fﬂ_lﬁ €12€13 512€13 s13e”" \|

*BSSTRAR —512C23 — C12503513€"0  ClaCo3 — 512503513¢"  S23C13

.__;JfEEECPEBEﬂ: S12823 — C12023813€"0  —C12823 — S12C23813€"0  Ca3Ciy )UJ—
7 1 \T 7 1o %
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Vtb Vtd*
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Vu d Vu S Vu b 0 ;_ Y z“’% Am, & Amg ]

Vcd Vcs Vcb
Via Vis Vi
1.0 — Y €&
p5li by | | | R,
-1.0 0.5 0.0 0.5 1.0 1.5 2.0

T — LV = 5., * * *
rvi=1- Zk: VlkV]k 5l] ﬁ Vuqud + Vcchd + thth —
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(p-n)

X

VibVia + VepVeq + Ve Vi

d —

(0,0)

(1,0)

PDG2021
a = (84.
B =(22.2
y = (72.

+5.1)
9%33)
+ 0.7)

+4.1\
1245

a+f+y= (17917

sin(2) = 0.699 +0.017

\

b
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_T%}B
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Indirect Search and Heavy Quark Physics

Test of lepton universality with B — K*%¢* ¢~ decays
LHCb Collaboration « R. Aaij (CERN) et al. (May 16, 2017)
Published in: JHEP 08 (2017) 055 « e-Print: 1705.05802 [hep-ex]

pdf 2 links (@ DOl [ cite H datasets

Angular analysis of the B® — K *0,u+ p~ decay using 3 fb~! of integrated
luminosity

LHCb Collaboration « Roel Aaij (CERN) et al. (Dec 14, 2015)

Published in: JHEP 02 (2016) 104 « e-Print: 1512.04442 [hep-ex]

pdf @ links & DOl [= cite B datasets %) 717 citations

Measurement of the Differential Branching Fraction and Forward-Backword
Asymmetry for B — K®)¢t¢-

Belle Collaboration « J.-T. Wei (Taiwan, Natl. Taiwan U.) et al. (Apr, 2009)

Published in: Phys.Rev.Lett. 103 (2009) 171801 « e-Print: 0904.0770 [hep-ex]

pdf 2 DOI = cite %) 521 citations

/

%) 828 citations

Lepton Flavor Universality

Angular Analysis and Pe

Forward-backward Asymmetry
/IN\T=TSITU







§2.2.1 HEFFRMEIF, EXBH

MATHERRSS B 3EASHI VY Sk T HAE FR Ik B 2 FF 1 G AE A 200 3 T (O BF 98 7 0. ER
B, A TPRARR AR e o [ 3% o RS (BT ) SRSB4 80w BT HE, (RIS S5 1
¥ R, 76 B WM, W TREMES, Al WE | Z° RIS, WHXEEE [ hES
AP AR, HHXERGG R O(mw,z) EEAT B A FHREER O(my) . AT
{3 LA L RBMEER, RIVERMEXERY, A—8H86 B A TREMARS Al B aEN
SE AR AEA SO AR IR B 7375,

Kl 2.3 REFTEL R ¢ - sud WWEIRRZE. ZERXY «
M,

SEHEHIR”, AEMNY

SEHE TR R ) 5
_ g " —i0u
Apir = 8- m’)’u(l — 1)V e C* o X,[z U 2\/5%(1 —Y5)Vua - d

G . my

- \/IL:V‘,IVCSI‘;2 (sc)v A(ud)y_4

L 1+'°—2+ (3c)y—_a(tid)

= 2\/5 ud Vg M2, sc)y-_a(ud)v_a

= —iCEL () _a(ad) +O( ), (2.44)

\/E ud Vg V-A V-A W 5

o Gp = 1.16637 x 107°GeV =2 R#KMMENH,  (5c)v-a = 57(1 — %)e,Gr/V2 =
9*/(8M3,) . 3t D, B 7362, i Filiad W skt FHemayshit it mw BMRE, B k2/m?, <
1. Batesiskly, O(k/miy) WARHTIT L2222 h, SXRE, NIRRT LI 50Tk 7T LA

G % e _ ,
TI;VudVCS(SC)V—A(Ud)V—A + A (2.45)

7 2 o 7 o 0 SR 30 R ST, A R 0(;’%:;) FEARHY. 7ERAUEH, HORE
R L EHE SRR, S A S 2
LA FHATAT LARIE, P L B W STAT Y e BT LU O — RV @ A 2 1, e —
TR TR A/ AT LA RS R 8 — Wilson REOERLE. WATRMSIAF, AR AIRA 7%
WS ADRETRRFRREN. DA LR SR R AT i 2 A4 B AR,

Heps = 1A =
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LT R IR R 45 R, R e QCD BIEREw, ARARTLME Hepp BUE N

G
Hesy = TSV’““@ [C1(14)O1 + Ca(1) 0], (2.46)
02 == (Eaca)v_A(ﬂﬂdﬂ)V_A, (247)
O1 = (8acs)v-a(tpda)v-a (2.48)

LA

(1) BT @S siss Oz LSk, A —HIEAF O B, —# RAMEMIREBR, HEH
LR — R, IS TR A0 B AR 59 I () ) BB -3 el (WLIAT -2.4) , B SU(3). %
HE TR T35 P R A AE S

1 1

C

W2 AT Z A2 g “aiRa”, S O B, XA mRGE—0E
AV I, 80 AR I, EER: XEBERIRE Buras h4E (8] kEX O(tB 3
&) #1 O , TEHEIH SR RE R,

m%?_SJT@ﬁ



§2.2.2 HERERIIAHMIELHECE: Wilson £¥

TEA/NY, BTl Sk [8] w4 iy — A Bk iy ) 7
SEIEPRF A IR ICAS, i S i Wilson R¥K.
BA B, AR W STOR TR LR 4R,

MRAERTE A THSY, FATHIE, Bl VRO SR ER Ik B K- F 0L

G
Apur = Aepy = \/ngVud [Ci(1) < O1 > +Cs(p) < Oz >].
“PCRC” L FRATLASY AT =40 R e

00
TR

Bl 2.4 FESSHEFLL PR - FIAEIRIE QCD EIER AR &K (ab,c) .

HOXE R 9 R A (dyef) .

¢ — sud WAL, SRR LT
S 3 TH S 45 (9 S BT AR T A 3 728 1 o B

$—4 HREEAFTHEERE A .
S -2.4 P —470 (a,b,c) MIEHFEIZ (EEEHAT R HiE—FRTE, MRS HHY
%2570 ) ity QCD w9 & F i+ 37, 193807 O(a) Wi seisiRig Apu (m? = 0,p% < 0)(8]
Gr
-Afull =
(25 V2 ©
—3— In — mW S]}

2
el 1 1+2a£5 LT &+u331m 4
4m \ € —p? N 4n ~— —p?

551
el (2.51)

He S12 =< 012 >pree= O12 , EWEM RS O12 .

I SRext % i i kAL,
\I’SJO) = \/Z\Ilqi

M2 Apun FEXFHRBOBHBICOH R, IF
Gr
7

—3— In

(2.52)

3 a

'2
V:;Vud{[1+2CF— In :| S2+ﬁ4_ In Sz
i 5,1,
R, A T TR 2958 M
1. {#ifi] Feynman #iti (€ = 1) , BUMERZ T (m?

A =

(2.53)

TEA 8 =0), p* <0;

2. ¥H «large logarithmic approximation ». B ZBEALEIEHT o 9, HARHE as - log 7.
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=% HEPREEATITHIRE Acss .

KA R BRI ERGERL, W -2.4 R 47 S @R e X QCD ¥ 2 & FidbTit 5L,
BERA R - R O MR < 0; >O f1 < 0, >O | s QCD BEME
Wigt Sio , I HZBSSMERE E REREIE, FTLIBE)

s (1 “ vl o
<0, >0 = [1+2CFZ—' (-+1n"—)] CARARL <—+1n“_) S,
v/ € €

—p? N, 4n —p?
as (1 u?
-32 (- +In5) S, (2.54)
4 \ € —p
2 2
20 L % (1  #\lg 31l , F)g
<0y > [1+2Cp47r <E+ln_p2)] SZ+NC47T €+ln_p2 So
s (1 A
H (— +In “—Z) Si,. (2.55)
AT \ € —p

1 (2.54-2.55) Ry —mipy&uon (1/e 90) FRETTRLGEM iRk L, HY (2.51) R
i) Apar R, (2.54-2.55) b M=y RIS, B HKT 4 50 i B At R .
AT HBRX R, RINFTEIAFTFHEEL:
00 = z,0;, i,j=(1,2). (2.56)

B, XEMEREE Z B— 2 X 2 (MK XEE, REE%LER Green E3 < 012 >©
AR REE Green ¥ < O12 > ZAIMERE

<0;>9=222,<0;> . (2.57)

XBE, RAA Z;? Rk (2.54-2.55) KB —mieg R BON (1/€ 0), Fl Zi; HEHH0 A i K HOT.

W4, 1€ MS W&ETF, #
. N -
B p 8,2 [ A (2.58)
4r e\ -3 3/N

Hit, HERBCHRICH

2 3 2
<01> = (1+2CFZ—;1n_’“‘—p2>SI+NZ—; 1“_#—,,2 S$1-35 1n_’“‘—p232, (2.59)
2 2 2
Qg 7 3 s 7 Q 7
<0y> = (1+2Cp—In— | S+ -— In— S, —3—= In—.5;. (2.60
2 (+ F47rn—p2) 2+N47r n—p2 2 T4n n—p2 - (260)
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#=4%. &g "mathching”, it Wilson %% Ci(u) . i AT
KRB < O; > RERHA (2.50) K, 31 (2.53) K Hke, il Wilson £3 C1 o

L. RS RBUBIFG Ak, TSR T (Wilson R¥ Ci(n)) SRBFm GIagipks <

7 2
Ci(p) = —33 In ’Z—;V Calp) =1+ %Z—ﬂ 1n%. (2.61) Os(u) >) HEFF%, HE “HT4L> (factorization) . HWHKE, HTMLA M FHEALH
miy\ miy 4
AU, ZE B RER TSI SEORISIRT O1 71 Oy 2 FRSIRA. W TR RS (O, 0y) (1 +aGl _72> = (1 +oG 7) ' (1 + oG ln —72> (&)
HRBABER, RATEX—AFER Oy ot —p? < p? € mYy . MM, fE IR A EBIRKT 2 MR IR, —BAK
0, = 02 ﬂ2: 01, Ci=Cyt 0y, (2.62) e > 1GeV WIKE, Mk ii &EEEM, Wilson R¥w M b RESUL {71,
- - % Y AEREREAR “T S . . - o § 210 Gk
N L i r——y 2. Wilson %3 Cx(p) 25 XAEFRENE “TIHAE” KW [u, mw] ;s FREER [—p?, p] BITTHRIB
AEIVEMTE < Ox(p) >) . THILAH 1 BT EE TLA it
oY) = z,0,, (2.63)
o
- a, 1 NF1
EFHIFAER (04, 0-) F, RIBREXH:
@
A=A +A = 7gu;vud [Cy (1) < Oy (4) > +C_ (1) < O_(u) >], (2.65)
o
Culw) = 1+ (2 73) 2™ (2.66)
+\H - N + ar ”2 ) .
_ By B o
<O0+(p)> = (1 + 20F47r In —p2) S+ + (N ¥ 3) A In 7 St. (2.67)
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§2.2.3 HHFERRT: FHEBWME

BT L Ao O VAL, I R A R O R R L R, 0 (e R PR At R A
By, R T REMLEE QCD MBFEFREUIE, MEITKTH=hEE b - sV = s¢¢
(¢ € {u,d,s}) , HAEREHEW Hesr[8] TTUEH

10

Gr [+ _— . .
Heps = 7%{;01‘(#) ViV, O} (u)+VcchsO;(#)l—Wb%ZCj(u)Oj(#)

=3

—Vis Vi3 [Cry (1) 074 (1) + Cig (1) Osg (1)1} - (2.69)
BRI O AL R !
1. HF -(2.5a) FAEM% - KAF
O = (Saug)v-a(upba)v-a, Of = (Su)v_a(@b)y_a,
O = (54c8)v-a(Csba)v-a, Of= (5¢)v_a(cb)y-a, (2.70)
H o, 8 & SU(3). taishs.
2. & -2.5b 40y QCD R 5FF
O3 = (3b)v-a) (@@)v-4, Os=(Sabs)v-a ) (dsda)v-a; (2.71)
7 7

Os = (3b)v-a Z(@‘I)v-ym O6 = (5abg)v_a Z(%%)V+A, (2.72)
q q

He g € {u,d,s,c,b} . FAFRIRLIS R EH T E -2.5b py L4, FAUGHR W BT

LS, Wik V — ARG, SA0E MR E T/ -2.5b i T, KT

METTREA, 24V ER#G, TUMEN V —A MV + A Bigs, Bmbi Os — Os

.

3. MM -2.5¢c P4 QED &R5FF

3 3
O; = 5(5b)V—A Z eq(qq)v+a, Os= E(gabB)V—A Z eq(@sga)v+a, (2.73)
q

q

3 n 3 2
Oy = Q(Sb)V—AZI:eq(QQ)V—Aa Oy = i(sabﬁ)V—Ageq(Qﬂ%)V—m (2.74)

H eq RETT q W7 (g € {u,d, s,c,b}) . FFMNTERS 5 QCD FAFHIFE. RAFHE %
AR E T -2.5¢ T, eV B 97 MG, ZqBaRV -AMV + AR

EHRARRE, ST V — ARV + A . //%Va\xji%:{jSJTWJ

VX ELARAIA b — s BOTIIAF O MRER, 3 b— d BRITE, EREBRH s Sl d BP].




4. (i 2.5d 7z i AR 9 € T AR ST

07, = ;ﬁm,ﬁu 0" R by, (2.75)
Ogy = ogmiba " R T3b5Gs, (2.76)
FYNH A SRR SRR A T3 3045 (8]
1. i 2.5e Py AS =2, AB = 2 MEHAF
O(AS =2) = (5d)y_a(5d)y_a, O(AB =2) = (bd)y_a(bd)y_a, (2.77)
2. B 2.5f FeA R TR
Ogv = (3b)v—_a(fip)v, Owa = (bs)v—a(iip)a,
Ous = (8b)v_a(wv)v_a, Op, = (8b)v_a(ipt)v-a, (2.78)

b c b c b s
w
w B w u,ct u,ct
g
c s c s q q
(a) (b)
b s
w uc,t
u,ct u,ct W W
Y.L vz
q q q q
(c) (d

d w bs b W s
t t
uct uy,t
w
bs d 1 1
© ®
P 2.5 H54F O MIX LA 9 S P, JLepE -(d) 49 « x » SRRTURAGEA, TR E
5 my, BUEH#TI,
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C. Gattringer, C. Lang
QCD on the Lattice

v T. DeGrand and C. DeTar ,Lattice methods for Quantum Chromodynamics

v H.J. Rothe, Lattice gauge theories: An Introduction
v' J. Smit Introduction to quantum fields on a lattice: A robust mate
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Lattice QCD

» The force that binds quarks to form protons and neutrons is described by QCD

0.35 pepErermrr

e — .
T decay (N3LO) i n

low Q2 cont. (N3LO) e .

DIS jets (NLO) = ]

Heavy Quarkonia (NLO)
e'e” jets/shapes (NNLO+res) F* ]
pp/pp (jets NLO) He—+ -

EW precision fit (N SLOYe— 7]

pp (top, NNLO) v -

Nonperturbative: }
0.3
not well known |

0.25

—

Strength of interaction reflected by & o2}

S Perturbative:
the strong coupling constant «; o ? well known
« ~ 200 MeV: perturbative theory failed; . ?
* Nonperturbative methods: :égMzz)zo_mgio,omo
005 i - : sl vl L L1l

Lattice QCD, ChPT, QCDSR ......

(e

10 100 1000
Q [GeV]



Lattice QCD

X

&=/ |MEFRRE/RIE
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to
) L(q,q,t)dt = 0.

ty

A e e
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503X g F
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Lattice QCD

» Numerical simulation in discretized 4D Euclidean space-time;

» Lattice QCD: action

Satt — _ Z 72 Re try(Ug,uw) Zq Dlat%t +amg)q \
O - /

Wilson gauge action  Lattice fermion action

> Correlation functions:

J[PU)T1, [Pag] [Pg,] =520 (U, 4, 9)
J[DUITL, [Pgq] D) e~ 55"
B [[DU]eSsiue [1, det (D2, + amg) O(U)

_Slatt

[[DUJe™"sine T]_ det (Ditty, + amy)

(OU,q,9) =




Lattice QCD

43

> Monte Carlo:

* The integration is performed for all link variables: n3x n, X Negjor X Ngpin

* Importance sampling:

e~Ssive (U) [ det (D% (U)y, + amy)
q

e Therefore

Neont
Z %, (U<k>)
k=1

1
Nconf

(O, q,7)) =

» Have achieved great successes in calculating hadron

masses, decay constants, o, form factors and so on.

coordinate color spin
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Lattice QCD

> BREFEINNFR—IEREL AHET ;

> AR EVSETRRERD |, SLUiEHE
B{EARYERIL ;

f FIFMRRTEN, BEEnEE
S

>§#§'ﬁi§%§£ ( Monte Carlo ) - > B, WHHIt R

- - N7 SRR
 XIRTE ] EeRIA EZER1E U BIFR YD,

\“‘%e:\oé\\ 2
\ A Y _\_ 10 A Y
OO EREZ]108~10104E!

- ERRH  ATDRAAN-> 5, SN
R B R R B TS
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Lattice QCD: new configurations

24x72

32x96

48x144

48x96

48x96

0.108fm

0.08fm

0.055fm

0.108fm

0.108fm

280-290MeV

280-300MeV

280MeV

200MeV

140MeV

2000+

1000+

producing

producing

prepare

Liuming Liu, Peng Sun, We1 Sun, Yibo Yang
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T e e e e e e e
NN I N[N I [ Y N [ N I [N N A N I N .

weak current{/* = sy*(1 — y5)c
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221 T

tseq = 14

1.7 -

[ — 1o /2

-AE. - =AE, (1., —
)|

Ry(v<y*, v*
R, = virsr'sr) _
L

(1 +d1e_AE‘t’“1) (1 +dze_AEZl“q)
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« = . contains more versatile decay modes

- Z. = E contain different QCD dynamics with A, = A;

[1]

iso-singlet diquark iso-doublet

- A different pattern between inclusive and exclusive decays of A and D:

BN} — Xety,) = (3.95£0.34 £0.09) % BD° - Xetv,) = (6.49£0.11)%
BN - Ae*y,) =(3.63+038+0200% B(D° - K-etv,) = (3.542 +0.035) %
'~ 1 ~2

e —

M. Ablikim et al. [BESIII], PRL121, 251801 (2018)
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-Studies of doubly-charmed baryon E' decay

R. Aaij et al. [LHCb], PRL121, 162002 (2018)

-Precision measurement of the lifetime of Eg

R. Aaij et al. [LHCb], PRL113, 032001 (2014)

-Discovery of new exotic hadron candidates Q.

R. Aaij et al. [LHCb], PRL118, 182001 (2017)

u > > U
=+ . . =+
“~ece {C . . cq\_'.l)

C > > 8

u
W+\C Pk
8 > - 8 } —
<l &
Q{ ", —.
8 > > S\ =+
C > > C




.B. Li I. [Belle],
Belle (20— E-e*y,) = (1.72 £0.10 £ 0.12 + 0.50) % O e Lt

# (20— Eu*y,) = (171£0.17 £0.13 £ 0.50) %
J. Zhu on behalf of the

=0 _t pe ALICE collaboration, PoS
ALICE B (_.C - Z"e Ve) =(243 025035 E072)'% ICHEP2020 (2021) 524,

v/ Theoretical

QcD SR R (59 o~ E—e+l/e) e (3154 +1.D% Z. X. Zhao, arXiv:2103.09436 [hep-ph].
LF QM B (Eg — E'e+1/e) =(3.49£0.95) % c.Q.Geng et al, arXiv:2012.04147 [hep-ph].
LCSR R (B > E-e*y,) = 2410 % Y. L. Liu et al, J. Phys. G 37, 115010 (2010).

Lattice 7

*
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/6 — ;—g L3 X T a Csw K] My Ks mns
s108 6.20 24° x 72 0.108 1.161 -0.2770 290 0.1330 640
s080 6.41 32° x 96 0.080 1.141 -0.2295 300 0.1318 650

Zhang, Hua, et.al., 2103.07064, Chinese Physics C
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£, Decays on the Lattice

-Extrapolate to the continuum 2.0 -
limit (shaded regions); 1.8
1.6
s080
- Z-expansion parametrization to 1.4 s108

obtain the g>-distribution: -02 00 02 04 06 08 10

7 (qz) _ 1 Fit results for the z-expansion parameters
1 — g2 / (m‘fole)2 Co C1 C2
; fi 1.51+£0.09 -1.88+1.21 1.714+0.49
i‘“ (cf M d'{az) [Z (qz)r fo 0.6440.09 -1.83+1.22 0.56+0.51
e f+ 0.7740.07 -4.09£1.18 0.35+0.49
g 0.56+0.07 -0.35£1.26 0.1540.29
- Use D, meson pole mass for m’? , ... go 0.630.07 -1.37+1.36 0.1520.29

g+ 0.56+0.08 0.00%=1.38 0.14+0.29

- Consider the discretization effects by

estimating the d,’: terms.

/\”(\J%Z%ﬂ@



£, Decays on the Lattice

-The differential decay widths of 20 — =~

0.00 -

/\”(\J%Z%JT@



£, Decays on the Lattice

-Predicted decay branching fractions:

\

-Compare with PDG, experiment and theory:

» Statistical errors

» Systematic errors from
continuum extrapolation

« Systematic errors from
renormalization

> (2.38 +0.44) %

PDG B (E)->Ee'y,)=(18+12)% v

Belle % (&
ALICE % (22— Eety,) =(243+025+035+072)%
QCDSR B (E) > Ee*y,)=B4£1.7%
LFQM % (E) > E e'y,) = (349 +£0.95) %
LCSR % (E' > Ee*,) =2499%

2 —» B e*y,) = (1.72£0.10£0.12+£ 0500 % v/

v

Fitted well with all

v

data (within 1-0) !
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£, Decays on the Lattice

=From Belle measurements: Y. B. Li et al. [Belle], arXiv:2103.06496 [hep-ex].

B (20 > E-e*y,) = (1.72 £ 0.10 + 0.12 +(0.50)

From the uncertainty of 20 — 27"

% (20— &'y, ) = (171017 £ 0.13£0.50) f

= (0.834 £ (0.051 + (0.056 + (0.127)

[Ves| ( Jsat % Joyst. £ 012 )exp Theoretical uncertainties:

Theo. error ~ 8.9% Exp. error ~ 15.2%
» total ~ 8.9%
-From ALICE measurements: -, pos ICHEP2020 (2021) 524. = statistical ~ 6.1%
R (B2 > E-ety,) = (243 +£0.25+0.35 ﬂo.m} B
extrapolation ~ 6.5%
| Vel = 0.983 % (0.060),,, % (0.065),, £ (0.167)cy, * systematic from
' S, renormalization ~ 1.5%
-Compare with PDG result: Experimental uncertainties:

|V..| =0.987 £0.011 * Belle ~ 15.2%

* ALICE ~ 17.0%

/\”(\J%Z%JT@
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Charmed Baryon Decays on the Lattice:

* More precise:

- Continuum limit: one more lattice spacing;
-Physical pion mass: 290MeV/300MeV — 140MeV;

-A finer grid to obtain a better resolution of g>-dependence;

* More general:

-Generalized analysis of semileptonic weak decays of singly charmed
baryons (A}, Z2F, Q0);

c?'™c

-Doubly charmed baryon decays;

/\T\J%Z%ﬂd— b
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