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Abstract

HEAVY HADRON WEAK DECAYS WITH
NON-PERTURBATIVE APPROACHES

ABSTRACT

In particle physics, weak decays of heavy hadrons provide an ideal platform for precisely
testing the Standard Model, understanding the CP asymmetries and searching for new physics.
The semileptonic W-emission decay of heavy hadrons can be used to extract the CKM
matrix elements: V,, Vi, Ves, Veq, while the flavor-changing-neutral-current induced decays
of bottom hadrons are valuable to constrain the new physics. By exploring the decay branching
ratios, final state angular distribution, forward-backward asymmetry and spin polarization on
both experimental and theoretical side, one can quantify the consistency between experimental
results and the standard model predictions, which gives important constraints on new physics
effects.

Theoretically, the main difficulty in the study of heavy meson decays is to reliably
calculate the hadron transition matrix element. At the hadronic scale, the coupling constant
of strong interactions is large which prohibits the use of perturbative expansions in . In
some processes factorization scheme might be adopted to separate the short-distance and long-
distance degrees of freedom, but until now only a few of decay processes have been proved
to be factorizable. In addition, such proof is only conducted at the leading power expansion
in 1/Q) with ) being the hard-scattering energy. In practice, there are a few non-perturbative
approaches to handle weak decays of heavy flavored hadrons. These include light-cone QCD
sum rules, chiral perturbation theory, flavor SU(3) symmetry analysis, light-front quark model

as well as lattice QCD.

In this thesis, we will systematically explore scalar, vector and tensor form factors of
two light mesons within the chiral perturbation theory (xPT). We first calculate these form
factors at the one-loop accuracy within yPT and extend the applicable region up to 1 GeV
using the unitarized approach. With these form factors at hand, we study several multi-body
decays of heavy mesons including the D — n7lv, Dy — ntn ¢vand By — ntn (10~ /bw.
All these decays contain contribution of an mediate S-wave two-light-meson resonant. We

calculate the hadronic transition matrix elements using light-cone QCD sum rules, while the
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final interaction among the two mesons is described by scalar form factors. We derive a
general angular distribution which can be used to extract branching ratios, forward—-backward
asymmetry and other physical observables. By comparing the scalar form factors derived from
unitarized chiral perturbation theory with those fitted by By, — J/¢n "7~ data, we find that
the 7w mass distribution from these two approaches are consistent with each other. Predictions
on differential decay widths are consistent with the current experimental measurements and
could be examined more precisely at BES-III, LHCb and Super-B factory in the future.

Another part of this thesis is devoted to study weak decays of doubly heavy baryons.
We use the flavor SU(3) symmetry to simplify the independent decay amplitudes and adopt
the light-cone QCD sum rules to calculate the individual form factors. Through the SU(3)
analysis, we derive a number of relations between the decay widths for various channels. In
the light-cone sum rules calculation, we concentrate on the doubly-heavy baryons decays into
Ay baryons. We compute the baryon transition form factors, and find that the f; and ¢,
are at the same order of magnitude. Our predictions of decay widths and branching ratios
are consistent with those given in the literatures, and are waiting for examination at future
experiments.

Without any doubt, heavy flavor physics will still play an important role in particle
physics in the next few decades. We expect in the future the experimental facilities at the
LHC, BEPC and Super-B will perform more analyses of weak decays of heavy hadrons. On
the theoretical side, it is demanded to simultaneously improve the precision of calculation

and develop new effective tools.

KEY WORDS: Heavy hadron, Weak decays, Non-perturbative QCD, Sum
rules, Chiral perturbation theory, Flavor SU(3) symmetry
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Figure 1-1 The left graph shows all the elementary particle described by the Standard Model. Which
contains three generates of quarks and leptons, gauge bosons as well as Higgs. The right graph shows the

interaction vertexes between the elementary particles and how the forces are mediated by gauge bosons.
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Figure 1-2 Q*-dependence of the proton structure function F for various fixed Bjorken variable x (left).

Asymptotic freedom of QCD infered from the energy dependence of the strong coupling!® (right).
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Figure 1-3 FCNC process B — K* @, where b quark decays into 5 quark by a W+ boson loop.

AR T v IR R R H AR BRI o BERANE — A2, ATAE AT REAAAERE A 2
R CP B RHEH I (NP) 20N o EEIR 51 - 55 52 AR i FE M FR A 1 — R ERAR Y
T BE PR AR R A S HB Y~ 5

0 b Y o b KR B A AR, 30 8 BN RIS s 125 o R AR B R 3,
MIFEEH R EAIRS B E RS N TEE TR RS R (ISR T 155 5%
A, b S n] LUEE R EI R R R ¢ SrE u 555, (HE, WEEHmRiESA
3 (FCNC) 12 /2 4% Glashow-Iliopoulos—Maiani(GIM) #LHIZE# AT, Fi 0 &S558
LHEBEEDE d S5l s S, MXF R Hgeiit B E A4, e e EidiE.
& 1-3 JE R SR A i — AN SR ) FCNC 32 : B® — K*¢, Hrfi b 57—
AW B i R TR N 5 B 5w 1X— Rl I FRAG R B R KL 1 2 R AR FR )
Fif-, XFE FCNC [T FE I AR IR /N o N SRAFAE BT IR 7, AT REEUAR
W B a7 LA R 7B IR AR T A, AT 25 W 2 4e FCNC i #4352 Th YR
/o B FRATTAT LAR FH RS 3 1 1) FCNC S R 5 3 50 14 i AU S R I H 4
R AT o I BRI AN SEEE B R A ARASRLF I AT B SONFRME . AR B B TS
PIEE ST BRI &, FRATAT DARE B S 3 28 SRR ERC R Tl 5 A B AR A,
MRYEIX — 1 B 25 HOS BT BRAE AU B I BR A o IGAh, BEWRSRT-HYP il [ 55 = AR i 2
T A] A S Rs i) 5 CKM 5 FETT, Fell Vies Vea, XX TFAS I AR ERA UL K 3R AR CP
W IRERA FE T R o

SRTACHYRERRAE 1 GeV ), JIRIRIR T TURAE 2 — 5 GeV /ity, B TEREEAL T
W Z g, FrLAN 7 R R B GRRE T, A TR B R E
TR 45 A TS BB R AR R RE A 0G5l o

G ‘
Hepr =75 2 Ve CilW)Oin). (1-1)

3



LA RFHEF AR

Hrb Gp ZIOREEL, Vi MR CKM JiFETT, Wilson R4 C;(u) 65 1 A
AREH T my 2 LIRS ISR O(p) NSRBI IRRE AR, fiid
TV B ERIEL R . S LT CEAINE B S SR T A, BT QCD
FIEZS IO . BT ORI T2 E A R S R T 45 (28 P12 QCD HIGAE
ARBARAITT S LB QCD 45 75 FEA P sRAR AT AT LAMAR A L FRAR H AL o
A QCD i BRIARLAIEAT R BG4 TERRATH M Ao I, St
R MMTR R T VP2 LM EIE 7 A A T TR S8 7 S 28 R e P (A 38 7355
BOREE (0 F A SO TR P A B T E R L. A b,
LB EN T A TARSR P ER, T L, PRk
THRS R ABI ST HR . A QCD Sl Gt b b 35 18 58 BRI AR e e o
AT AR G IR A — RO R T R R QCDE . R
SOARE T 9 B T2 AR P P AR ATIRRE K ph BE o AR o3 AR RO PT LIGROAR EH 5 A
I 11 P B 2 U R A A0 ) SR P — 60 19 5 TS S0 A R . 52
iR PR AL RO RS A BRI B IR B — 1o SRR T

LA A1 R B
G(¢") = ¢(z) ® H(w,n), (1-2)

Hrpn FORREOETIDCHET MR Bh . « 308 B iy RS isin . 9 @
PRtz (G, ¢(x) )2 B A THOCHE AT RE . H (2, n) U

SamIE] H FN IR BAIE W A AR R B D R RGIE T 5 2 — 4
TRKRIRESR IR, X JRITFRONH IR T (Power Expansion), EEIRHELH R IT
ZHOVES TR REIE 1/meo. BB BT REIEWIF: R IFAL B 1A -F4E
IERE LA XS T B i B SR IR

R 75t QCD, FHERMIBELAT S AR 2 A A R AL . 45 QCD 3R
FIRL FAEGHLIE S TRl SUG) XFRIED AT JeRTS 7B L A% 5L QCD 45, QCD
SRATHLI 732 ST SVZ SRFTRLIN LA R i ok & e B e HE QCD >RATALN (LCSR), 7
AHGEEE TR ARBURITR/ N B Sk AR AR 0 B TPk . ENTIX )
FET QCD SRATRLNIR 1 588k OPE I H E 28 BERZ R/ E N ARI A . TiEHER
AR 2 AE ST _E X S4TSR ki B0 T, I ELRIGHE A oA A
PR o SCHESNTHLIN R T B RV ER A — ROU A T B RETSH /NSO R E T Y 5
TEROEATN, 25 H AR AR 5T+ LCSR & A A A/ e ARG IS /2 QCD
MRREA RIS, ERTHEMEZAIA B HEZE AR, Wi mthit, Tk
BN EEACA IRE T SR AL . SR 2 LAsR1o0 H i B EIE 1
EHYZ QCD HIMIRRES /12247 INIMNIX— M EERA, FAEGHLIE 2 — M A4k

4



$—% 4

WAL Wil SUG) XFRIE AT —Fh 0 SRR MER AT 51 55 AR ) F-BL. R
sveeEs M BANE A E R HERNTAT LR u, d, s S5 SUB) BB Fr
AR B R T A A AR BRI R F S

ARV SCHY B H AR B3R =R ARG T 50 S B R G T RS AR R . AR 5R
—E, ATRE B =R IR R A AR T SRR, AR
EHIRIE SUR) XMFRIED T 56 =W KRG FALGHTR TR TR R, KR
FGKERIZARA 7o AR IE T, FAPRAT I LA E IR 7 R 35 5 2 BRI 1E S-idt
PRAAER PRI Tk : SR CHERATRLN TSR0 R AR FEIT, FFRAAESE =152
HIS AR AR A AR A RURREA EAE A o SRR I RIE SUQ) XS PR
e IR B = AR AN 2 AR A R, 22 )5 FOGHESRATAUN RO R ) fe =
BEFIICARE 7, FFEZENZE SVZ KA AE FEIEAR A 1R, SRSt
FMOTEERHIRIEE R, BRJETHeMER AN -






B ERME AT

EE ERYEPIERIERAE

2.1 QCD kFn#am
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Figure 2-1 Quark-antiquark creation and annihilation by the virtual photon in the e~ e~ scattering.
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Figure 2-2 Two-point correlation function calculated by free quark and gluon propagators. diagram (a) is

the leading order contribution, while diagrams (b), (c), (d) are next-to-leading order contribution.
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Figure 2-3 The correlation function in the QCD vacuum. The black dots denote background fields.

Diagrams (a), (b), (c) are gluon-gluon condensates, diagram (d) is quark condensate, diagram (e) is

quark-gluon condensate, and diagram (f) is four-quark condensate.
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b, ATRAZ AR SUB), x SUB) g x ULy FEFYAS AT 37804 58 11 AP AL Bl iy 1Y) 22
Ao Uy XFREEXT T HE-FEE, BRI USR358 (B = 0) 1
PN (B =1 EF. EFMAFFEMIUEHEAS QF = QR+ Q1 f1Q4 = Q% —QF
FH M1 QCD Wi it Hoop X5, FEHEAMKMFER. M TFRAENE, &
(TTAERAFAE S H I RIS

AR i, +) RN Hoop MIREREAMIERS, AMEEN Es, HFEFRAIE, W HYepli, +) =
Eili,4), Pli,4) = +i,+)o |i,+) "MURESNET/NES. BINTLE L |¢) =
Qali,+)o HT [Hicp, Q4 =0, FrLIA:

Hiepld) = Hyep@4li, +) = Q4Hepli, +) = E:Q%4 i, +) = Eil¢). (2-28)

FIIL @) 2 Hgep BIAMERS . FERA MR AAE B MAEK TR [¢) AT LA
HH TR IETT

Pl¢) = PQYP~'Pli,+) = =Q%(+i,+)) = —|9). (2-29)

(HRRREM E Pl IR E TN U R A\ ESE . FILU B SRR 5%
(g, F ERATEME, QY 2% K QCD [EZS. WL of R AE— D EFHRA
i, +) BYSEAT, T b FRTHE N UFRRAS [, —) BEAT . BATHIEXTT—4 SUB) %
TR O, HEE R R SR IR 5% R

[Qa(t)7 q)k (tv g)] = _th(I)j<t7 g)a (2_30)

Horr e 5 SUG) AT, BILERA T RIS i D R HEE QY
FI O SRR, T LA
Q% al] = —t;b). (2-31)

M. ASRIAh Q4 HERSIEXELS . RATREAEIRIRIg%:
Qali+) = Q4allo) = ((Q4,all +af Q4 )I0) = ~t5pll0).  @-32)

~—

— 0
UL DAEVRITE R TE BRI 5 4 BRI SE RO 21 5 TE BRI R S TR0 3%

ARSI . HUCHRATRAEAN Q4 RERSIER 1. HefiFis QCD 1Yy
VLAAE SUG), x SUG) x Uy B FIGHRRFINAS ALt 145 1 R 00 Bttt
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B ERME AT

Hift o IXAE SR T AT AT R HOM R 2 SUB)y TANE SUB), x SUB)p. 1R Goldstone
SRR, B B R BB IXER B B X N E D BRI Goldstone By 41, HT
JERR NS T T NESK SR REE/NNIZ . K12 Goldstone B {11
AL

T FRAR SUG) XFRPERRIR, FATHE REREA QF = Q%+ Q% BT L SUB3)
FREGINS 7k &

Q% + Q1, Q% + Q1] = [Q%, Q%] + [QF, Q%] = i fareQF + i furcQF, = i fure QS (2-33)
AEFAERFR T Vafa f1 Witten B55IER] 1, FEASMAUE SUQB)y x Uy B9 H N RARE
AARIT R NS R AT AT QY FIE T EUEAT Qv /3 REMSTIE K LA

Qy10) = Qv]0) = 0. (2-34)
#R4#8 Coleman FHENS, 35 BLZ37E SUQ),, x U(l)y A8t NS, WA BRI bkt 06 2 A4
MR FRYE o T LA G Bt () AN AV ARG X T HYop BE AR (1 58 11
I LIMRSE SUB)y, x U(l)y, BRI ZiZen skt . i 7 SR — i, Tl &
— M AFERRNE o, =), VEA— DR ERER

Q?/‘aa_> :Z‘ﬂa_><6a_|Q%/’Oéa_> :taﬁoz|ﬁa_>7 (2_35)
B
Hor R R AT A SR A SU) ZACEHIAIO 5 R R A PEHAE R /RIA%s
R AERETC R SO t,, . BRI SUQB) =BT 2 Kk Re IXHEIRATA
£25b510) = 12518, —) = QL bL|0) = [Q%, bL)[0) + BLQT|0). (2-36)
W QL10) =0, A4
[Q%, b] = tasbl, (2-37)
XA TIERRA TR BF 0  UEN LA QF AAERTTH) SUV(3) BERFE R . 1M
MRATERT Q% = Qk — Q7 LR F K R
[Q%, Q%] = i fue @S, [Q, QY] = ifuncQS:. (2-38)
TEE R 4 R A BT A 2 B AL BT Q4]0) # 0, #R#E Goldstone F I, &E—
AN A AR T ES BT A F FUR HL A EN Y Goldstone By (1117 ¢ (). 1XLE
Goldstone B {07~ FFR A H I 20
O (t, T) > —(t, —7), (2-39)
CAETHE H = SUQB)y, 192 FMRFEEAZE. MWESK G = SUB), x SUB) g XFREER

ng = 16 4 HEBEE] ny = 8 A E HERY H = SUQG), SFREE, 1A R A7AE4 8
/I~ Goldstone 37 1117,
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2.2.3 Goldstone I fti+

RN RS, HWGEEEEREEER G AR A, e IR
F G 1R H WA NAZ, WAL n = ng — ng > Goldstone B 1,1, £—
MR AR R ) — N1 ¢, 13X n DB IR — AR A )

M, = {®: M* — R"|¢; : M* — R continuous}. (2-40)
AT B E KK (9, @) € G x Myl (g, @) € My BYRE,  E LA i

oe,®) =dVY & € M, (2-41)
©(g1, (92, ®)) = (9192, ) V 91,9, € G, V& € M. (2-42)

XM E ST B G ERAE My ERIRE. H @ = 04510 My IR AL, BN T
Goldstone I i, i B AL . BESAE H BVER P, BRI TEE h € H 3417
A oh,0) =00 RIHEHABEHRNER G/H = {gH|g € G}, B LM MER:
RN EE gH P ITRIEE S o MFEA @ = 0 F{EHAER . R

©(gh,0) = v(g,(h,0)) = ¢(9,0) Vge G he H (2-43)

B REMRP L AR T AR RS, EMTNEA @ = 0 fIEH—EARFH:
©(9,0) # (g, 0)o HN My TR R EHRAT LA @ = o(f,0) = ¢(gh, 0), f =
gh € gH, Hrr f2ALLL G R TR AR R @ R TR S, FATRTLMS H4s
i TSR G/ H H1 Goldstone B¢ 0 1342 il == [A] My 2 [RIFIRY, WnlE 2-4 FiroR. 1
O FEALTERY g R R HN

©(g9,®) = ©(g,0(3h,0)) = ©(ggh,0) = o(f',0) = @', f € g(gH) (2-44)

Wt 78 My 2 Ef— K @ ARl O I, R 2 [H A Y T ZE R SR/ TE go
(Kl FH Goldstone 3 (P32 8 #E G/ H I REME— 1 & AL IE
BRI LR B Al . A FARG AR A SIS T, QCD it i
XIFREE G = SUN) x SUN) = {(L, R)|L € SU(N), R € SUWN)} i, FAERFRME
B X FREER H = {(V,V)|V € SUM}. & § = (L R) € G, LRELRH
gH = {(LV,RV)|V € SUN\)}. HF
gH = (LV,RV) = (LV,RL'LV) = (1, RL" (LV, LV) = (1, RL" H, (2-45)

————
cH
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F—F Tk POEMIEL T X

A 2-4 ®# G/H = Goldstone 3 & T % #) s 89 2 18 R4y, €A 8 A —A— 3] — 8 Begt.
Figure 24 An isomorphic mapping f between the quotient G/ H and the Goldstone boson fields.

FEREEETT LU — SUWN) 485 U = RLY k37w, IR RIS, FRATAT AW
U ¥ 23 [0) [ 44 T Goldstone By (735 © Fralifzsia) Mo U £ g = (L,R) € G
VEF R A ST 20T DA 20 s B 1 2SS 1531

9gH = (L, RRL"YH = (1, RRL'LY)(L, L)H = (1, R(RL" LY H, (2-46)

PR A
U=RL'— U = R(RLHYL' = RUL". (2-47)

Goldstone 3 {145 ® Firte sl 923 6] My il LASRR RE K IF HICH) N x N JHFE%5[H]
H(N)
H(N) = {A e gl(N,C)|AT = AATr(A) = 0}.

N =31, AE—NET H(3) BIAEFEHE AT LAH] Gell-Mann [ )\, 7N

7TO+\/L377 \/§7r+ \/§K+

8
$r) =) Aadalr)=| V2 —n'+ Jnp VKO |. (2-48)
o=l V2K~ V2K° —%n

WA T 22 [ A1 Goldstone Bt 125 Y MR A8, FAT T MG 25 LR U
F1H(3) JEFE2S [E] R TTER ¢ KBk HEE| U RLIEN, FrACBr

U@):em)Gég?). (2-49)
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224 FHAEERE K

I Z BT, AT LIS tH— > REfS A QCD {RREAT-h I H 2 i —
ARCHEIE, EREEAE H AN FRYEM R 5 Y T4 Goldstone 37 1, 1-HY 3 17747 M
FETAERR TS, ARCHE S K&V IZ 1A FE L QCD MR B FAEX FRIE SU3), x
SUB)r x Uy 740, [HA QCD TEAKAERHM AL A it 72 (MM ELVER . Pr DAA R
W H HERAUE /&SR Goldstone 3561 1R HAAMIRA A4 BBREAE H U(x) 14
EHARI R K. AR TAEEER T, Ur) WAREAN:

U ~ RUL,
0,U w 0, (RUL" = RO, UL, (2-50)
U — LU'RT
0,U" — Lo, U'R' (2-51)
R e M) L SO R A R r e
2
@HZ%HM@UWUW. (2-52)
2 H AN I FATBOA 5 8 2R Y Goldstone B {41 i it . QCD ALYy it IiN
m, 0 0
Ly =—qrMq—@Mqs, M= 0 my 0 |. (2-53)
0 0 my
JUE U AR FAERS FRYE (2 AR P e M AR T BN N2 #4708
M+~ RML. (2-54)

DU B T, R AR AN o DRI B A A e rh B 5 ot AR A 7 R R -t b 20
HAMBERIPEDT . IXFEREAS AL IE H (R A O A R e

2
%f%ﬂMUHJMW) (2-55)

Ls.b. =

£ N R & Goldstone ¢ T IEARIRE G, thall@ B G A E TR N A
A TFAER R E QCD i, Ze TR TN & RIE AN

Lewt = qrY"'ruqr + " luqr. (2-56)
A T ONEA 22T INEAETAE AR T 73 B4y
r, — Rr,R'+iRO,R',



B ERME AT

l, — Lr,L'+iLo,L. (2-57)

H I AT DARIE P
DU = 8,U —ir,U +iUl,. (2-58)
A LMEMIAE AR R, U A SECE S 00 U MHIH
D, U — R(D,U)L. (2-59)
XFERATEREAS 2 B AN Y B E SO I AR IR

I} £
Ly = FTeD,U(D"U)T] + - Te(xU" + Ux). (2-60)

ARSNGB AR/ \EE S kI, RE u, d, s SO iE R
R AVANE RNy

M? = 2Bym, (2-61)

M; = By(m+my), (2-62)
2

M; = gBOUn+2n%y (2-63)

Hrftm, =maq=m, By IEHT QCD BERZHL: 3FFBy = —(qq)o J5U LR ADNFRIE
FRATRT LAKG3E T 55 22 00 B i B 19 FAEAr e o AU A SRR R A MR AR . THIE
Pt E A TR o (IR HFR KAl 1T (Power Counting) AR, FATTAT LA FAE
WALIE OB AL . BARRY R TR S A28 =AY B gt Tk
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2.3 BRIE SUQR) XFFRTE

EA TR, I ERZRANIT R ERR . MG R 5
o RERGHTRT 1/my GULH ISR SR s 4 S e R = h Rk i
B R T EEA, XA ST R AR5 3500 T B T A Y B A
VP2 WMERR E i iit. BR 7 IR 5TE, BT SUG) MOBEXFRIERY T A2 — Mk
HSERRYTH, HATX— 7540 T2 TP e AR il e e R
SUQ) BRIEXFRIE VR — R, B AT R 2 I TR ERNA G E. &
HI SUG) XFRERI AT LA N LA 518 : 58—, —HR 7L AR ER 9 5
tb, SU) XIFRIE AT AR AL 2 AU BN R R 28—, WHSSHoRIR AL TE
REME S BN FRA TR 4G CKM JERE TR KbV 6=, WARSEEHIR 2% 2, AT LR
FEIEIA T SUG) ARTLYZEoR YRl TR _EIX e igilig ml LAFIAS [F) O IR A0 5 545
£, MM RERRSE B T RAA S BB M. XTI B fl D 55248k
P48 SU(3) 437 15 AR H A iz YT

231 SRFZELS

HANTE & b ¢ SR ERE 7 B M1 D 3534, Wi B — PP D — PP
W, PRRER T K ES I EGE SUG) =45

0 [ —

(B;) = (B~ (bu), B'(bd), BL(b3)) , (D;) = (D°(cu), D* (cd), D (c5)),  (2-64)

RIS P 2 RiE SUQG) NESMHSHIES . E8E 9 M1

0 1
BTV T K*
0
pP= " g—%—\_%%+g—g K |, (2-65)
K~ K % — 2\’}—%
n A0 & s Fm BRG, BAEHN 0
n = cosfng +sinfn;, n = —sinfng + cos On;. (2-66)
KA ns B AS@PBRAS, FRATEZ AT LUESE ng F1ns ARG EER
Tr(’\;rinq i Kt
P = T —772;”(] KO . (2_67)
K~ K s
1 2 2 1
=, —1/2n,, —4/2 . 2-68
=5 ’V/;n M 37t 73" (2-68)
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232 ARGEEIE A TLERR

E SUG) RPFRIESMITH, A 35 RIS IR I T LB BT FE G, — s
AR B MIR T2 R, T SUG) R ATZ04R IR (IRAY'S2,
53— BT RSP (TDA)Y, PR 0
Gk TR SEA A IRA ik

2321 bEwEA
FERFHERTRL A, b 25 5o AR 2 th LUTR FL 55 A ks it > 2R g o

Gr
Hepy = ﬁ{
Hrb Gr B KEEL Vg M1 Vi /& CKM 4547, O, /25w BT, 1 C; 2 Wilson
28 O; HURpgE

10
ViV [C101 4 C204] = Vi Vs > “Ci0;} + hec. (2-69)
1=3

O1= (¢ )y-a(@b')y_a, Oy = (qu)v_a(Ub)y_a,
O3 = (qb)v-a Z(q/q/)V—Aa Os=(q'V)v-a Z(q/qui)V—Aa

q

q/
Os = (@)v-a > (@ )via,  Os=(@V)v-a > (T"¢")via,
q' q

3 3

Or = §(q_b)V—A Z e (Tq)vya, Os= Q(q_ibj)V—A Z e (774" )v+a,
q a
3 3 -
Oy = 5(@b)v-a > eq(@d)v-a,  On= S(@V)v-a > eg(@’d )voa. (2-70)
a 7

Hetig=ds Hq =udse V—AFV + AT PLEFR 11 — ) Fil—
TV V(L +95) o

S TFRBE SUG) BE, BI85 Oro RIS MRS EAF 0710 7T LABSMIEH— A
Sl Hy, —/MICisiy H_EF bR R BRIGTK b (He )l A—A— N TCis iy H_EF bRt R
ikt (Hs) e 3T AS = 0(b — d) 588, ARG SRRk R a RS

43t ogl1s.21.22]

(Hs)* =1, (Hs){> = —(Hp){' = (Ho)® = —(Ho)§? = 1,
2(Hps):” = 2(Hys)1" = —3(Hys)3” = —6(Hys)3" = —6(Hys)5” = 6. (2-71)

MF AS = —1(b — s) (IR, AR R R 9K R A T LA
K Q-TOHER T d 4 s T 2 > 3 Hffeo QCD AR AT Os6 15 SU3) AHfe T
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AT AN 3 Frm A0 o X T HEMBAR BT , R EAF Osg = (95ms/4m)50" TGS, (14
Y5)b 2> SUB) =4, 1MHMEBEINESRT O = G250 Fuy (1 +75)b 7T LAIFEA L
WELESTE Or_10 b . FIE(TTER AT LA G AR AR WA B R (2-69) 24, MM kA
R AT e R I AR SEAT Y

AR B e A A TR A B P R Bk 2 A T ] B 2 R R A L R IR
FUEL S5 IG E7E, “W A0l ERE 3, 6 115 For, BT EEH F a7 IR
FIH CKM FERER LAEME Vi Vi, + Va Vi + Vi Vie = 0, FRATAT LUK ¢ 45 5 el o sk 9“1
R R NI LT Vi Ve, R Vi Vi BRI

A=V Vi Au + Vi Vis Ay (2-72)

T TR IL, FRATRE Ay TR R E TR A, BN R RE A

2322 cEFEA
ST o BRI T IR, AC = 1 FA ISR
ey = TE{VVlCOE + CaO5') + ViV GO + o041
+VAVA[CIOF + Co057] + ViV [GLOE + G081, (2-73)
KL T I PR O T TR o RS B
O3 = [8"7,(1 — y5) [y (1 — 5)d],
03" = [57,(1 — y5) ] [uy*(1 — 75)d], (2-74)

T H AR 0] DOE B d, s 5 50 58] W& BAFAE SUG) MFREE T 303®3
Fon, B UG NEANATTALRIER: 30303 =33366® 15,

X} Cabibbo £ fLIFHIIERR ¢ — sud, FRMEIELT ViV, 74X —id RS AT
ANk A LA RS

(Ho)s' = —(He)y> =1, (Hp)3' = (Hp)' = 1. (2-75)

XX E Cabbibo 1 HEAKHIERE ¢ — dus, RWEIET VgV, JF HAERHIARTZ30R
SRR N

(Ho)s' = —(Ho)3” = 1, (Hi)3' = (Hys)3" = 1. (2-76)
T IERGT Vi Vs, YK Cabbibo £ FEARAYTEASLRR . BeM14
(Ho)s' = —(Ho)s’ =1, (Hi)s' = (Hi)3" = 1, (2-77)
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TR T VgV, HIERIR Cabbibo £ JEARH AR FE, A 1E
(He)y” = —(He)3' =1, (Hp)y = (Hp)3' = —1. (2-78)

¢ = udd Fl ¢ — uss PFRIRIETAHEALRAF S VeaVisy = —Ves Vi, = Va Vi =
—Ves Vi (1072 [ f ). R 3 Fon st ®, FFHARR R RR 5 R E
T 6 F115 FoRs

BTRFE AR . X B — PP EA, Rl @ikl Lo il

A = ViV AT + Vi Vs ALY
A =V Vi AIPA + Vi Vi ATPA (2-79)

I FH 2 i 25 H A 58 A0R L S5 280 i AE DR TE SU3) X FRAE YA AT 2930, X
TR RER SR REHATR LUS AR 7 E 1 _E SUR) ARG X
T B — PP 34, ARMETIEFRRN

ALY = AT Bi(H;)' Pl PF + C Bi(Hs)*PiP] + B Bi(Hs)' PY P! + Di B;(H3)' PIP}
+ AL Bi(He) "' PLPF + CF By(Ho){" PP} + B Bi(Ho),” P |
+ AL Bi(Hyg) " PP + CiBi(Hyg)™ PP+ B BilHg), W PR (2-80)
Hrp AT, BY, CF B AN 493 m kiR (IRA). 75 SUQ) 204, BATRREE R,
AT IANZ 15 E R, R el SEE AR A 152 o i G 25 i (2-80) i)
JEIT, FRATHRESS 240 Table 2—-1 7R YA R A BRI IRIE « X T A BT 2SR,
CIRDN G ¢/

Al - AF, B - B, ¢ - cf, DI - Df. (2-81)

233 ARUSEEEHRTNEFRR
BRI 2E TDA Jiihe — MARFMEBEr MELTILZE, #AH M P RN
() T, FRIRBEAEFN W RS W&k ;
(i) O, FIRBUEEIRAY A"
(i) £, Fon W A
(iv) P, 375 QCD " HEA"
(V) S, FRWIEFRZ QCD I
(Vi) Pew, K78 LSS REE
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R 2-1 K B — PP 8 xZHhbg, R+ RETTERT CKM BT Vi,V 8B g SELLT
Vi Vi, 89448 B 3Rhg =T LB s X -8 1) A #1735
Table 21 Decay amplitudes for two-body B — PP decays. Only the amplitudes with CKM factor V,,, V5,

are shown in this table and the following ones. “Penguin" amplitudes with V;;, V7 can be obtained with the
replacement Eq. (2-81).

b—d IRA b—s IRA
B~ > n%%~ 4/3CT B — K- (AT + 347 + CT — CT +7C5)/V2
B =, V2 (AT + 3AT, + BT + 3BT + CT +2C% + DY) B~ 51K AT 4 3A% + CT —CF - CL
B~ — 71, Bf +3BL+CT — CL + DT B~ — K1, (AT +3A% + 2B + 68T + CT 4+ CT + 50T +2DT) /2
B~ — KK~ AV +3AL +Cf -l - B~ — K™, At +3A% + BY +3B%, + CT — 2L + DY
B o rtre 2AT — AT + AL + CF + CT +3C% B o rtk- —AT — AT, 4+ CT +CT +3CT,
B - non0 24T — AT 4+ AT, + CT + CT — 5CT, B - K (AT 4 AT, — CF — CT + 5CT) V2
B’ - o, — AT +5A%, — BT +5B% — T + 20T, — DI B 5 &', (AL + AT, +2BT 4+ 2B, - CF + CF - CL — 2DT)/V2
B’ = ', —(BY —5BY, + CI — C% + DI)/v2 B 5K, —AT — AT, — BT — BY, + CT — 2C% + DY
B > KK~ 2 (AT + A%) B o ntre 2 (A7 + AT)
B - KR 2AT + AT —3AT, + CT —CT - CT, B — n0n0 AT + ATy)
B’ = onm, 24T — AT 4 AT, +4BT —2BT 4+ 2BT, + CT — CT + C%L +2DT | B° — =%, —2 (A} — 247, + BT — 2B%)
B’ = s (4BT + BT — BL, + CT — CTL + DT)/v/2 B! =, —V2(BY - 2BY + CT —2C%)
B =0, AT + AT — AT, + BT + BT — BT) B K*K- 2AT — AT + AT, + CF + CT +3C%
B = nOK° (AT 4+ AT, — T — CT +5CT) V2 B KK’ 2AT 4+ AT = 3A%, + CF — CF — C%,
B Kt —AT — AT, + CT + CT +3CT, B. > g, (AT + AT, + 2 (BT + BL))
B, — K, —(A§ + Al; +2B{ + 2B, - Cf + Cf — Cf, - 2D§)/V2 B, — g, V2 (2B} — Bf; + C; + D)
B = K, —AT — AT, — BT — BL 4+ CT — 2C%, + DY B = nan, AT — 24T, 4 BT — 2BT, 4 CT — 2C%, + DY

(a) (v)

B 2-5 R IRME a9 w A B A, AR REAFGRENT), REERKGRA C), EXH
(A) LB W-Z#H (E).
Figure 2-5 Topological diagrams induced by tree amplitudes. The four panels denote: the color-allowed

tree amplitude (T), color-suppressed tree amplitude (C), annihilation (A) and W-exchange (E).
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Ts :
(b)

Ty Sv
(e)

Tp

(a)

Tss

(d)

e =

(f)

B 2-6 B~ PP 3REFZHIFRGNANEINE, L LXF M EAT uu 6992 R 27 AR
S AT o

Figure 2—6 Typical diagrams for the newly introduced amplitudes of B — PP in Eq. (2-84). The crossed

vertex denotes the uu annihilation and the creation of two or more gluons.

4] 2-5 A (a7 ORI . R T RS I SRR RO HR S M AT AR AR 2. AP,
LSS RIS T B AVFRY TR Pew DAMBUEEMGATTR Py, T RAZR N

1
— ~ | =1 = — —/ /
qb E eqqq = gbuu — gqb E qq, (2-82)
q q

Frp B AN T DI 3 3R7R 2 o T b (Y TR A4 ST 2 2R A
WBEATHICS Pr fl Po KRB BIEE I TTHk. g0, ¢ 22— TIRIE=EL,
IFRINN P'o AE SUG) XFRIE TR, B DA R g & H9 STk

PEW:PT_%Pla PECW:PC_% . (2-83)
SRR IRIE P, PR PO RTLA 2. ALUERIEL Py P+ P+ PO,
552 b, ARFNEIRIETT LUR A S AR AT FOR R IE LA 755158 o R4 1% quabd
HRFTR N AN HY o 3T AS =0, HAERWSMEN H2 =1, 3T AS = —1,
A% =1, p¥EEE (5 P, PFIPC) BSUQR) =EA 0, b— dIEESHE
H? =110 b— s (MIERHERE % 23 (2-82) FME &5 ST T Vi Vi BT
SMEEE T HY M H
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EiERBRFHEFEIRL

B — PP 1 R R IER R

ATPA =T B(M) H]' (M)} + C B;(M):H? (M)} + A B.H'(M)j(M)f
+E B;HN(M)L(M)f + TsBi(M): H? (M)} + TpB;(M)’(M), H}*
+TpaBiH (M), (M)Y + Tss BiH[ (M)}(M)} + TasB;H{' (M)} (M)},

!
7

( j
+Tws BH] (M) (M), (2-84)

1 & 2-5 RGN RIE . SRR 2-6 N ER TR A0, RS RIE A
FRIRYSEH, X AR RREG

AT T WRIE SUR) XMRIE DM 5. BATSR A 25 A B A 58+ 1]
SW%TT%%?%%%?&% ﬁF%Q%ﬁEW%ﬁﬁ%ﬁW%mSW$%?%

. i SUG) ALY R AT G W b — UM S RO IR U AT A
—Aﬁigﬁ,%$ﬁ%%ﬁm&ﬁ%%woﬁmi,bﬂTULﬁﬁ%%ﬁﬁﬂé
FE. AEHIES, RAPKEHIRIE SUG) XEFRIE M X IR {42 55 7 AR T AR,
FH e MER BRI
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£=ZF HBAFERMIBITERENTTFERKET

FEFTA RYE A oA, PR e — AR BRI SL I PR HAR O 5T
HI A R XA UE RO e A S ERA AR T s 5, B2 Ry Hr
i QCD (AR B AR RE M 61 & £ 58 BRI AERE T, AL o4 Re A B
TIATHEAE QCD MRRESN J1o7. — MOk, 38y RE M TiiiA i & — 14
S REAF A AN 75— S R, X TR AR T A 2 T
%, R BB 4 SVZ st QCD SRAITMN . SRIMAEVF 2500 T . RASHY 3%
FRMAFEARERN RS, B0 AR SRR A AR RS HEU
By = fo(980)(— mFm )utp” AR, H fo(980) 24 S-ARAS, BB
AR wtre B fo(980) #eil KK WI{H, FTLAZESEEEE LR KRR, AT Iums ok
At ARREAHELAE I 58 7B T Bs — fo(980) RYME 1= SEbr EBR 1 _EIATE
BRI Bs — fo(980)(— m 7 )utp” MRS TESHILRE, efe” - MM, WRIEK
AERE K — m M7 — My Moy BT R ERST 255 SRS PR EAE o JX A
M EAE AT ARSI IR R o flig . Hopanr

(M, Ma|g(2)Tq(0)[0), (3-1)

HH T R AR, SR T = 1,7, 0 [MiMy) BN A TR H
A R A B RO S o O B S AT T LA — (b i, AR
AR T FL 0o SATH L FAERETERE X

BoFyap,(8) = (M Mo|qTg|0), (3-2)

Hep s @M ARG EIR T T s = (ba, + )

S5 R 127N R 1 st S B e S A O LT W/ANGT= W w217 &5 N [T B W =0 = ol S
i EN IR E B — D R [ X — (A A 1% s B IRREHE ELAE
ML B AN TTCIE AR S RS 7 53 8 FIRIR I 1o AREEIG XS W7 RE R
i R EIGRE M — D RGBT AR TR e T B0k 2 i =k
W HEARIA 7o 2% a2 TAEA RO H0dE HTARRE DL, FRATTRH L AL T 56
REFRA TS, (RIS T N REEEE, 18 1GeV ity fEPUEEHIRA]
S ARSI F IR R 7 B T RS2 B8 I LR AU = AR i
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31 FHERMMIEREXLIEMAFE
3.1.1  FIRAFITRIEREAL

FAERIIE ((PT) 124 7 — Tt BARRE SR EAE I 5. BB R8T e T
dnferiid QCD AEFAEARBR N (u, d, s Sre it T%) 42)m SU(3)r x SU(3) p XIFRIE
F SU(3)y XSFRIE B E T K G B FAERE IR FRATTIBIE T QCD iy B A XS FRIE

TR £ /\ > Goldstone It Firta Ji Y/ \ 4823 ] S HE SU(3) L x SU(3)r/SU(3)v
ZX A [EH o B IIX /\ 1> Goldstone 3473 A] LLFISRAE N A R HR SU(3) L x SU(3) R
HERORIZ AL, TR LAERIR XPT /52 QCD RREARCEIE N B H . i
B (LO) [ F-AEFE K i
f? f?
Cf:ZHWWDWﬂ+IHRW+ﬂm, (3-3)
Hrp f BAETARRIE T 7 B2 R4
X = 2Bo(M + s),D,U = d,U —ir, U +iUl,. (3—4)
s AN, T 1, F 7, 3 RRAEFAE TR ) U RR B0
U =exp [Z\/ﬁ(q ) (3-5)
f
¢ TR/ ESFRHE, X1/ Goldstone 3 1
™/V2+n/V6 wt K*
¢ = T 7 /V2 +n/V6 K° : (3-6)
K- K° —21//6

ARAEXIFRYE , BATEEI LR LA H T 95 2 B FAER R e AEH XPT it B 3
17 B R — R ARG U7 IR A T A T [ Y E B, a2 e A T (Power
Counting). MHILR XA THHYTE, AR ARG EEE N, AT —EEitE
I IR B2 LA PRI X PT 7 Kt A ik o

REMZHHiiL Goldstone By (1 HAEHHY FALRL R FEEA I T — P

Ceff:£2+£4+£6+"', (3—7)

HA N R s s 5 ro i B BIHanss— TR AR 2 Fonix— 4 [
TIE A AWA SRR, B SRR WA H(2-61)F(2-63) R LA
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RIN, —DE e Brn I EUES T4 7 B i) —ik. L4 F1 Lo RN NE R O@p*)
Bl O(p°) BriFAERL R, I A 6 M BERFEEE 3 NS it Il 73 5ME
REITFALSE R AU ME 1 Op*), RIS 2 AL EOR SRURAF 0
& P AR TR

XTFFAERIIE . FATPRABAAR R R AT 7 58052 LaE—A 2k @ B i A Ak
B RS s R U p > oy mg > Pmg I, MR AIRIE IR AN

M(tp;, t*my) = t° M(p;, my), (3-8)

Mg b, ATLUEMTERS D BAW MR

D=2+ 2(n—1)Ny, + 2N, (3-9)
n=1
HH Nopw FRRE T Lo BTSNy SRR S D4 4 4hah 5t

DAN 750 Rt RN, 3T 0 < ¢ < 1o (R, QnSRAME SRR % 78 it 2 0%
/N A8 D =2/ D =492 KA R EERN, BT A Lo tHEEIR
1 AR5 7 A T ik o

RGUEL BT (NLO) BYFAES i L4 A7 10 T, Ly 215 E R A A

L, = L [Tv(D,UD"UN]* + LyTx[D,U (D,U) | Te[DFU(D*U)]
+L3Te[D,U(D*U)'D,U(D*U)'| + LJTx[D,U(D*U)'| Tr[x'U + Ux']
+LsTr[DUD*UN (XU + Ux")] + LeTr[x'U + Ux")]?

FLATr (XU — UXH]? + LeTe[xUTXUT + UXTU]
—~iLoTr[R,, D*U(D"U)! + L,,,(D*U)'D"U] + LyTr[L,, UR™ U], (3-10)

Horpr Ly, W1 Ry 232 5K 5 AN

L, =0, —0,,—1[l,1)],
R, = 0,1, — Oyry — i[ry, ). (3-11)

WIS S AU, BT EAEARRRE R B (LECs) L; Woliis fra i Lo tHE ]
RAGTEK B i H R SN, Al XS A 2R UL B B TR R R M
BRAY. HEEACAIRREREL L] E LN

LT = L — T\, (3-12)



LA RFHEF AR

HA RSN N
1 2

A= 3972 m — ln(47r) + Y — 1 s (3—13)
Iy RERINZHGT AR i R E R AEhe £ AT A H T
3 3 1 3
F1:3_27 FQZEa F4:§; P5:§7
11 5 1 1
ls=g D= Do=p Tw=—7 (3-14)
HARALH) LECs XFRERRAT AN AYAHIR &
. — Ii (i
Li(p2) = Li(m) + 1672 (M2) . (3-15)

R3-VIIHT LY AE = m, REVRALIO(E . Hh & — S0 R T2 2] O(p') 19 xPT
TR RIE LI EHRG R 58 ZH2 - E] O(p°) 1 xPT iHELRUE
FRNEEIRD . B —FR BT M L IEALEY XPT J7 3545 H R ERIE T 3800 SLge_ B i
TR BRI T A O 25 R

3.1.2 X7 ARG R EARMEAS

X718 SU(3) Goldstone B o7 [RIY 2 — 2 BT RE. RO FIALRE AT LA
BN IR — ARG B b, ) AR SR A& B BE Rl A e e TR 297 145
NRRAER, FATERH BRI T, HESRRAMESFT RN 0,1, 13) . I8 515
FARBLIA -, BATTAT LAGE R BEAE ASAE T AT RIVE T T2

J I = JU—-L)YI+13+1)|1,1;+1),
JNLE) = I+ I)I—I+1)|1,15—1). (3-16)

XN T S = B HY F A AR AR AT LA
I 1L, +1) =—|a"), |r,1,0)=|x"), |r,1,-1)=|r") (3-17)

R K KO R SLREAAE RS AT LA

e L UIN gy g D IN e -
I TR FE A n, H A ALREAAES N
7,0,0) = [n). (3-19)
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& 3-1 FRAT = m, AAARAEF R L] (422 107°),

Table 3—1 Low energy constants L (in units of 107?) at u = m,,.

Ly O(ph)34 O(p%)i3! Unitarized®!
L' 04403 111+0.10 0.56+0.10
Ly 135403 105+0.17 1.2140.10
Ly —35+11 —382+030 —2.7940.24
L7 —03+05 187+053 —0.3640.17
LI 14405 1224006  14+05

L —02403 146+046  0.07+0.08
L; —04402 —039+0.08 044+0.15
L 09403 065+£007 0.78+0.18
Ly 69407 - -

Ly, —55+07 - =

M, R RGN R BEARAEAS H LASRIR N [od, 1, I3) o PR RGEH R AL e A
LA AT LA R A Clebsch-Gordon (CG) A B P11~ FURL 1 [RI ( EAME S5 24
% AT R —A AR L B AR T, BATRES B EE T 1/v2 ik 2
AR —EER 30, 1 L) (1, I3 = 1o IX B 25 AR E TR 2 ] 2 09 B kL7 Rl oz

JIEAGEH AL

1 - 0.0 -+
7m,0,0) = ——= [|7*77) + [nn") + a7 )]
|7, 1,0) = %H?T ™ > ‘7_7#”’
|7T7T’272> 7' >

‘Kﬁ-3§> — |K*7t),

m 5= = = e,
‘KK’170>:—\/;‘K+K_>+\/;\K0K0>,
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|7”77 1’ 0> - |7T07]> s
nm) = v/2 |1, 0,0). (3-20)

313 o T HUN R

HRAR S SO FRIE (Crossing Symmetry), & WS R G A AL ERT
AT A BB RIE SRR B A — i B i B, FATA] PO AR /A7
I HCH R

Ti(8,t,u) = Trtp pog0(s,t,u), To(s,t,u) = Trrnt i+t (S, 6,0),
Ts(s,t,u) = Tgrk——x+ix-(S, t,u), Ty(s,t,u) = Trogo_x+x-(s,t,u),
T5(s,t,u) = Tgopkon(s, t,u), Te(s,t,u) = Tkogo_ko,(s,t,u),

Tr(s,t,u) = Tropsnon(s, t,u), Ts(s,t,u) = Ty (s, t,u). (3-21)

Fir AT HLE BB IR AT Al LA 2 ORGSR . B serbga 73/ A ks s i
TEFIAE T E] FLRE RO IR A 30 1 = 0 BUMERIIRIE

1
T=0  (s,t,u) = 3 (BTt = 070 (S, t,U) + Tt = smoz0(t, 8, U) + Tt - pop0(u, b, 8)]
3
T;ﬂgKK(s, t,u) = g (Trcrntsicrnt (U, S, 8) + Tt pt s iernr (E,8,u)],
V3
Tﬂ{ﬂgnn(SJ t? U) = _TTﬂ’On—)ﬂ’On(t? S, U),
TIIU((LKK(S,t, w) = Tr+r-sk+ri- (8, t,u) + Trogo_ g+ k- (S, t,u),
TII(K[LW(S,t,u) = —Tko, ko, (t, 5, 1),
1
Tnlnﬁonn(s’ tu) = §Tfmﬁnn(57 t,u). (3-22)

I =1/2 WAHERIIRIE N

_ 3
TII(:rlﬁ/iﬁrO’}? t’ U’) = _TK+7T+—>K+TI'+ (u7 ta 3) - §TK+7T+—>K+7T+ (57 ta 'LL),

2
Tll(jrl—/i(n(‘g? t U) - _\/§TKO7TO—>KOT7(S7 t, U),
Tiamticn(8:6,10) = Tion oy (s, 1, 1), (3-23)
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I'=1 HERIRE A

1
T7{7T—1>7r7r(3> l u) = E(Tﬂﬂr*—ﬂrowo (ta S, U) — Tt g 070 (Ua L, 3))7

Ti:in((S? L, U) = E(TK+W+—>K+F+ (u7 S, t) - TK+W+—>K+7r+ (ta S, U)a
TT{n:im](S, t, u) = Tﬂ.onﬁﬂon(s, t, u),

T i (8, 6,0) = Trer - v i (8,6, u) — Trogo g - (8,6, 1),

TII(}I—)WU(S7 t’ 'LL) = ﬂTKOﬂO‘)Kon(ta S, 'LL) (3—24)

[=3/2 01 =2 BUHERIPRIE 75100

Tflffr?)—/iﬁr(‘s? t, U) = Tx+ntsK+nt (Sa 2 U),
1
TT{;iWW(‘S? t? U) = _(T7T+7r*—>7r07r0 (tv S, U’) - T7r+7r*—>7r07r0 (u> t, S)) (3—25)

2

3.4 KIEWITE

FAGIIE A% M p/ (4 fr) B RMURITHY . Brh e HAEE T RRE M X 3
NT AT SRR ISR, RATHF LR xPT BIHE R EBUEH . T AIEEIT
AME—, XEIRATRA LB T KM RFIIE I — AN A, Bt
HR LRI, A3IE EXIEUTTEM S TS H B IERERN, X5 xPT Ayt
BAREEBIEI 2 S HRENR . RZUFE 1GeV ity o

ZIEATTIEAPITR, RN 2 B HRIE2: TAM)PY, H BRI BT 5T .
BRI L IEPERY RO IRIE AR T LR N

Ty = (Re[T; Y] —ix) ™, (3-26)

HH s — D m ek — D EUE . XSk B —MMEEL, BRA X =
—TIm[T; e Fe FRFEIE Re[T 1], H xS Ty M RIT IO
T, = TP +1W ...
— 1 = (1P T+

= (e TPt ) )

-1

-1

-1

= ﬂ”4Q+T@TP*+~)

_ Iﬁm—l(l__7§®7§m—l+_“.>. (3-27)
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EiERBRFHEFEIRL

5 R RN 757 Sl AL
Re[7 '] =T~ (1= Re[T{117 7"+,
(7] = 7 (~Im TP ) (3-28)

Hrf TP R Re[T5Y) #5677 AR BRI Bk e ILONIRATTIT LARE— S L HL
R o NRZ (3-26) AT LIS £

-1

T, = |17 (1- Re[r{! +---)—¢2}
—1
= [P (1) - e[y — T PeT 4 ) TP
1
= 17 (1) = Re[1§"] = TP ST 4 ) T

-1
= TP (1P -1+ T

-1

T (T}” - T§4>) g (3-29)

-1
= 7 (T = Re[T}"] — itm[T{"] 4 - ) T

Q

M ESRTTLAE Y, REERsEeEh 70 150, 3B S0 1METa bR sk
AR LALR @ﬁ%ﬁ%%%%%%ﬁ% FEFORAIHIRE L, BT ES R
U, B T B TS OpRE A, AT S AN B e P

B 3-1 B A 89 s-18 w8t g 49 & R v

Figure 3—1 Resummation of all the s-channel scattering amplitudes.

TR B A SRAIAE & AT AE I 3-1 SREAR, SEBR EIRAR 2] L IEA R B
RlE Y 28 R i HrP AP ET AR S 38 O(p*) B FUE IEEREFT 13k, R
L REFFEIAT IAM J7iR45 Hi BOAR TR HO 25
T = 7@ 7@ L 7@ (T(Q))*lT(4) + 7@ (T(Z))*lT(‘l) (T(2))*1T(4) 4.
= T 4+ 1 +T7WT)~t 4 7O @)@ r@y=t L 7@
= 7@ 4 (1- T(4)<T(2))—1)—1T(4)
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= (1=TWIT)H=H(1 = TWT)=H7@ £ 7W)
= (1- T4 (T(Q))*l)*lT(Q)
= TO(T® _7@)~1p®), (3-30)

3.2 NTFREEFRIKEF
321 FRERIUARET
Wi/ RGeS BR R R 52
BoFZ9(s) = (ai(pa,)bi(ms,)| 7410) , (3-31)

R FONEEAEERAERR, {ai, b} FORE @ DNEPIRIT, s = (pa, +pp,)% PR
JIRR 7By L IER RFRIR N

q |ﬁ| * q
AnFGL(s) = ), o= (T3 ()aF5](s), (3-32)
J

Hrpr PIRIEHT M s 0 30K J = 0 BY9 o

B 3-2 MMM B, BIKE TR w AN F AT A,
Figure 3-2 In elastic region, the imaginary part of a form factor is caused by the on shell configuration of

the intermediate states.

4 32 25t 1 K TR Pl AR Pl BB IE R TAR TR RO HERB o 73 /0 T Bef i) SO AN A%
PEZEH (To)i; = (T0)jio XFEFRATRI ME X IESR RFR AU TP

ImFI9(s) = Ty (s)5(s) F2(s), (3-33)

HH (3(5))ij = 05 5250(s — sb) sty = (ma, +my,)? 2 i AL TR ERIE . R
xt F79(s) MUz R
Fs=FO +FY 4. (3-34)
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FR R IEAE R DB I To = Ty0 + To” + ... W LA BV W B bR Y
TR -3 S TR 4 T 2% 2
ImFY = 0
mrY = TPsFY
: (3-35)

FNR, BT PT HEAETE] O(p®) Br i i PRI 7. ZJ5 H TAM J7i%
XA RRYE. O XPT gAY B NSl 25 5, 3]
i Z MR T8 QCD R i R AT

Sij(x) = Qi(x)Q;(x), (3-36)

HQ = (u, d, s)"o JERAEMATM QCD FL [T & 155 QCD FHiy bRt QiQ . Ml
A QCD $7 [ R Bt A MO MER ANERERE X, FFX AR TS5
Yl B, QCD R RHERR A

_ _ _ _ 1
L=QrLiPQL+ QriPQr — QrX,QL — QLXJQR — ZGZ,,GGW- (3-37)

SR) R QCD 7 [ext Xo AAERE TR . FHE X, BOYBURIERE M, 3RATHHER
£ QCD HHy bR i
g __(_0c 0o
v a(Xq)ij a(X;r)ij

YE29 QCD WIIRREA RIS, XPT fE(KRE X IlRER 4 S QCD HHIH . fir LAk
MFERERTTEERT XPT AR 8RR A THRAE : Jex) X BRI TTiUm 5, 2 )5 P
Xy BOAURHARE M, $tREfS 2] xPT B iR e 5 54T
2B
St = 2B, LyTv[(0,U)(0"UN) (U + U) ;s — 2By Ls (U (9,U)(9"U") + (9,U)(0"UNU)
— 8B L Tr[MUT + UM'(UT 4+ U); — 8B{ L, Ty[MU" — UM'|(UT — U);;,
—8B2Ls(UMTU + UTMUT);;. (3-39)

(3-38)

Xq=M

[UT + Ul,

X U SURBURIF T LR 2R i 5P AR TR iR

m 1 1
iu = Bo[-f24+ KK + 2 4 o2 Sa2imp e

NI
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_ _ 1, 1
M::&FP+WW“€%+y”5ﬁ+MWH“w
_ 2

55 = Bﬁ—f%+K%ﬁ%+K+K*+§nﬂ+-~,
_ 07— 2
ad = BolK°K™ +4/gnm ]+,
_ —0 _ K™n K~ m
s = Bo[K'm™ — ——= + e

o NV
- K% K°
ds — Bopuzig-5?%9+.K‘w+]+---. (3-40)

W HERA (3-39) 45 HAYRESF AW NP SMESSZ R FERTT, R
TR a8 3-3fr7, BATAT MG RIbR AR A 1 B sk s BARSs
RIS FZE

—~ -0

A 3-3 BREFHEANFLB R ZE. XEHRAEIRZMEENAE,
Figure 3-3 Feynman diagrams for a generic form factor at tree-level and one-loop level. The wave function

renormalization diagrams are not shown here.

I BEHRIE A T, BT R EXTAR A S X B AL, Jfd
ML F(B-33), FAATEI L X — LK IEMER SRR AR A - T LASR IR

Fs = TyA, (3-41)
Hrp A B —MEER KRG, HIET
TiSFy = TiSTyA = (ImTy) A = ImFy, (3-42)

HAPE AT To WLIEER R BUIFRELE O(p!) Mg ki Ao Sihr b
A LIS N
A= () (S + B - T(107) ). (3-43)

XAEFATRER X IEAL A FR BRI 7T 0
Fs = FY + TP — 139) 1 FY. (3-44)
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322 RIEIPIRIA T
RAEFAE PSS A2 AR AR TC ] AU 0 R SR A

<ai (pai)bi(pbi)| q/fyﬂq |0> = Fg—(&]—,z’(s) (pai - pbj)“ + ngi(s) (pai + pbi>“~ (3_45)

SEBR _ERX P IRAR B Z [ @ BRI, Fyy, ATLAH Fy—,; fifR PR A 758
AR FIHIEs TR
6#(‘77“‘]) =i(mg — mq)q/% (3-46)
BATTLMRE] Fyo s f1 Fy—; Z AR R
1

F () = < [Bolmy = m)FEI(s) = (m2, —=mi) {2 ()] . 3-47)

I BA TR B Yo IANE X

Fli(s) = PFRIY(s), (3-48)
HAT Py = |50y 0 XAHE UK R 730 & 0F % R

ImF7Y = TySELe. (3-49)

TERE FRT J =1 M5B EHRgE. R B8 RE s TR REz B
A TR, HA P A AR LR e 2 s AR B s BB (A, AR EY
L IER RIIZ N

ImFZ? = (P~ Ty SPFI, (3-50)

Hrst A AR (P TR P, H T e s B T Eh 12 e T L
T (P~1)* [ HE RIS o

B RG XPT HHERTE] O(p?) Wi & BIEARE 7o 4848 SUB)Y 5 U(1)s
HFREE (B REETH), FEMFEER. S8R SUB) NEAR Ve FRAR
VO, SO RIE N

Vi =QT,Q, V) =Q7.Q. (3-51)

M\ QCD i FC %, 5 B3 AN B B0 7 2 24840 SU(3) R x SU(3), RTU(1) 5
S S B B R . X T SN L., 1ol RIAEAG T SU(3)
JNEAT AR AT S SREHERL R SN RS

oL o 9
0 = _— a e _— e . —_ 2
Vo =3 our Ve ( o7 T 0l5> c (3-52)
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WL U ket AT LAS2) xPT Hiy AR 3R s R R AT . (H2 1T
BEIFANFREFEONE, LA V) = 0. HHb, B THEE EIFRAINBE R
REMG, MERTEFEZ R ENINRR B BEE . XEWE RITHH e AT
Ly T 7, BZMESTA ST R RTCIR A F A DTk J\EAKRIRIRAE XPT F4ikH O(p*)
RGUELE O(p") BYTEA S35
v = = Lnpepo,u).
VI = — 2L Te[(0,U) (0" UN Tr[N[U, 8,UT]] — i Lo{ Tx[(8,U) (0, UM Tx[A[U, 8 U]
+ Tr[(0,U) (8, UM Tx[A[UT, 0" U]}
— L3 Tr[((\*, U]0, U + 0,U e, UT)(0,U)(87U )]
— 2i By L, Tr[\[U, 0, UM | Te[MUT + UMT]
— iBoLsTr[([\*, U190, U + 0,U\a, U (MU' + UM
+ Lo Tr[\*0,((0"U)(9,U") — (9,U)(8"UM)]. (3-53)

Vi BBRRN TR TR N (V0 = Gyu + dyud + 57,8 = 0)

= VY VY
— >
= KV FK +iV2rt ot 4
unts = V' + iV

= 3 — 7 —
:m—a#KO—z‘\ﬁK—a“ - — K04
2 GG
CZ/Y'U‘SZ‘/()-M—FZ'V#

A 3 & _ 7 o _
:—Z'K'a“7r++z'\/j OHPKY — —a% 9 rKO ...
2" V2
1
V3
< <=
=i K OFKT +in” O+t + ...

- 1
dytd = =V — V!
Y \/38 3

/lT[/fy/'Lu — ‘/8“ + ‘/3/»‘

— RYTRY — i Tt
2
V3
—iKYTRY KR (3-54)

s = ——= V¢
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B UL A5 B 20 R AR AR WA F AT EL 2R 25 2 ALk RE 581 S5 R AR IR 7,
B T H R SR
B BRI TR T Fs MR RTERE PRI L EMR R, TR ILEI]Z AL
BIZEMETH A () W ASIEAH. () & BIBRET L EHEZ 0 I 2
FiARF o FILERITABEEARGADTHE Ty — T1 fl Fs — Fy_, mtEESE
ZIEAL IR BRI RH T
Fyo=FP +1(1? — 1) B

—

= F_=F +p'r(T® — 1R (3-55)

3.2.3  SREHEARIA T

X /N RPRL Y RERYFARIEAIRIA 7, HSE N

Aoy
(ai(pa,)0i(pv,)| 70" q]0) = Zf—i(pﬁ;pbi — Pa:Py ) 1 (8), (3-56)

Horpr Ay BAEFIN SR IK E RS B — MIRRE R EL (LEC). KA TR A -1 2 Y 4
IER AR IR T Fr— K10,

ImFLY = (P~ Ty SPFL, (3-57)

FIFE, BT =1 BB,

Fbs LR B LA R 2 . D (PT fE SSk Ei Frds 225 | NHY SNk i i
FEAEGER FALE D T U2 B T o STk [37] B B2a 1 sk R A AR R . S50
R P, T FHROHAT SR BT E LN

L=Qc",,0Q (3-58)

Hrpt,, RJEKIKR AT ££ XPT b, BATTREW IS H AU RI5K AR RS & A8k
Bz 2 O(p?) Bred. HE

LY = —i ATt u,u,), (3-59)
u, = i{u' (0, —ir,)u — w0, —il ) u'}, " =u't"u £ ut'Tu, (3-60)
Horr e J1 ot R
o i(gp)\gl/p — gP g — i),
vt — i(g“Ag”p — ¢ g + z'e’“”\p)EAP. (3-61)
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FE O(p°) B, XS5k B IAR R A sk b [ A

Lg@ = iCaaTr (" {x+, upun }) + iCasTr (¢ uuxquy) + iCs6Tr (x4 ) Tr (¢4 uyu, )
+ iCs7Tr (t‘fr”) Tr[XJruuuu) + iC’ggiTr( Pt s uy]) + nggiTr( \VIR A [ up])
+ Co6Tr (t‘f [X—p» u,,]) + iCh7 T (tﬂ,,h’“‘ah”a). (3-62)

XL FC B H R ARTH 5K IR AL 7~ 9 B RS IE PR Y SN A . AT UL Y

LECs Cf fILHUAE AT N \
2

cq::cz-}EAyf. (3-63)
SERR _EEEBRETA B A BRI T B E AR {] ., R EE g Hrhag—40
T+1(T+T+T):_i
V34 5 Y89 T Y106 T V107 o1’
3
Yas T Vs9 + Yios + Nor = ~ 7
11 1
’7?,{6 - _1_87 7??’17 = _57
1
Yos ~ Vs~ Yior = ~ - (3-64)
BT EH KRR A FHRATFTHENE A M C) BEERILRENR 1 B9 . S8 H Bk

WBTHRFFBOA 45 H LECs [EH U REPRBEALA T o IXEIRA TR 7 3CHPS i id 4
RS TR E I R A TR SR . BARIXM T IETCIE S R ALY LECs
S AT i REAR 5 AL Y LA 22 T JC TR B )i T 354t SR 3 5 e T SRR B A
[¥] LECs VG, (HRZFATAT EMEGE SCHRPS A1 LECs J2 58 SUE— P ARMIIRERS i, 24
JE A EEEACRER AL B RERS 10 = m,

T 2
T T~ ’yz A m
qmm:qm—%ﬂﬁmﬁl (3-65)

#3225 7 AT ER LECs {Ho
£ QCD W5 it )= b, sKERERFE LN

TE = giotq;. (3-66)

v

FOTHREFAER R, R O(pY) (3-59) Fil O(p°) (3-62) [ TFAERLFC i,
SRR NS SR TAT LB RS e T fl T fyTeat
(4)pv _@

W= [l [ut, uJut — ie"™ P uluyu,ul + ulut, u’u + ie" P uuyu,ulji,
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EiERBRFHEFEIRL

& 322 TR FINRPY 09 FALAE K F O T R b Ay 0984552 10730, Ak F 69 f4n
£1073GeV by, by = 1.32GeV. EEMIFEMBEH p=m, (BKRSILELF8T4E).

Table 3—2 Low energy constants for Chiral Lagrangian with tensor sources derived from Ref.®8l. A, is
given in units of 10~3b, while the remainders are given in units of 1073 GeV ™~ 2b, where by = 1.32GeV.

The renormalization scale is assumed to be ;1 = m,, (see the discussion in the text).

r r r T r r
A2 C’34 035 C’88 C’89 C'106 CIO’Y

13.79 0.01 —-4.14 -1.44 10.26 —-9.04 -0.09

T(G)M

ij f2 (0[“¢a) (ay]¢b) <C34{X7 )\a)\b} + 035)\‘1)()\1) + 036Tr[x])\a)\b

1
+Car Tr[Y A*A] + 50106 {x: A"}, Ab])

Ji

+ f20107 (80‘ M¢a> (au]@a¢b> (/\a)\b) B

- NN [Cusd? ((9%0,62)0"65) + Cod ((010,60)°65)]

+0(¢%), (3-67)

Hep AlbBY = ArBY — AYBr. T [IERR AT Fn 2N

uotu = ]{,\22( 0,K"0,K~ +90,K 0,K" =9, 0,m + 9,7 Omt)+ -+,
_ 1A\, _
do"d = 7 —2(9,K°9,K° — 9,K°9,K° + 8,7 0,m~ — d,m Q) + -+,
Sots = Z;}Q( 0,K°9,K° + 9,K°9,K° + 0,K*9,K~ — 9,K 0,K*) +-- -,
uotd = Zj/}; (0,K~9,K° — 9,K°0, K~ + \/ﬁﬁlmo&ﬂr’ — \/iaﬂﬂfaywo) + e
A
Tohs = ;fj( 20, K°0,7~ + 20,7 0,K° + V60,10, K~ + V20,7°0, K
—\fa K=0,m—V20,K=0,7°) +---,
dot s = 2 7 (\f 9,m0, K° — v/20,7°0,K° — v/60,K°0,n + v/20,K°0,7°
+20,7 0, K~ —20,K 0,m")+---. (3-68)

SRECFAR N 7 B AT RIA N O AR P 2R o SR, FRATIRIAF T 20 A L e e Ak

— 44—



$EF PR IREATYRE T

o SREPIRE 71 L IER RNRIEIPIRA - HE, E0EAMHER IAM JE:

= Fp = FO 4P '7OT® _ 7 1pp®. (3-69)

33 AELRZE

RE RGBT T WS RGEHIR . KRBTSR TR o FATTe I FAEREL
TR HIARIA R 2GR B R M5 SRR M TAM JT3E0 Brfs s-E ]
BIE IE TR E RN, T EAR I AR A 73 2 K IEAL SR R 9T FLREE TR Y REREIX
I, KA 1GeV fifro AESIER, FAMEHIE —LEERA 130T R, i
b2 D — mr I RELL N 42 FONC i #% By /Dy — mmo XL R AL ] 2 2048 T HORZS
HIBAS 7 e HARIRT 4> S-PELIRAS fo(980)0 fo(980) & —FfariidiiRas, B
Bt Ezl KK BE I EAHE SR 78 88 FET IR X A AE T SR8 7 BRIT A
TUH AR ZS A7 0 ELAE IR U A REA 2 o LR (IRAE e 7 A AR 2 2 A
25 AN FARREICAR A 7RO THE S R o A58 P B3 PR Bk an o] I AT AR TR
IR SE BT, TFADEHE QCD >RATIUN TR s bR 82 5 BRIT AR 1
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$mE  Z4¥4 D(D,), Bs RET W FAEF ) F 4 ST

FME ZK¥IE D(D;), Bs REHRIFESNNE S- K 5amk

CKM J FETTAE AR ER R BB 240, 0 T IR TER bR ER T rh ) CP AR
PREZE, D N TR EEE SRR AN IHE |V . PR
PSSR AR EAE R 20 BN, LK BiX I RBRIES . Ik, TR TAZS
SRR, PrA s e E A ST T RARE T B, AT LUE 82 D A1
SR AR E R R EGT IR s . BRT D — p FIARE 7 B 47E CLEO-c
S BN RARE DO — pretve f1 DT — pletu, MIFRT. FER p SIS AR SR
D — plo, 525 E R — M EPI ARG FE D — nnlp,, Hrfp AT LLERE P- 1 nr R4 H
iR AR HABR) mr HARAS S IR AT RER] P M T, DRI RR [ I
J& S-PAE D — mrlvg DTk -

BeAl, AR AR A (NP) 1] DU A i 0 IR B FR R (R B dth - 4K
Horp—A AR 7 5 R PR T B R (FCNC) i 72 . BNt A =42 b — sl
CAEPRERRL A & 2R JLRAR/N, RIS EAR U 2 m AR B —
KH0H0 WL E I 99 =225 B =R LR BN MamsE. (HEESE E
B — K*0T0 @ — AR RR, X2 RN K* ARl Ko RSEHHSRA,
FIGAFSE B — MiMolt0~ HfNEE, H MM, RES PSS S5 5k,
FEVFZ SO ERE X B — Knlt e~ o S sr ki TRy et e it &, i
T b SRR R T TRERR Aqep, AMTAT DGR ECER A0 s AH BLAE FHRE & 4L
o FIFRRARESEL Aqep/me HATIETF. A—J7TH, ARSI E2 512 B 1 HH BAE
FH AT L P FIREAT R 2 AR S5 1

H# LHCb SEHXNFRAEA By — nhfa php 3647 70490, TS50k

BBy = ntr p ) =(8.6+£15+0.7+£0.7) x 107, (4-1)
HAESTHCk AT By — fo(980)ut ™
B(By — fo(980)(— 7 7 )ut ™) = (8.3 £ 1.7) x 1075, (4-2)

7 4h, CLEO fil BES SAFAHM T TR Dy — nla (v P20, Hrlr £,(980) 1
TR SR

B(D, — f5(980)(— mt7 et v,) = (2.0 £ 0.3 +£0.1) x 1073, (4-3)
M8 K7 CLEO-¢ B4R 25 Hh T DL 25
B(Ds — fo(980)(— 77 )etr.) = (1.34£0.2£0.1) x 107°. (4—4)
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LA RFHEF AR

T D — mnlyy JREIRZE By — nhaptp” W8, REHARNSFXT4E,
PATANTT 3 G oy T ZEAL FRARE X O W 3 o SR R A AR RE X 3 QCD P IE AN Tk
S, BATEEEER I T AT RN Fo AN A—TTHRE, FAEST
FURPRERA, FATT LU ENF RSB & e 7% B 7B CP BRI
BT EL, B M D 155 AR B i) DA R SR BN F I N SR 454 738, 1E
D — 7wl LRI AFAE p(770) 1 fo(980) Y TTHR, 11 fo(980) FYLE AL i A 58 42 3l
fifr, FX D — wrlo, FESTHEARAS A BT FRATERAF f0(980) HIZ5H

KREGH D~ — ntnly,, D° — nt7%, {1 Dy — nTn~etv,, LA FCNC o2
By — wta Y0 §l BY — wtn v $THEIS M. AT R HE QCD SRFIHLIN
(LCSR) 7E R X114 D, DO, D,, B, £ S-3f nm MIGIARE 1o HAP AL 771
AR AEAH ELAE P R R 9 o b AR R AR . 3T D~ /D% 3748, IR 4
IECFAEA RO IS T o AR T, 10X T D, Bs AR TR H Breit Wigner
NG o b IIRE 7, T . SEFIH SSRGS N, Hi
FFE D AR TE L S TTk BSOS FRIE S AT 5

41 HARTEMATETE D — o BT
4.1.1 LCSRAEZTH) D — fo IR 7T 5&

M A-125H T D — wrl~ v ZEN RS APl ralg— T HTEZ 1, (=
e, fto MEEH S TR LR w 5l d 550, 7RISR T DY — nt7% 5, /1 D™ — ntn 071,
TEERIATEBOA S- fo Dk, WijaBEA P-Bth A S-ryormk. 1MLy HiERY
W Bh 1, FATAT MG RIE ¢ — d B4 R0 5 i

G _
Hepr = Tg%d[d%(l —5)c] [Py (1 — y5)L] + h.c., (4-5)
Hr Gp B KFEL Veg 72 CKM HFETT. 532705800 UG B e, s

TEb R LR E AR A TR 25
S BRI R ME T THIE R 2255 R8 S-ICRN P-ie I RP otk oS- A sk = 2ok
HTIIRES f0(980), TEEE] fo(980) BArhohi 1, MR AFARE T8 3H

(fo(p2)|dyvsc|D(pp))
2 2 m2 2

mn- —m —m
=i {F) B - Ty | ) R )

Hep PP EP7 B D = fo R F, ENEIR P =pp + D2y = Dpp — Do B
TR WA LCSR 18 FP7P f BP0 ST OTE T, AT LUE LB —
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Ba1D -l v RENHRZR. AFBRTFTRETIEL T, (=, p0 XTRRAY D AT, A
BELFTUAR KA A . BNt RTF DY — ntn® v, 42 D™ — nta i

Figure 4-1 Feynman diagram for the D — wm{~ 1, decays. The lepton could be electron or muon, ¢ = e, p.
Depending on the D meson, the spectator could be « or d quark, corresponding to D° — 7+ 7%/~ 7, and

D™ = ata 4"y,

BRI FZ2HA - HE T
{fo(p2)ldrysel D(pp)) = =i { f+(a*) P+ f-(a*)au} - (4-7)
PHETEAR K] 7 T AR AN 00
Fi(¢®) = f+(d)

Fo(¢®) = fo(@) + ———f () - (4-8)

mfp —mj,

T, JATES — D E R BT IS N2 7 LCSR YA MESE . LCSR
EHTERRNN T 2EFREDER, IF H AR08 [ I IR 55 5 280 5 i i o #0
I MURREIRIAEE 70 o AEREHIUH XI5, FRATAT ALESGHE R (X S A e i e SO TRl 4L
(twist) B EBEAF R TTMUR I, T HDGHES A IRIE (LCDAS) 1A 58 1~ BT A R
LS, AR K7t T LASRR i 7 B G HE A 4k (LCDA) MG AT 15 Y
A% Z (A A R o L HR Sk W B AR 4 k5 411 B2 Y LCDAs 2 2 or ik iy, 15
= ML EE R LCDA Y Tk 2 AR HY

X ELRE A 2 ] LCSR 158 D — £5(980) JEARIA 7. BT LCSR Jji%, HoG
MR ELA AR O P I A S — P R R KR 2L

M(psy,q) =i / d*z & (fo(ps, )| T ey (), e, (0)} ]0), (4-9)

Het jr, = dyyse, gr, RMNEZSHE D AFRIBERF, FEEIIEH D A-FHF K
R R IXEEATESE jr, = civsde EAEEZH D ST ZRAREBEITZEU N D fr
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2
mp

(Dpp)lcisd|0) = =2 fp. (4-10)

AT Zo o BIAE 32T Z AN QCD R A SRR E, SR 5K P T Ao >kt vl AR
B SRATN RS PR A 7. fEdR 20 b, RSB R A LIS 2

fo(ps)lir, !D(pfo +a))(D(py, + @)|jr.[0)
(pfo + Q)
+ Z {fo pfo)ljrllh(pfo +(piz> j_h(gfo +q)|jrs[0) (4-11)

HHAD(pfO;Q) — <

Hpufh 78— WL D A AR KRB HRAS MRS h B DTmk. AT R LA
FHEAHARAS A S R R S R AT

<f0(pf0)’jl“1 ‘D(pfo + C_I)><D(pf0 + Q)ljf2|0>
(pfo + q)2

(4-12)
/0 S — pf0+q

SR SRS S h A AT T B o (5, )t T so RIERHL
P TR B

i SR b, RAVRASARBURIT (OPE), {ERIKCH ¢ < 0
SIRIRHRAL AR RIS B SRR, P ¢ < 0 S0P LIARBTIE, 2
1T LA € A3 4 RS LAk S B O 5 ke

1 oo I HQCD 2
T J (mp+ms)? s— (P +4q)

HHAD (pfo ) Q) =

FH e RIS o7 E, 230 @E-12) thrgBe aT SR HARM A QCD R IHIAY &

7N (4-13)
o0 h 2 1 o) I HQCD 2
/ gs_ P (5. ) 2:_/ PRL (s,qz)_
w S—pt+a? 7wty  s—(ppta)

SRJF 93 BXT 572 AT QCD JR IR /R HY SR HR B £ i Borel 2245

d n
BF(@)] = igpm e rprmss: (@) (703 ) F(@), G

402
Fi B RT Q? = —¢* [REGm M? /& Borel 240, XHEIANTHE] 7T AL
1 _exp(—s/M?)
B[@+QWJ_(M%WH—DV 1
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$mE  Z4¥4 D(D,), Bs RET W FAEF ) F 4 ST

Borel A5 #REASFI G H (M?) ™ ek OPE AyMsert , [ i i i 5@ 24 e i M2 ]
LIENURRERUAL ZSHI DTk 43 50% TTHAP Fi1 TI9CP f Borel AR gk A/ 1152

2

mmmmwwm@%WM%@?_ﬁ

1 [*
= —/( ds exp[—%] ImIT?°P (s, ¢?), (4-16)

m mb+ms)2

Hebpp = py, + g0 FIHZE (4-16) fERATREG I f1 F1 -

2 TIOCP [yt ATTRERT 23 (4-9) G AT CHERT L MURIT .
FErb i TR & A - I T R AE R TC . IARAE fo M dd 75, A1)
A LA TIOCP Fomh— 251 fo BOAS [RIHLEE G HE M AT iR

1
M@MWWW@M=&MWAMW%%MW

mmwww@m:mmyéww%%mw

1
1 Mfo 7 i T RO
<f0(pf0)|d(x)o-w/d(0)|0> = - 6f0 ffo (pfoumu _pfoufﬂu)/o duet™Pfo (Dfo(u)’ (4_17)
ooy B, I 2 [ LODA, FLASPIASZHLE 3 ) LCDA. & T 16
1 1 1
A duq)fo (u) =0, /0 du@;o (u) = /0 du(I)?O (u) = 1. (4-18)
B SR B T ekt
f+(‘12)
Me + My = m, du mg 4 uams, — g
=g e 3| { [ “ew [ A [ o
1 m? + ¢* — u*m3 m;, % (u
+ umy, @3 (u) + gmeCI)?O (u) + iMz fo °fo 6fo( q
my, ®F (o) m? — ugmy, + ¢*
—so/ M2 1 4-19
+ exp [ 30/ ] 6 mg + U(Q)mao _ q2 ) ( )
f-(¢%)
Me + My ~ m2 L du m? + vum? — ug* .
= omZ n Jroexp [ﬁg} { o P {— uMJ;O [y () + (2 — u)my, %, (u)
D o
—1 v 7 u(mz + q2 _ UQm?O) + 2<m3 B q2 + u2m?‘0) mfoq)(}o (u)
+ 3u mf() f()(u) - U2M2 6

uo(m; + ¢* — ugmi ) +2(mZ — ¢* + ugmy,) 2 4, %, (o)
B 2 22 2 exp [—so/M7]———— ¢,  (4-20)
ug(m? + ugm?3, — q?) 6




-

md, +¢2 = so+ [ (m}, + ¢ = s0)? + 4m3, (m} — %)
Ug =

(4-21)
2m?c0

BUEI A, A EBCh PDG _ERYE mp = 1.870 GeV, my, = 0.99 GeV3,
EP LN me = 1.27 GeVP, my = 5 MeV. FAREHNECY fp = 0.21 GeVP3),
fro = 0.18 GeVPH . M so [EEH 5o = 4.1 GeV?, EX W TH—ARMWALS D 1k
FEPJT e BT EHERANAY TR AE IR R BEE T/ N e i AR Y XA, ROy TR IEAR AL
FHE VSRR 2P, FRATAT IOSTAR B A/ ¢ XIS A R 2540
G, B LE RECR IE T IR TR R 7B B RUE5 14 o

TERTA 2 A= (4-6) FRAAERETTE SR, AR FETTRY AT )R T IRAR A 7Y
AR AEAT (4-6) 1, FIRSHZhEZAER R, IR s e 185e, &7
RO B AR o AT AR AT B 70 K Bk pR AU 77 i 451

I/ (g, p1,pa) = [ dhwdiadty v PO w) ) D @), @-22)

Hi Jp = dyse RERT. foly) T D(@) AT fo M1 D SR 1200
AN, efe

(01 £o(0)] fo(p2)) # 0, (D(p1)|D'(0)[0) # 0. (4-23)
HF J3w) $, IR R TR SRS H(p) S PR s
[ dtw el H ) #o,
[ty e HEIT D! )0) £ 0. (4-24)

HAPghail £ p = pa — ;1 = qo AR 24 Polology JEFEP™ | 24 p2 — m2 B, KKK
%ﬁ Hsz(Q7p17p2) Q/THEIEHSTQD—FﬁZﬁ

1

11577 (g, p1, p2) o m54(p2 —p1— )M, (p) M (p, p1), (4-25)
H

HhdiRig M AT M R AER AR TR

M, (p) = (0[;(0)| H (p)),

M (p,p) = / 0z =P (H (p) T f3(0) D (1)}0). (4-26)
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Fws  L4¥5 D(D,),Bs REFHFAES ) F 4= S- K TdK

A 4-1LCSR 3 ARt 89 D — fo HKREF, ¢° Rbid o X(4-28) &4 3],
Table 4-1 The fitting parameters of D — f, form factors derived by LCSR with the fomular Eq. (4-28).

D= fy| F(0)| a b

Fy 0.320 | 0.991 | 0.544

Fy 0.320 | 0.346 | -0.735

XH H(p) 2 A AT RER 7S T R/ N EEZS . X TS = dyse, H(p) HATHRE
RIHR D o H AT LS RIRR L 117 (g, po, o) —EFFAE—IE P* = ¢* = m},
WRIFT R A, BATRTEAME THEAR I R 28U E 00

1

5

Fi(q?) o< ———
@)“ql—mD

(4-27)
SR — BT A SO IR R, 20 T S AT i ot ike o 1 RN 5
FATAT LR ULE BB BT RO S B 2810, HE O

F(¢*) = £(0)

- 2 2 :
1=t + bi( L)

(4-28)

A1 5T A A XS R RERTEIRN 728 a; M b 2l xRN 7R X
[A] 0.5 GeV? < ¢* < 0.5 GeV? WILGAREI . (EFARIL T, ARV R/ N AF R
HEE TR, TR o FERGET 11 b FEURATRE/N. JRMMEASKRE HA a
HMEDR AT A BRGSO SR I BT f a3 (4-27) el & i s2 AR .

4.1.2  FALREh A2 IR BRI Z I

FE P RS A 5 A ELAE Dk, A GE Y LRSI B R 2 T o B T4E 1
GeV NHY S-JETTHk . FATAT AL IR LU 77 30E SUPAR -0

— . 1 m%) B m72r7r D—7mm 2 2
((7m)s (prr)[uu75¢| D(pp)) = =i Rf___z?__%tfl (M @)

T

2 2
+ %qﬁé’ﬂ“(mim q2)}. (4-29)

Watson i B IR EATE 7 SEPERCHAIAE mm RE05 HABSE 7 IC AR AR T A5
ATE RO R PR RE TP e 75X o SR BT e R BUERY . A
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LA RFHEF AR

I D 2IbR & w5 YRl AR S5 TR 2 A A TR ) BERN A sl it o B AR L
((n7)sldle| D) oc Frn(my,), (4-30)
PREDTEIR IR 55 LN
(0|dd|mt7™) = BoFyrr(m?2,), (4-31)

Hrh By = 1.7 GeVP & QCD #RS%51,
T HLE N 3 BOPRIRFIAR SR A B IR W T 08, R or frib gk
FF-, D — (wr)s BIFERIE TR LUE AT D — fo FOMR B 70647 IT AR5 5]
) = Bo%Fm(miﬂ)FiD% (¢%) (4-32)
bRt o TR 70T LU & EAC A FALMR e A8 . 7E45 = 2rh 1A 28 7 Hit
BT LMESCHR T F2 (m2,) (R T ARRII T, P s (L IE) T
AERRIE (PP Ffn e R0, 1 \PT th, FEHIERATLH (NLO) fy4% 5T
DA AT o HA R RE Y SE B0 KR . (ERBEE AAE BEROBE K, @519 9 5T ik A5 5 .
B, USRXFIFA TR, XPT B4R po/ (47 fr) BUBTTHY . 16 L IFAL T ¥
X B MG IE R AL, AT LG XPT (038 VS R 3 1 GeV 72417 X Thr it
S-I. 7w Fl KK REHIEFEAAES A

J—_'iD~>7T7r (m

Ea F— % |7t ) + % |707%) (4-33)
_ 1 1 _

KK = — |K"K )+ — |K°'K° 4-34

KK ﬁ} )+ ﬂ\ ) (4-34)

P AYTR SR AL 7~ 31 R LAE SCA

V2By F"*(s) = (0]fin/5s|mm) o, (4-35)
V2B, Fy"*(s) = (0]fin/5s| K K ),

Hefrs = m2,o in = (tu+ dd)/V2 FnAEa BAR RS ERRF, FRRH 7RSS
(=1, K =2). Ml rfges 600463

2
Fon(m?,) =\ S Py (m2,). (4-36)
n 3 Mﬂ 16m3r r r T T Qm%( + Smgr
F'(s) = B 1"‘/%—?‘*‘ 72 (2L8_L5)+8(2L6_L4)T
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8 4s 2 2
i it (B ) o+ 4;2‘]%’((5”1”8%}2“75’7(3)}’

S \/g ]'6 ™ I8 T 8 T T 2 ™ T
R = 2 | enp - 1+ B k) + 2 0],
Fy(s) = % {1 8}5 (23 — mfr — 6mK) 4;;@ (3 — 4m%() + 1%% (6m§( + mfr)
32Lg 2 9s — &8 3 3
=t ok gt (STJCTK> Tonl) + k() + 4—;J;W<s)] 7
F5(s) = 1+ 8fL; (s — mfr — 4m§() + 4;5 (s — 4m§{) + M}fg (4m§( + mfr)
32L3 2 9s — 8m? 3s
F et S+ (STJCTK) Ton®)+ aenc(5) (4-37)
B L IEAREA G, b AR A 70T ASE 7R AR S 1E AR BT 72
F(s) = [I + K(s) g(s)] ' R(s) (4-38)
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Figure 4-2 The non-strange 77 scalar form factor obtained in the unitarized chiral perturbation theory.

The modulus, real part and imaginary part are shown in solid, dashed and dotted curves .
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Table 42 D — p form factors derived by LFQM(left)**! and LCSR(right)!"! respectively.

LFQM | F0) | a | b |LCSR| F(O) | a | b

VP=r 1 0.86 | 1.24 | 048 | VP~» | 0.801 | 0.78 | 2.61
AY7P 1064 | 1.07 054 | AD77 | 20719 | 1.05 | -1.77
AP7P 1058 | 0.51 | 0.03 | AP77 | 0599 | 0.44 | 0.58
AD77 1048 [ 095|030 | AP77 | 0372 | 1.64 | 0.56
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Figure 4-3 The F5_(m?2 ) predicted in the xPT (dashed curve), and fitted from the B, — J/vn "7~ data
(solid line for solution I and dotted line for solution II). The two fitted solutions are not distinguishable
below 1.2 GeV.
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Table 4-3 Fitted parameters for contributing components in the B, — J /)77~ by the LHCb collabora-

tion!””1. Two solutions are found in the fit.

Fractions (%) Solution I Solution II
f0(980) 70.3+1.57%1 924420158
fo(1500) 10.1 £0.8753 9.14+0.9+0.3
Fo(1790) 24404755 09+0.3%7
Phase differences (°) Solution I Solution II
fo(1500) — f(980) 138 £4 177+6
fo(1790) — f5(980) 78 +9 95 + 16
Parameter Solution I Solution II
M f5(980) (MeV) 945.4 + 2.2 949.9 + 2.1
Iz (MeV) 167+ 7 167 £ 8
IKK | Grr 3.47+0.12 3.05+0.13
M fy(1500) (MeV) 1460.9£2.9 14659+ 3.1
I 4, (1500) (MeV) 124+ 7 115£7

M fy(1790) (MeV) 1814 £+ 18 1809 + 22

L4, (1790) (MeV) 328 + 34 263 + 30

LHCb &1E4HAE 90% C.L. X LA FHEA T _FIR

_ F,(fo(500))
F.(f0(980)

< 0.3%
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LS| So+\/(mm2+g so)? + A (my — ¢?) (4-54)
mﬂ"ﬂ'
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Figure 4—4 At the maximal recoil 2 = 0, the dependence of F';(¢> = 0) = Fo(¢q? = 0) (left panel) and
Fr(q? = 0) (right panel) on the Borel parameter M?2. The final results are obtained requiring stability

against variations of M?2.

10

ay

B 4-5 ERRETFTREE G =0, £BR Fio 4 Fr i Gegenbauer 48 a; 6948 ¥ %, & &A% &
A& Fr(¢° =0) = Fo(q> = 0) #= Fr(q> = 0)o AL ay = —0.6 BB KREF ¢ $95R Bk
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Figure 4-5 At the maximal recoil ¢ = 0, the dependence of Fl,o , and F'7 on the Gegenbauer moment
ay is shown in the left panel. Dashed and solid curves correspond to F'1(q?> = 0) = Fy(¢?> = 0), and
Fr(q* = 0), respectively. In the right panel, the ¢> dependence is given with a; = —0.6. Solid, dotted
and dashed lines denote the F'7(¢?), F'1(¢?) and F(q?), respectively.
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Figure 4-6 The functions Fl(()) for the D, — 77~ the dependence on M?(Gegenbauer moment a;) in
the left (right) panel.
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Table 44 Fitted parameters of the B,/D, — 77~ form factors derived by LCSR.

B, = ntn Fi*?=0) b, D, —7tn~ Fi(*=0) a b,
F 3.66 1.39  0.54 F, 2.45 0.82  0.20
Fy 3.66 0.54 —0.08 Fo 2.45 0.39 —0.15
Fr 4.29 133 0.54

T Dy — mrn 1R, BASEIA TR

= (6.5+1)CGeV?, fp. = (257.5 £ 4.6)MeV, m. = 1.4GeV. (4-58)

e 4-6 25T Dy — mh WIBIRIE 7. WA FRIATR LIRS M2 > 6GeV?
LR EN, .Jﬂﬁﬂi AR M? = (8 £ 1)GeV?e Dy — mha IZ55IRS
Gegenbaver # a1 FMEHIEZ/NT By — 7rr™ BUMGHL, XA ELE] 4-6 Hr 47 [4]
Gite XT Dy RGN, 2> 1/2 DR @ < 1/2 XS 2N 2 B o kA B
HT o X—IFEAE Dy — f0(980) HETEEALMH! . T D, ZERMIIRER

/Ny FRATIER —5GeV? < ¢* < 0 (BRI AR @-57) G TR T, BLE25HAE
Fefg 44 A H
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Figure 4-7 Kinematics in the D — 7m/. The 7w moves along the z axis in the D rest frame. 0, (6,) is
defined in the 77 (lepton pair) rest frame as the angle between z-axis and the flight direction of 7+ (£7),

respectively. The azimuth angle ¢ is the angle between the 77 decay and lepton pair planes.
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to light form factors are evaluated by using LCSR.
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Figure 4-9 Differential decay widths for the D~ — 77~ £y, with £ = e in panel (a) and £ = y in panel
(b). The ¢*-dependent ratio RM° as defined in Eq. (4-93) is given in panel (c). The dashed and dotted
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Figure 4-11 Same as Fig. 4-9 but for the S-wave contributions (a) and the longitudinal polarizations in
P-wave contributions (b) to the D — 7w/, and the forward-backward asymmetry ATFB (c). Notice that,
for the AT, 5, there is a sign ambiguity arising from the use of Watson theorem. These diagrams are for the

light lepton e, while the results for the . lepton are similar
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Figure 4-14 Differential branching ratios dBB/dm.. for the B, — 77~ p* ™ in panel (a) and (b), and
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Figure 5-1 The standard quark model predict a series of baryon states: the top three baryons consist of

two charm quarks and one light quark, Among which =1 (ccu) has been observed by experiment!*®!.
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Table 5—1 Quantum numbers for the ground state of doubly heavy baryons. The light quark ¢ corresponds

to u, d quark. The J¥ denotes the total spin and parity of the baryons. The label ST corresponds to the

spin of the heavy quark system.

Baryon Quark Content SF  J¥ | Baryon Quark Content S7  J¥
Eee {cc}q 1+ 1/2* Eob {bb}q 1+ 1/2*
= e 1F 320 | =, g 1t 32
Qee {cc}s 1+ 12t Qup {bb}s 1+ 1/2F
Qr, {cc}s 1t 3/27 | Q {bb}s 1t 3/2*
Ee {be}q 0t 1/2* Q. {bc}s 0t 1/2*
Ebe {be}q 1+ 1/2* Qe {be}s 1+ 1/2F
i {bc}q 1 3/2 | Qf {bc}s 1t 3/2*

BS528R—ANESAFANEEANZRETR=FS (B (2) FxES (B (b))
Figure 5-2 Anti-triplets (panel a) and sextets (panel b) of charmed baryons.
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|y 1,
(Too)"* =(T10) ™ = (T)™ = =X, (L) = (To)™ = (1) = =X,
1
<T10)123 :(T10)132 — (T10)213 — (T10)231 — (T10)312 — (T10)321 — _2/07
V6
1 1
T, 33_T 33_T 331:_5/07 T 33_T 33_T 332:_5,,
(Tro) ™ =(Th0)™ = (T1o)™ = 2= (T10)™ = (Ta)™ = (Th0)™ = —==",
(T 0)333 O (5_4)
R TS R A D WANE A
5+ % nt KT
Mg=| 7 —zZ4m RO, (5-5)
K~ K° —2{’/—%

LI TATE ERIE LA 1o

5.1.2 WERE P2 EAD

KT ERE 7552451 SUQG) R T il LA T e f ket 78, Foqi]E
B 22 AR SUR) 208, W AR RR A 204 7] LA STk 199, 107, 1271,
5121 Z.. Q. 54

¢ = qlv ZEAERIA ROG 1 R

G . B
Hops = —= [VEGY (1 = 75)eiu(1 — 75)l] + hc, (5-6)

V2

Hrrg=d,s, Veaand Vs ;&2 CKM Hi[470. BEERSeAMAFM SUG) =4, iEH
Hyo HAPEDN: (Hy)' =0, (Hs)® =V, (Hs)® = Voo fESRTIZM, 108 Ece B Qee 2F
S -tk I e S R RE PR A T

1P = ay(To) (Hs) (Teg) i) 21l + an(Toc) (Hs) (Teg) iy 41 - (5-7)
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Figure 5-3 Feynman diagrams for semileptonic decays of = or 2..(left) and =, or {2y, (right).

M 5-3h, ZEZGH THEMAZERE. XTI E. 8 Qo FRELTH]
AR 7 AN AR, A A A RO T

HZ}I}M =a1(ch)i(H?,)j(Tc:‘s)[ik]Mf el + ax(Toe) (Hs ) (Tog) iy MF 006
+ a3(Tee)' (Hs ) (Tee) M 0ol + as(Tee)' (Hs) (Te) e MY 0l . (5-8)

IXPEM BT 5 are aoe as ] as & SUG) RT2 ARG &3]
HE) 1 e S RO ars an SR E RPN EIROS, A XN T
SRR T RRERIE S . RS B ARIE T LA AT (5-7) FIA 2 (5-8)5:Hh,
Hrh /AR AR SE 5-2 thed . SEREX X EERIE . Bl AT LLEBILE SUG)
TRIR T, = (herisiRin > e L R

Vea]?

D(ELT =AMl ) =I(Q), — Z0Ty) = i Pr("++ — =My, (5-9)
D(ELT — EHTy) =I(Zf, — Z2ty), (5-10)
1
FELT — SHty) =I(Qf, - ElTy) = 5F(ch — YY)
Vel = -
1" ++ _‘/+l+ 5_11
|‘/CS|2 ( - ) ( )
1
D(ELY — ZHty) =I'(Z) — 20 y) = EF(Q; — QU ). (5-12)
5.1.22  Zy, FlI Qup 5545
T b 5 S0 A ARG RN
G _
Hepr = 7’; [Vis@ 7" (1 — 75)bly, (1 — )] + hec., (5-13)
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K52 MERETF Zcc(Zup) o Qee () REE| L Fok EF49 SUQ) Rt
Table 5-2 SU(3) amplitudes for doubly heavy baryons €2..(£2;,) decay into a singly heavy baryon.

channel amplitude channel amplitude
ELf o nity e S ATy
ERt o Bty e | B S SN o)
= = X0ty as V. =f = 20ty a V
= — 20ty 2t Qf 520ty —a v
Qf — =00ty 22 Vs QF 5 QY a4V
El;; — Agl_lj —a4 Vi ‘—‘bb — ‘—‘bcl asVip
Q&) — Egl_ﬁ —a4 Vi El;: — :8Cl asVip
Epy = Xy as Vb Q= WD as Ve
S — S o Qy, — EQU el

¢ =u,co b— c kil ;ﬁﬁ — SUQB) B4, 1 b — u BT EAF AL SUGB) —EFE A
Hy, 53 (Hy)' =1, (H3)*® =00 B 5-3 PB4 H TN S . fE58 12
Zpp T Qo Qﬁ-ﬁﬂgﬁiﬁﬁ%ﬁ RGBT e 0 ) P LA IS A
MG =as(Tw) (The)i v + aa(Tow) (H5) (Twa) i) I+ as(T)' (H3) (Tro) 35 i,
Hg}q}lti =a5(Tw)" (Toe); M Cve + ag(Thp)' (HY) (Tb3)[zk:}M vy
+ar(Ty)' (Hy )’ (Tb{_%)[jk]Mi v + as(Tw)' (H3) (Te ) iny My v

+ ag(Ti)'(Hz)' (Toe) iy M v (5-14)

7 52 I T AR B AR TE A IRNE o AR ERATTRT LASR H 3742 B B 2 R ) % 3R
(S, = Sl 0) =[(5, = =l 0) = T(Qy, — QL D), (5-15)
I'(5;, — A7) =T'(Qy, — =0 D), (5-16)
[(Zy, = S5 v) =2I(5,, — Sl v) = 21(Qy, — ZP1 D). (5-17)

5.1.2.3 Zp. 1 Qe ﬁ“@i\
PR Zpe 1 Qpe —AARNEERTEAR A R R0
Her = a6(Tbc)i(ch)i ZVl + a?(Tbc)i(Hé)j(Tcé)[ij] vl + a8(Tbc)i(H§)j(Tcﬁ){ij} il
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Table 5-3 Similar with Tab. 5-2 but for the doubly-heavy bcq baryons.

channel amplitude channel amplitude
S = Mty agVy | B = ELTT agVa
By — Sty ag Ve Ep. = ELlTD agVep
2. = E Ty agV) Q) — Qv agVep
WS —aVy | S ATE eV
2 0ty TZ QO SEHT —arVi
B o Bty e | SN asVi
Epe = Sy lty anV 2. = X %
B o Eylty M ) S EFTr wehe
0. — By Uty “”ng Q. — Qlty aioVey
+ ag(Tye)' (H3) (Tw3) g i + aro(Toe)' (Hs) (Toe) iy (1. (5-18)

X E NS 7RSS e AL 3 5-3 ﬂﬁTTﬂﬁ B IR o
IR, Zpe T Qe HIEASIRIE AT LAETS Toe F Top 1R ARG R N T RS HZA, K
TR Ao Tee — Then Te — Tho Xﬁ?ﬁﬁﬁﬁﬁ&ﬂﬂﬁ%ﬁﬁ%i Top — Toe, Ty — Teo
YT 2GR A . I IRATRT DM 25248 58 4 2 A o8 &R
Veal?
|Ves|?
N(Z) — Zty) =I'(Z, — 5, 1), (5-20)

L(Ef — Altv) =I(Qp, — E, 1) = [(Ef — Elty), (5-19)

1
D(Z) — 20Ty) =0(Q), — =7 1Ty) = EF(HbC — 3, 1My)

:|Vcd|2r<:b+_>~/0l+) (5_21)

Ves>
D(EL = 1) =I(5, = 5 ) = grm&w;m, (5-22)
(), — =8 p) =I(Z), — +z*17) =T(Q), = Qf I D), (5-23)
D(Zp, = A7 p) =T(, — =F17D), (5-24)
() — S v) =21 (Hbc — NFp) =20(Q), — =1 D). (5-25)
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Figure 5—4 Feynman diagrams for two-body decays of doubly charmed baryons. We only show one type

P

of penguin diagrams. The C, C’, B, E diagrams are suppressed by 1/N..

5.1.3 HEEEATESHT

IX— /N ERATTZE B S0 b A ] REEE A HH O R E T AR

o S M Qe 557248 [ 54 251 T ORZS PR Cabibbo-allowed 745 i #2755
B, XEEMEERT —FAEE. 5N EIRE T fHik C,C", B, E A
HIFRME M 1/Ne FEAREY o X T Ece M Qe YIRS, 3R 5425 T i Cabibbo
allowed AL E. MM D T A, A REERA, FATHHEMNXT T X E Ik 1
Cabibbo allowed FEAZIE Y40 3¢ FEMWIZAE H 73 Z JLHY 2K

o Sy Ay 595EAR: K S5-S5 FIH TR DAUHREE L S fl Qu EFHIRZE. B
(TSR AR 5 S LR 1072 A T EEHRSHRA FRIKE 7, 25k
ERAMRET 1073, Hp g T/, D sEEE T B Sy f1 Qu EFREDS
YA RN 1075,

o Sy M1 Qe 555545 38 5-6 FIHY T I AR EEEE LY beq BRI PTRERY AR IE . X
TRS R, SRS WAL A R HORESA DS — PR+
B —NRE T, NS S IZAE 107° 8. B, Spe Qe A5
IR ATREAE 107> /e Ao AR beq B FHIRS b A, 43 g <stl
1072 BE/No TXIEREHN Spe T Qe YR TE SR RS m DT T FEXFMEN
. ASZIATRE T 1070 §ig.
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% 5-4 Cabibbo A #3569 ccq T, R4 X A TLAT 5t td 2 24,

Table 5—4 Cabibbo allowed ccq decays whose typical branching ratios are at a few percents level.

—0 —x0 —0 —x0
=++ =+ -+ =+ + + + =+ =+
Bl =S EL— (AJK ATK ) Qf - (EfK XK )
=+ =+ 50
—cc — —c p
=+ =0+
Sie T 2T
T+ (E++fo E**?*O) Sy e O+ (:/+fo :/+f*°)
—cc c » ~e —cc c cc —c )’ —c
—0 —*0
=++ =/t ot = + + 0+
B2t =L (XFKSFK ) Qf — QO
=+ =+ ,0 =0+
—cc — (‘—‘c 4 7\_407'(_ )
=+ O+
B — QK
— / = 0 0 /0 =0 =0
ZHt 5 (XTD*, YD) 2 — (A°Dt, 0D+, %Dt Qf — (2°DT,2°D")

=+ — (S+D°, 2+ DY)

2L, = (E°D,2°DY)

A 55 FEH LA L0 BROMAKETFRE.

Table 5-5 Doubly bottom baryon decays with branching fractions at the order of 103,

Ep = (E0 /0. EP T /) Sy — (S J/U, By T /Y) Q= J/Y
=9, — Ef Dy Z,, — E0.D7 O, — Q.D7
=0, 5D’ =, — Q0 D~
Ebp — (Egem ™ Zep”) Epp —* SpeT Q= Epe K™
Ep, — (K, Q) K*0) Qyy, — Q™
29, — (AYDO, 20 DO) =, — X, DO Q;, = (8, D, =, DO)

=0 - D+
Ep — 2, D

Zw — (5, DY 5 DY)




£ 5-6bcg EFHRETBEX, AP REARTHRY S XWETANBTLLEA, MARSLREY
2k 1073 4,

Table 5-6 Decay modes of the bcg baryons. Typical branching ratios for charm quark decays might be a
few percents, while BR for decays induced by b quark may reach the order 1073,

.=t =0 0
Charm: =, Epe Qpe
—0 —*0 —0 —*0
=+ =0+ =0 0 0 0 =0 =0
Hpe — ST =) — (AJK ,A)K ) O, — (E)K ,E)K )

=) — (Epp% By )

—0 —*0 —0 —x0
=+ + + =0 + 75— 0 —=/0 =0
Epe = (B KX K ) Epe = 4y K Q. = (EPK L EPK )
—0 —x0
=+ =10, _+ —0 0 0 0 -+
=y — =P ). — (K S)K ) O, —Qr
=0 =/0 0 =/— _+
= — (EYpY, 57

=0 - K+
e = O K

=/, — (T B°, 2 B) S = (2TB7, 2" B"7) 0, — (E°B°,E"BY)
=), — (S°B°, X°B°, A°BY)

=), - (2B, 20BY)

Bottom: = B9, QY
E. = EHT/,EFT/) Epe = (EQT /U, ELT[) Q. = QJ/Y
Bl = EL DS E). > EX DS ). — QDS
=5 - 0rD’ =0 5 QFD-
gL — G, 2L A ), - =LK™
= (QLK0,QF K0) Q0 5 Qb
Ebt — (A;"DO, EjDO, ESD"') Egc — EgDO Qgc — (E(C)DO, E/CODO)

Ey. — (22D}, EPDY)

— 90—
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52.1 FREKREFHOGHESIRTE

XA T S SIS (HQET) HUHEAE R i A 4 A IR I 2 S
HIGA, AR 4R HQET 4L M T , M bk o P [ B 25 sy AR AR i
T ERAEAL AR . E PN 4 AL RN Bt (diquark)
S5, XERA AR = EARS AR ERE 0N B A B

K Hi= fREHE 12 524k BT b Z5ai Eie. FrHig H~ 256
TEREL R b BFIER u,, v /& Dirac JERIENE. X T H™' &, HIEREH
o2k, BT EES MR R, R AIES A A, H ekt L
i Rarita-Schwinger & it-lg bR, & S TEIHEE u, (v) FIE ERTKHAL S B
= (0) WU ERAALIC. ot o ST HIPVRIE . u,(0) FOELBER < (o) RO VLA
FRAME

2
=

3
S )i (v) = Pr, Y el (v)el(v) = =g + v, (5-26)
=1

1

HhPo=(1+9)/2., H—H
— g Z Tr [u(v)&;(v)éy(v)ﬂ@)} = 6. (5-27)

TR AR R 1) 3 A S (B SRR 7 —A4Y) kLA 2 DM ES vl =1 B H
JEo MAURERIE—N e (v)e)(v) = 1o

HEE, RE-TEE ¢(v)u,(v) FEAZBETE 3/2 8035 1/2 AT L3RR, Rl
Rarita-Schwinger Jijig te- 2%t A2 FY 11 0T

(PR (), = B (v), v R/ (v) =0, (7, R (v)), = 0. (5-28)

HANTE LB EAT

/ ]. '
(Psp2)h, = [ — g(v“ + "))
! ]_ !
(Pl = 50"+ ol (5-29)

H 2 P32/2(1/2) =1, P3/2 + P1/2 = 1o XD B HIER 2 Rarita-Schwinger
fieht-Rin ERREAS 2 E BE 1/2 M1 3/2 AN rI Z)587R ekt

' (v)uy(v) = (P1/2+P3/2)#VWWIGV(U>U7’(U)
— Ri/Q“(v) + R?’/2“(v), (5-30)
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Hrpr Py B2 A TRE RN

RY(0) = (I3 (0" + v} (0)u(o))s (5-31)

(IR EHEN 12 JHE . Tl T i AL
R(o) = %%%Rw(v)
1

ﬁ%%

(7" + o) ¢ (v)u(v)
1

= 5 (v)u(v), (5-32)

X AT BN T B0 vt = 0o FTLAER ERUE YA R(v) BSLR EBEN 172 [
figte o XF B BEANAR AL H H1 BESRAN

>3 Rk - 1Zmfj<v>m~<v>uz<v>¢;f*<v>m
- F Ty s

_ 1+¢ _
= 5 (5-33)

HAp R(v)y = Jgrsf;(0)uiv), FFEAENT 35 €u(0)e);(v) = =g + v
TEHEAR R FIRATAT LA AT SR F SR 7 LCDAs. X j© = 0+
&, BHEREE K nt = (1,0,0,—-1) f1a* = (1,0,0,1), n? =n*>=0, n-n =2
—MERRI VYRR ] DS HEARAR R T RN
nt nt

a' = o~ + ar—

ATLARERE Ay FIPTIREE N o = 5(2 +vii*), A, [ LCDAs & LA

+a". (5-34)

i<0|[Q{(tl)C%?ﬁ%(b)]Qv(O)|Hg:0(v)> = to(ty, 1) fMu,

<0|[ (1) Cy50,42(12)] Q4 (0)Fn? [H] ™ (v)) = tsq(t1, t2) [P

(0llq] (t1)Cr5q2(t2)]Q (0) [ Hi " (v)) = thss(ty, t2) fP
v (0] (1) Csthaz(t2)]Q4 (0) | H] ™ (v)) = %(tbtz)f(l) uy.  (5-35)
BES I AAFREBON R, 6 25 ¢ DS A R R SRR AR H AR
WRERN tinte FINER w, FIH—L R S0 wi()@(v) = (1+4%)/2, ulv) =
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T w9 (p)o THERTASHA— N Ay (v) = g [As(pa))@op e RIUILTERH N E

21’7‘LH

SMAZASREE I — LR

(0] [g17 (0)C15a3(0)] Q5 (O) HJ™(0)) = fp) ot (v), (5-36)
(0] [a17 (0)Crsg3 (0)] Q5O [H ™ (v) = £ ot (v). (5-37)

MRAE A (5-35) & LAY LCDAs, 1] LIGE fAN A twist B GHE A fiRiE 227 B AR TT

€abe{H " (0) |0 (1) @i (£2) Q5 (0)[0) = %UM@ (t1, t2) f P, (C ys9h) s

DGR BRI 8 BRI AR P 5
¢($17 .IQ) = /OO dwldwze*iwltle*"“?th/J(wl, WQ), (5—39)
0

Horr wy /il we 232 25 T CHE T s SR Bl o FATE SRS S Xt i sl

Hw=w +wy, AIMNG x1=tin,z0=1tmn, to=0v-29,
P(0,29) = / dwdwae™ ™ 224) (wy, wy)
0
o] 1
= / dww/ due™ "™ 2qh(w, u), (5-40)
0 0

Hiwy = (1 —ww =aw, v = (n+n)/2. FBIHTITEGHEGITE, ITE XL

do) = [ drritra)

d -~
@¢(w7u) = ww<w7u)' (5_41)

X FR S IR AR N 1/2 N —ESE T Ao, KSHn
B FEIRE TR E T Q = b, ¢ WU (£ HAISTk 45 H A LFAG2 IRE TR
e AR, FEInAESCk [128] FRZEH T Ay BY LCDAs. fEERES AR T, A By
LCDAs 5 A, §J LCDAs HAAMBIRYIEA, FL XAV Al B . TEEE] Ag HY
LCDAs J2 it H H S8 e w URH P — M5 e P g e 08w, MK
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MMEGS Bttt Ac M1 Ay 442 B HERIRER ma, — mo, FANTEIME )L

=1.017, (5-42)

HA B EIX N ma = 2.286GeV, my, = 5.62GeV, m, = 1.35GeV, my, = 4.7GeV, H
SEEX R 2 T A HQET SRIEWIFY o £83:d iX e 118, FAI Tl LA [F]— £ LCDAs!?!
filiik Ay AT A, BTN

Po(w,u) = N w uu/s0 dse (s —w/2),
/2

Yy(w,u) = SN! Sodse’s/T(s—w/2)3,

w/2

gs(w,u) = E./\/'_lw /80 dse™/™(s —w/2)?,
4 w/2
U3g(w,u) = 14—5/\/'_1w(2u — 1)/ 0 dse /(s —w/2)?, (5-43)
w/2

Hrp N 2Rt AR5

80
N = / ds s”e™/T (5-44)
0

5.2.2 EQQ/ — AQ/ ﬁﬂﬁ?ﬁ)\i
N TR R FERIEERE Zo0q — Ag» TRATTE L 6 NIRRT

(Mg (pa, sV = A)ulZQqrg(p=; 52))

v

= aalons) [0 0) ¢ i ) 4 2 ()

v

q—g2(612) + %93@2)} Ysuz(p=, sz), (5-45)

_ﬂA(p/h SA) |:7;L91 <q2) + ia—y,l/

HAPRRASE FRINE 30 JUR ] B e 33678 8 uz, ps, mz, sz flua, pa, ma, Szo
FIEAA R 07 Q R R v y°Q 4k, ¢ #RBRET u, dff Q FRES T
b, co fi(q®) 1 9i(¢*) 43 B PHLH R IR I S A RS e B2 4E PR e R T AR Rl -, TR 8
oA ¢t =pE —ph. N TRIMITTE, AW LR I EiX 280t 5%

(Mg (pas sV = A)ulZEqqrq(p=; s2))
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—T_LA(PA, SA) Gl(QZ)% + Gz(q2)pA + G3(Q2)p5 75105(195, 85)7 (5-46)

T LA TECREALE LOSR (AR I Gro SXPY RS LA IA -2 TR
A = F(@) + 5 (ms +ma) (Ba(e?) + F(a?))
) = sme(B(a) + Fy(a),
f3(d") = %ms(an(qZ) - B(q%),
() = Gle) — 1 (m=— m)(Fale®) + Fr(a?))
mz(Ga(q*) + Gs(q?)),

mz(Gs(q®) — G2(q?)). (5-47)

1]

N =N =

523 X HEWRE AN LCSR J5ik

AR T WA LCSR f5TEALE D — fo HIERE, i 7R
S EHE AT IR IE A HAE N RRE R AR AN 5L X T E 72 E PR BT IR
AT mT URAR R R T 2ok A3 IX BB 5 IR T Egq S5 AL F HUE
RET Ao FIEDL, HHeRSRAURES Agr ROEHE AT IRIEVE AR A B . B 0iE
SRR IR PR Y

Mu(parq) = i / A2t (g (pa) [T (2) =, (0)}]0). (5-48)
b VA e ARV — A BRI EAT A Soo ORERE
J;Y_A(‘r) - (je/WL(l - '75)Qe7 (5—49)

HQR=Q =b, clf, H

Jzo0 = €ave(Qa CYuQb) V5% (5-50)
HQR=0bQ =clf, A
1 /
Jz,. = Eeabc(baTCV"cb + IOy by) Y754 (5-51)

B TR, TEEA I TR ER QCD 2T HAL K BER B (5—48). 76 T2 ., &
B JVA R e, ZIMENE T ASEE . R Sqo FEHEL fz 19X

(E0qr (P2, 8)]Jz4,(0)[0) = fzuz(ps=, 5) (5-52)
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RAEHL v Q F5 FHISRER R BT AR N

Hhadron (p q)

- 5 ua(PA)[F1(6°) 7 + Fa(@)pa + Fa(@)p=,l (4 + py +mz) + ...

B _Yq+mm%-—w%aA@“)Pq@%ORE_WnAh%

+H(m3 +mzma)(Fa(q®) + F3(q*)) + 2malu,
+(mz +ma) F3(6*) g + Fu(@) v + ma(F2(q?) + F3(¢%))vud + F3(0*)ud

I (5-53)
HAP ST Ag HIPHIE pa = may, v, WSS FRIEBIE so SELERE 0" HOTTHR.
HBMER N
t/“ s B_szal (5-54)
Sth 8_p"

BRI ¢v'°Q VoI RIR e BT UM T iR AT . #2 R SR TSR S E
FERSRARFAARIA 7 f; RYSHIRL, X g AOFHIBON2 SR ELRY -

SNEBATF 2 QCD R 1A _ETHESRHRREL (5-48). LA Eqq HANBI, RyETHEZ
AU THEGUL B RY ot ik

WP (ag) = — [ o™ (300,00 Vs by CSw) Oy
— 5, (0, 2) fP s [y CS9(x)" CT i Py ) nans
—205,(0,2) fPur [y CS9 ()" C )
+05(0,2) f N[y CS9 ()" CT ]} (5-55)

i ZHE AR 3 (5-55) FHAEHER 5t n M n @A ES A A PRI, IRIAN T
JEIACLE AN BATR BN R SIS e 24 AR
1 _ 1

n, = o x:z:u, n, = 2v, — mx“. (5-56)

i

FI A 5 1 LCDAs DL 203 5-56 B ROEHER i, RIS LAFR
KRS SO Bt w FIB R E w i

2s0
HS‘C,D (pr,q) = ——/d4 / dww/ duelariw)

(W) Vb €S O (25— L)
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2
o (0,0) [P s [y OS2 )T C i) =2

— 2035 (w, u) fPur [y CS?(2) " CTv,7.]
+1/)4(W>U)f(l)ﬂ/\[VVCSQ@)TOT%L%]}- (5-57)

XH S9(x) Fox QCD 1 HES TG 7o WX 245 o iR, TR LIS
] QCD Jz= 1 _E Y R HK AL

20 (pa + 0)*, 6%)

250 1 QA[—ﬂwy + 2(@&) + mQ)U + 51]
= dW(JJ/ duwQ(wa u)f(l) Uw - . -
/ 5+ H(u,w, %) —md

- X

2s0 1
(1
+ / dw/ duii ' )%(W u) — ¢4(w u)](u”s—irH(u w,q?) — ?9)2
Xt [my, — 2(mq + ww)q, — 2uaw(me + uw)v, — 2quf — 2uwv,g]
250 1
- / dw/ O (““’ s+ H(u,w,q?) — mé)zuA[_mQ(q )

+2(mg + tw + q - v)qu + (4w(q - v) + ¢¢ — 3m + 3w v, — MgVl

250 Up[q, + twv, + tmov,]
d d . 2) Al9p p T RNQ 5-58
/ ww/ uthzs(w, u) T, P) — (5-58)

Hrbmo FORES TR, LI G E O

1
s = (pa +9)% C]'U:m(s—(f—m?\);
2 _ uw 9
H(u,w, q") = aw(tuw —my) + (1 — —)g". (5-59)
ma

IXHEHTE LT LCDAs
Ui(w,u) = / ) drr(r,u) (i =2, 30, 3s, 4). (5-60)
0

K 5-5 25t T QCD JZ I R BR R A 2l 2 (8] o TH A3 SR B bR B R SRS IR T
ZEAAE S (pa +q)° Al ¢ HIRREL. IS FE IR R A (5-58) 1E (pa + ¢)? HIE F-1HI |

TR SRR ANIE SR 53, AT DI SRR R BGERR i e HOR 7 H TE 2K

o0 ImII9P (s, )

[eer _! d wV 202 5-61
Y (p/b q) m /(mQ—I—mQ +mgq)? ’ S — (pA + Q)2 ( )

a2 RS e iR XA (5-54) HrRYFR a] ARIAHEZ Y QCD JRTHIHY (5-61) Ll
TR, XEATHRER 2

fu - )
Tt —n2 up(pa) [F1(q )(mz — ma)y,




UwWv

Py =mpv

B 5-5QCD Edm ) XK Z R ZE AT, KEHREATANg T, HWREA v. EMEEX
TV —A, EMEEEFTRERE FiR. AMELEET Ay PH—ANEEL, LT H dwo, 4
R HAR IS T I B ST 893 B 0 Ao

Figure 5-5 Feynman diagram of the QCD level correlation function. The green ellipse denotes the final
A which has velocity v. The left black dot denotes the V' — A current while the right dot denotes the
doubly-heavy baryon current. The left straight line denote one of the light quark inside the A¢/. It has

momentum uwv, where # is its momentum fraction related to the diquark.

H(m} +mzma)(Fa(q”) + F3(q%)) + 2maFi(q*)]v,
+(mz +ma)F3(¢°)qu + FL(@)vud + ma(Fa(6?) + F5(q?))vud + F3(q2)q”g]

1 sth ImHl(ig,D(s, q?)
o /(mQ+mQ/+mq)2 o §— (pAc + Q>2 . (-0
XN (5-62) Wi [RIFfAi Borel 246, FRATRI LMHELHUPARIA -+ F;, BARFRIAHN
1 2
F(¢*) = M—_WWP(EQ)

2s0
/ du/ dw—exp MQ)H(sth 5.)0(s, — (2mg +my)?)

X [Y3s(w, U)f( )EmQ Pa(w, U)f( )UW]

£t 1 my S0

= [ oz - e —="eap(—5)
(a0, 0) = oo, ) f Oy — g (,u) 70 50 — g = )

1 ' ma (mq + mq +my)*
_/0 du 9(A)9(280 — _) <§+) A w exp(— M? )

et
u
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X [(1/;2(w,u) — a(w, w) fme

whWQQﬂme«mQ+nm-+mﬂ —q-—m@}hii

T a

/ du/ dw—exp M2>0(Sth 51)0(5, — (2mg + my)?)

xg{exp(—m)[(%(w ) — Do, ) f Vi,
.t

- 1Z3a(w7 U)f( )Z—i(s — ¢ - mA)] }

1 2
F3(¢*) = f—m~—+m/\ (T/ﬂ)
230
/ du/ dw—exp Z)G(Sth — 8,)0(s, — (2mg + my)?*)ss(w, u)

3 1 ¢

+ / du()0(2s0 — )01 —="en(~ %)

% [4(mQ s W) bag(w, u) fP

+ 2ma + ) (i, 1) = e, u>>f<1>} L

! & ma (mq + mq +mg)*
R e G e
P —m2n -
X [4 (m + uw + (mq + mg —{—2:’21) v mA)%a(aJ, U)f@)

4+ 2(mo + ﬂw)(&;(wﬂ) — ig(w, u))f(l)}

o€

u

1 280 ma s, )
- /0 du/ dwTexp(—W)G(sth — 5.)0(s, — (2mg + my)”)

J 99
X %{ea:p(—%) [4(771@ + uw + ST9 T

+ 2mg + 1) (a0, ) — ol u)) f] |

) (e, ) £

}7
S=Sp

2mA

1 mg

Fy(¢*) = Fexp( =)

= [ [ (50— 5005, — (2 + i)

X [2(1w + Mg )ibs (w, u) fY + Gwhsy(w, u) fP)]
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1 +
+ [ adusaots - S —="tenp(~ 1)

[2uw(mQ + uw)(%(w u) — %(w,u))f(l)
y @) (4, Sth — @ —m3 ) ) s
+ 243, (w, u) f (4uwT gt - 3md + 3w )] .
1 N / 2
B / ()50~ )0 (€+)u¢—mA cap( - et gt )

|l

2w (meg + Uw) (Va(w, u) — o (w, u)) fO

(mq + mq +my)* — ¢> —m}

QmA

+ 245 o (W, )f )(4’ +q¢* — 3m22 + 3a2w2)}

w=56-
u

/ du/ dw—exp )Q(Sth — 5,)0(s, — (2mg + my)?)

X %{exp(—m) [QUW(mQ + 1w (Ya(w, w) — o (w, u)) Y

+ 2&30(w,u)f(2) <4ﬁwﬂ T 377122 4 31220.12)} }
QmA

} )
S=Sp

F3(q°) — 2maFi(q?)

2
my + mzmp

Hrp—dos] S ek

By (q¢%) = — F(¢°), (5-63)

mMa, 9 2
ro= - H y Wy )
s T (mQ (u,w,q%))
_ 1 2 2 2 2
A = a2 (stn —q my) — 4(q mQ)y
+ 1 1 2 2
& = —|—(sm—q¢ —mjy) +VA|. (5-64)
2 s

R EIEARA - G TMRETRIA - F; Z AT R AR

Gi(q*) = I (

1\q
G2(q2> - F2(q2)|¢2—>—¢2, Ya——1pa’
G3(q*) = Fy(

2
q szﬁﬂbz, Ya—r—1py’

2
q )‘dﬂzﬁ‘*d&, pa——tps” (5-65)

MRS (5-62) FTLAE Y, R TFAATARAF AT LA BIRRESHHEL. 4130 f1(¢?) 7T
PAMIRIR RO v, B9 R BB 2 AT LA . BORECGHEG 2] (HE UM v, BY
ABCHBUTRIR f1(q®) X BrA IR LCDAs #A ki T 1 BT R A I
LCDAs #REEXTTEARIN A oaik, IR T vs v @ =FREERRI B f1, fo, f30
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HINEREI 23 (5-62) th v, M REEE TAPAR) fi, RICHEICBU fi f f5. 98
IEVNCMRUGEES VG kit E PP

5.3 EF SVZ kMM ATitE

X FATH faT A 2 AN AT ] SVZ SRR T SO0 B A 21 FR SR 1 1Y BRI P
W T, PR ERTUZE3CE (1291, TP RIEE R IATR G HE AN 210
TOLHE QCD SRATMNY, B 17 2o Al 7= A1 QCD R 1T I £x

L (01, p3, %) —iz/d%d‘lyelm TOIT{ s, o, () 74(0) T5g, o, (2)110),
(5-66)
HAPRER LN Q1 — ¢, HEH c = d/s 5350 = v, FWEST N Q2 = ¢/b,
g3 = u/d/s, FREFEAN T () = 67.(1.7)@1. s T JBg, qpey 73BT AR
LR RV R E R 7 SRR A
R 58 72 AT QCD SR A H SR HR R B A A5 RAR TS, FER] A Borel 284 LI K %5
FOSR X, BATRESAR RN R, AT AR A

22 g2 T2
)\BQIQ2q3(¢ +M2)(’Y#f1+20w, 1f2+ﬁif3)(pl+]\/[l>e M1/T1€ M3 /T3

4} Qaa3

4} Q2a3

q Q243

/51 dsl/ d5apV' 9P (s, sy, )1/ T2/ TE (5-67)
HATAR R 7 28 SURIA 3 (5-45) AflH] . Ti /& Borel 24, By HEUE LN
(01J5|B(p, 5)) = Asu(p, s). (5-68)
pyQCP J2 QCD EH AR B ARSI, Hn FXE R E X
PP (s1, 52, 4%)

(5-69)

HV,pert p27p27q2 :/dS ds )
p L €)= [ s )

FE SVZSRFIRUN R, AR Y oikok B T B2 BESR « KRR (5-66)/E5 7
J& 7 2 - B2 (A BN AT LA T OPE W2 [ I A simk, & Foe s oi kil
OB BRI, A 5-6 F7R o

54 HEZERS5ERNA
54.1 FAREA FEUESSHE

FATPEANES tH3ET LCSR JFiAREUEIT AL R ES s lioy me = (1.35 &
0.10) GeV il my = (4.7£0.1) GeV, RS IR UNZ. £ 5-7 45H 7T ENE
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B 5-6%—47: REBKRE FTHRLBA TR, REELATEL L, FEERERTRES L. H =47 &
AABRRE, EHEAXAAZRRE, ARRARLRE LGB T RAZMEIEN. £247: 51
s i

Figure 5-6 The first line: The perturbative contribution to transition form factors. The doubly-solid
line denotes a heavy quark, and the ordinary solid line corresponds to a light quark. The second line:
Light-quark condensate diagrams. Heavy quark will not condensate and thus only the two light-quark

propagators give condensate contributions. The third line: Mixed quark-gluon condensate diagrams.
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T, e LA AR B =101 LCDAs & 3 (5-35) 11 Ag AR 5,
fO = f@ =0.03+£0.005, FiiEh my, = 2.286 GeV fll my, = 5.620 GeV. =, (5-43)
1 LCDAs Z40%4 so = 1.2 GeV fl 7 = (0.6 +0.1) GeV,

&S5 REREFTHRE, AoREF o

Table 5-7 Masses, lifetimes and decay constants of doubly heavy baryons.

Baryons | Mass (GeV) | Lifetime (fs) | f= (GeV?)
S 3.621[134 256 0.109 4+ 0.020
E;C 6.94313! 244 0.150 +0.035
=0 | 6.9430% 93 0.150 £ 0.035
S 10.143M135] 370 0.199 4+ 0.052

FATH 2L 5 e ) Borel 2R R BUHL RIS ATRERE . X T Eqqr HIBIMH s
fil Borel 24 M? (LB AT12% 7 QCDSR Hr = gOOCHRRR R Z5 R e 55— 5T
B R HOHE OPE HGEAE ¢° 9 IR R 22 iU DXt a0, R R AT 175
BRI 7 HAE 30 2 B S A A be DXtk 58 5-8 )i — 45t T XA R =
ATERT RN ¢ WG IR 32 5-9 25 TATIRINF LG ZE IR, Hh A 251
72 FAPRHERY AT A A Y

F(0
F(q*) = - 0 — (5-70)
-+ ()
2T AN B RSB AT ES 2R
F(0
F(¢?) = - ©) —- (5-71)
L+ ()

KT @ AR NTEARE T AT R AT G Horp f70 7% Lf—A
AL, JFHELE ¢ = 0 ryfE. HHAMAAFRATRM T LCSR 197575, Bk
MTEHERAL T B BA TR AR IE SRR ZE RN X TIRZERNTE R TR EH T EUE s
Borel 2% M? L) LCDAs 24 7 iR . [ 5-7 451 T ARTAR 74T ¢2 B
L, Hr sp, M? BUSEAESR S-8HIHUIME, 7= 0.6 GeVo

FEZR S-101EE S-11ep, FRATI0 50K See M Spps Epe TR 5 HIZERN
HABSCRR TP RO R PEA T 1 A Gl PR, A S5 R LA S RAE [/ — &
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# 5-8Eqq M9 BIMA sy, Borel K4k M? Fadl &M K E F 69 ¢* R ],

Table 5-8 Threshold s, of g/, Borel parameters M2, and ¢* range for fitting form factors.

Channel | sy, (GeV?) | M? (GeV?) | Fit Range (GeV?)
Zee = Ao 16+1 6+1 0<¢*><08
S — Ay | 11242 1241 0<q®<3
S — A, | BAE15 9+1 0<q®<3
S — Ny | D415 9+1 0<¢g><08

RS5O REREFTREHM KA F: F(0), mpy Ao 6 35 F o X (5-70) & (5-71) F 9 = A b 54K
AAITEFTHERGIFAEGAK (5-70) ME/F2], mATE T REIAK (5-T1) MEF35.
Table 5-9 The decay form factors of doubly-heavy baryons. F'(0), my;; and ¢ correspond to the three
fitting parameters in Eq. (5—70) or (5-71). The results without asterisks are obtained by fitting the form
factors with Eq. (5-70), while the results with asterisks are obtained by Eq. (5-71).

F F(0) Mag 9 F F(0) Mg 9
flee e | _0.81 4 0.01 1.38 4+ 0.05 | 0.34 =+ 0.01 | gFe=7" | —1.09 4 0.02 2.02 4 0.08 0.66 4= 0.05
fSee e | _0.32 4 0.01 1.92 4 0.08 | 0.40 = 0.04 | gFe=—""e 0.86 4 0.02 2.17 4+ 0.1 0.954+0.11
foem e 0.9 + 0.07 1.62 + 0.1 1.38 0.7 | g5~ | —0.76 + 0.01 1.954+0.02 | —0.4+0.08
fEw=Ae | _0.01 4 0.003* | 1.33 4+ 0.24* | 0.71 £ 0.16* | g7 7" | —0.02 4+ 0.004* | 1.1 +0.13* | 0.53 + 0.08*
fowhe 0.03 £ 0.0 -- -- g5 | —0.034+0.002 | 2.034+0.04 | 0.35 =+ 0.006
fEw=he |01 40.007* | 3.3440.13* | 5.28 +0.08* | g5* 7" | 0.14 + 0.003* | 7.24 4+ 0.40* | —2.35 + 1.37*
frrem e | 20144 0.005 | 2.93 £ 0.06 | 0.39 4+ 0.001 | g5+ 7" | —0.16 - 0.001 | 3.45 + 0.05 0.43 £ 0.0
fore?he | —0.09 £ 0.002 | 3.19 4 0.04 | 0.34 & 0.001 | g5r=—"e 0.17 £ 0.0 3.7240.04 | 0.39 & 0.001
Jovehe 0.1 + 0.005 2.6 + 0.08 0.44 4+ 0.0 | g5t=7" | —0.1740.001 | 4.43 + 0.03 0.22 + 0.01
e 0.39 + 0.01 1.234£0.03 | 0.44+0.02 | gfee—he 1.06 + 0.03 1.77 + 0.06 0.65 =+ 0.03
Sfove e 0.06 + 0.01 0.73+0.03 | 1.2940.06 | g5*~™ | —0.69+ 0.02 | 1.89 «+ 0.06 0.81 =+ 0.06

SeeMe 1 _0.79 4 0.06 1.60£0.1 | 2.62+1.15 | gF=—" 0.56 & 0.01 1.79 £0.01 | —0.48 & 0.04

9, JHR f1(0) FAERET. H2, FRAERM 61(0) STk K T — 1 5
Jio MTA—TTERF . FMUEFHIE £1(0) A1 g1(0) S2AE— D HEGUT . AT %5 5E A0
it (HQET) X} Ag — Aq AR f1(0) F1 g1(0) HLMLAIR —A> Isgur-Wise 5%k, RUE
HQET Je A FEA TR 7195848, R0 HATE5 P hR R HH T S SO FR IR
RN o
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FEATRE S = Ao, BT S = Ao

Figure 5-7 ¢* dependence of the Zgg. — A¢ form factors. The first two graphs correspond to =.. — A,

the second two graphs correspond to =, — A;, the third two graphs correspond to =, — A. and the

fourth two graphs correspond to =, — A,. Here the parameters s;;,, M? are fixed at their center values

as shown in Table 5-8, while 7 = 0.6 GeV.

— 105 —



EiERBRFHEFEIRL

& 5-10 2. REH KA F4 LCSR 4 £ 5 QCD KA=HM (QCDSR)!', 7T £ A (LFQM)P7,
At A F A (NRQM) F= MIT 4454 (MBM)!P7) 89 28 3 pb4s

Table 5-10 Comparison of our results of =.. decay form factors with the results from QCD sum rules
(QCDSR)!"?! light-front quark model (LFQM)"®”), the nonrelativistic quark model (NRQM) and the MIT

bag model (MBM)!371,

Transitions | F'(0) This work QCDSR!?°1 LFQMP71 | NRQMI!!371 | MBMI!371
=t — AF | f1(0) | —0.81 +0.01 | —0.59 + 0.05 —0.79 —0.36 —0.45
f2(0) | —0.32 4+ 0.01 | 0.039 + 0.024 0.008 —0.14 —0.01
f3(0) 0.9 4= 0.07 0.35£0.11 - - —0.08 0.28
g1(0) | —1.09 +£0.02 | —0.13 £+ 0.08 —0.22 —0.20 —0.15
g2(0) 0.86 = 0.02 0.037 £ 0.027 0.05 —0.01 —0.01
g3(0) | —0.76 = 0.01 0.31 £ 0.09 - - 0.03 0.70
542 EETEAR

?‘Z{”%[ﬁ EQQ/ — AQ/ E’\jiiéiéﬁﬁ

R, HARG E U N

G 7 _
Het = 7;( ctl[d’m(l —5)c] [Py (1 — 5)l + Vub[ﬂ’m(l — 35)b][Iy*(1 — 75)””)7 (5-72)
GF %%*ﬁéﬁ 5 ‘/cs,cd,ub % CKM %E]Kgﬁ 5 ﬁﬁj%ﬁﬁ DJ\T%QTE[S:"’ 138] :

Gr =1.166 x 107°GeV 2,

Via| = 0.974,

V] = 0.225,

|Vea| = 0.225,

V| = 0.00357.

FRAR R RE AR A 3 5T SRR, R AN S Y SR e PR M

(5-73)

2 2
H‘{’o:_i% ((M1+M2)fl_ﬁlf2) 5 H \/g <(M1_M2>gl+qM92) )
Y en : Nien ;
Hy, \/q—+ ((Ml — M) fi + Mfs) . HY, = —@W ((Ml + Ms)g, — M%) ,
H‘%/,l =iy/2Q- <—f1+Ml%l%f2> , H‘;l:iv 2Q+ (—91—%1%92> :

(5-74)

Hip Qe = (My £ Ma)? — ¢*, My, My 3 RIZHIRSEF BT BRI TR

[AIFFAE LA K &

v
H_)\27_)\W

R Ta%
= Hj, \,
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& 5-11 By, Zpe HEM KA F49 LCSR 25 R Ao Lk QCD K AHN (QCDSR)'™, a7 5 g AL A

(LEQM)7! 4 2 32 pb 4%,

Table 5-11 Comparison of our results on =, and =;. decay form factors with the results from QCD sum
rules (QCDSR)!'?! and light-front quark model (LFQM)7!,

Transitions | F(0) This work QCDSR!?!' | LFQMP7]
= — Ay | £1(0) | —0.01+£0.003 | —0.086+0.013 | —0.102
f2(0) 0.03£0.0 0.0022 4+ 0.0020 | 0.0006
f3(0) | 0.140.007 | 0.0071 4+ 0.0072 --
g1(0) | —=0.024+0.004 | —0.074 +£0.013 | —0.036
g2(0) | —0.03 +£0.002 | 0.0011 + 0.0024 0.012
93(0) | 0.14 4+ 0.003 | 0.0085 + 0.0055 --
Ze = Ny | f1(0) 0.39 £0.01 —0.65 = 0.06 —0.55
f2(0) 0.06 £0.01 0.67 £ 0.07 0.30
f3(0) | —0.79 4+ 0.06 —1.73£0.48 --
91(0) 1.06 = 0.03 —0.15 £ 0.08 —0.15
g2(0) | —0.69 £ 0.02 —0.16 + 0.08 0.10
93(0) 0.56 £0.01 3.26 +£0.44 - -
Zpe = Ao | 1(0) | —0.1440.005 | —0.11+0.01 | —0.11
f2(0) | —=0.09 £0.002 | —0.1140.02 —0.03
f3(0) | 0.140.005 0.16 £0.03 --
91(0) | —0.16 £ 0.001 | —0.085+0.014 | —0.047
g2(0) 0.17+ 0.0 0.11 £ 0.02 0.02
93(0) | —0.17 +0.001 —0.14 £0.02 - -
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Ao T Aw 0 IR ARSE FRIHRIZS W a7ttt ISR Y. TV — A i
el S AR
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Eoq — Agrlv RYZERLTE LR LIMZ IR v XTI 0 AP, 0 BIXTRLT (v XS R R
[ ARAL T 15

'y G|Vexm|?¢® p (1 —m7)?

dg> 384m3 M}
o () (H g o | HyoP) + 8iF(H oy P | Hy ), (6=TD)
dly _ Gyp[Vexm*¢ p (1 —mi)*(2 +mf) 2 2
= H H . 5-78
dq2 3847T3M12 (| %1| + | —%,—1| ) ( )

Hrpm = ml/\/_ p=VQ+Q_/(2My) J2HE Eqo T 1L AT Ao I =Bhm K/ e X%
ol ¢ Ul LIS 3] R AR 5 i

(M=M2)* g
r— / i 2L (5-79)

dl’ dl';,  dI'p
i~ de A
R S-1285H TAFEPEREZIE S0 — Aol(T)v FATEELR, 23 LA R FI
MR BE LB T /Ty, & ﬁlzduemuﬁgﬁuﬁiifmﬁgﬁﬁlmGwml
K] 5-8 25t T X B T I PP AR TE I 96 FE R T ¢° IRt 2. 36 5-13rxf b T 3%
B2 A SCER P A 25 2R
XTI BUESE R, FOTELLT LR :
o 5121 5-8h, BUHLERIIRZENR B THARA 72 HUNIRE
-Lﬁ%S12&MTME%c%dﬁﬁ%ﬁﬁg%b%uﬁﬁ%ﬁﬁﬁﬂﬁﬁ
B. X—UMESKRE T KE FEANEIE—EHo 4,
-Ka% w¢%swmﬁ TR TR E RS AR, R%
HIFFE T AR AR E TG T 2 A e Bt . RUE AT & T RSN Ao TR
I, &MTUﬁﬁSWSﬁ%ﬁﬁ#*%ﬁ@ﬁ SIS

(5-80)

T(Qf — 2% y) = T(EEE - AHT) = (3.95 £ 0.21) x 107 4GeV,
T(Q0, — S5 1%v) = T(S — AYTv) = (5.51 +0.38) x 107 4GeV,
(Y, — Z0 ) =T(Z, — A" D) = (7.35 £ 1.43) x 107GeV.  (5-81)
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Figure 5-8 ¢? dependence of the semi-leptonic Eq¢o — Ag/lv; decay widths. The blue bands correspond
to I';, while the red bands correspond to I'7-. The dashed and dotted lines describe the center value curves

and the band width reflects the error.
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ﬁ 5-12 "F—iéiiﬁi EQQ' — AQ/lVl éﬁ%‘}“a%};—%%ﬁﬁ\itt, -}j:-c}:' [ = e//lzo
Table 5-12 Decay widths and branching ratios of the semi-leptonic = — A lv; decays, where l = e/ p.

Channels ['/GeV B Ly/Tr
St o ATy | (3.9540.21) x 1074 | (1.5340.1) x 1072 | 2.6+0.35
S — AUy | (7.354£1.43) x 10719 | (4.13+£0.8) x 1077 | 0.21 40.12
S o A0y | (614 1.1) x 10710 | (3.434£0.65) x 1077 | 0.08 & 0.04
20 > Ay | (7174£04) x 1077 | (1.01£0.06) x 107° | 13.38 £ 2.74
20 5 Af7roy | (4.0940.28) x 10717 | (577 +0.4) x 1076 | 7.38 + 1.61
S5 ANty | (5.5140.38) x 10714 | (2.044£0.14) x 1072 | 1.39 4 0.21

4 5-13 QCD KA=#LA] (QCDSR)!'), 77 4 484 (LFQM), &4 5% B s xR (HQSS)!™, 3
a5t A AL (NRQM)!'Y i MIT 44870 (MBM)!IYT) 34 4 25 % 2 ] 6 b 32 .

Table 5-13 Comparison of the decay widths (in units of GeV) for the semi-leptonic decays in this work
with the results derived from QCD sum rules (QCDSR)!"?!, the light-front quark model (LFQM)®7!, the
heavy quark spin symmetry (HQSS)!!'*1, the nonrelativistic quark model (NRQM)!"*”! and the MIT bag
model (MBM)!'37 in literatures.

Channels This work QCDSR!?9 LFQM7! HQSS!139 NRQM!37] MBM!137]
=ZEt = Aflty | (3.95+£0.21) x 107 | (6.1 4 1.1) x 10715 | 1.05 x 107™ | 3.20 x 10715 | 1.97 x 107 | 1.32 x 10713
Ep — AV | (7.35£1.43) x 107 | (3.0 £0.7) x 1077 | 1.58 x 10717
=0 = Afl"p | (7.17£0.4) x 10717 | (2.24£0.5) x 107!7 | 1.84 x 10717
=h =AYty | (5.51£0.38) x 107 | (1.1 £0.2) x 107 | 6.85 x 10~1°
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