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KpaTko o ABaXkabl TSXKENbIX bapnoHax

@ CocrosaT ns aByx TAXENLIX U OAHOrO N&rkoro
keapka: (Q1Q29).

@ PabortatoT HeckobKO LWKaN:

Lkanel Ep.:

mQ > mqQy v, mQy v > ranv2, mQ, v? > Aqcp

(v.s. mg > AQCD OT Ob6bIYHbIX TAXKENbIX
6apuoHos).

Q@ Mpu mqg — oo, nérkuii keapk "BnanT" TAXENLIA
AVKBaPK Kak JIOKaJIbHBIA NCTOYHUK F/IIOOHHOrO
nons.

@ BosmoxHo seiumcsierue B asa sTana: KomnTonosckuii pasmep Tsxénoro keapka A = 1/mq,

3@ ANKBapK +[ KBapK-AWKBapKoBasi cucrema l pa3mep AuKBapkKa Ty ~ 1/(1) . mQ) n wkana
koHdpaiimenTa rQop = 1/AQcp BbicTpoeHsI
@ Cnun gukeapka — xopoluee KBaHTOBOE 4MCIO. cnepytowmm obpasom: A A % Ae % The R % rQcp
[Kiselev and Likhoded, 2002a].

AnbTepHaTUBHbLIN NyTb: pelleHne KBaHTOBOW npobnembl
Tpéx Ten (cm Hanpumep

[Albertus et al., 2007a, Albertus et al., 2007b] n ropasgo
6onee panHioto paboty [Kerbikov et al., 1990]).
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Meng(Zec) [MeVic?]
Ej’j’ — AjK_W+7T+ [Aaij et al., 2017b]

Macca [Aaij et al., 2017b]:

mE_c'_C_F = 3621.40 £ 0.72(stat) £ 0.27(syst £0.14 (Aj—) MeV/c2
MoaTeepxaeHo B Moge Ej'c"' — Ej—ﬂ'+ [Aaij et al., 2018a]

Bpems »xusHu Takxe namepero [Aaij et al., 2018b]:

T_++ = 0.256 tgggg (stat) £ 0.014 (syst) ps

=cc
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CnekTpockonus

Mebi npegnonaraem, 4To Nérkuii KBapk B3aumMoaeiicTeyeT
C TsKENbIM
AnKBapkoM (a He € TSKENbIMI KBapKaMu MO OTAENbHOCTN):
ToxxaecTBO KBapKa ynpoLaeT CnekTp:
@ S-sonHa n D-BonHoBoOe cocTosiHMe ankeapka QQ:

Q See =1

@ P-sonnosoe coctosme: Sgg = 0

Cnektp Epp, [Gershtein et al., 1999a]:
1L5

o

352
6PLs \ B

755 —
: 2
sD1s 2pz D%

5Pls

Ans nonyyeHus cnekTpa cemeicTBa ABaXKAbl TSXKENBLIX
6aproHoB Hy>KHO 1P1s \Dis

o noNy4YunTb CNEKTP AMKBapKa Mo aHanorum c

TAXKENBbIM KBapKOHNEM.

3Pls

2+ 2P1s 32~

3D1s

° ANs ANKBaApKa, COCTOSILLEro N3 3KBMBAJIEHTHbIX 12—

KBapKoOB, BblbnpaTh aHTUCUMMETPUYHbIE

BOJIHOBblE hyHKLMN. 151s
@ nonyunThL CNeKTp CUCTEMbI BUKBapK - Nérkuii 10.0

KBapK MO aHAaNOrUM C TsKENLIM-NErkMM MesoHom. ~CM. Takxe [Flynn et al., 2003, Brambilla et al., 2005].
° OUEHNTb CMeWwnBaHne cocTosiHWUIA € OANHAKOBbIMU

KBaHTOBbLIMU Yucaamun.
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Eaal =
cc n —cc

[Npeackasatus gna macc =

(ndele), JP mass, GeV (ndele), JP mass, GeV
(1S 1s)1/27 3.478 (3P 1s)1/2~ 3.972
(1S 1s)3/27 3.61 (3D 15)3/2'F 4.007
(2P 1s)1/2~ 3.702 (1S 2p)3/2"~ 4.034
(3D 1s)5/2F 3.781 (1S 2p)3/2~ 4.039
(2S 1s)1/27 3.812 (1S 2p)5/2™ 4.047
(3D 1s)3/2T 383 (3D 1s)5/2'F 4.05
(2P 1s)3/2~ 3.834 (1S 2p)1/2~ 4.052
(3D 1s)1/2F 3.875 (35 1s)1/2T 4072
(1S 2p)1/2~ 3.927 (3D 1s)7/27 4.089
(2S 1s)3/27 3.044 (3P 15)3/2~ 4.104
Zce(2P 1s)  sBnsieTcss  mMeTacTabunibHbIM,  NOCKOBKY

nepexof B OCHOBHOE cOCTOsiHMe TpebyeT ogHOBPEMEHHOro
W3MEHEHUSA YrJioBOro MOMEHTA N NOJZIHOro CNUHa AnKBapKa.
Tak 4YTO, MOXeT, CcTouT OspaTVlTb BHUMaHME Ha pacnaj
=+ =t++ -
Ef.(2P 1s) —» Ef T
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[lonpaBky K Maccam U3-3a KOHEHHOIO pa3Mepa AMKBapKa

’ V4&T KOHe4HOro pasmepa AWKBapKa yBENNYMBAET MacChl ABaXKAbl TsHKENbIX GapnoHoB. ‘

B npubnunxeHun TovevHoro gmksBapka
mlE 2T & mEl/2T] = 3478 £ 30 Mev,
mE3/2T ) & m[E3/27] = 3610 4 30 Mev.

OpHako peanbHbIMKU pasMepamu ABaXKAbl OHapOBaHHbLIX AWKBapKoB npeHebpeyb Henb3s. Kak obHapy>
eHo B [Gershtein et al., 2000, Gershtein et al., 1999b], pasmepsi 6a30BbIx BeKTOpHbIX 1.5-AnKBapKOB:

(r?)/2 = 0.58 fm

(r?){2 = 0.33 fm
VuéT pasmepa AnKBapka B pamMKax ABYX Pa3/NyHbIX MOAXOAOB yBEJMYNBAET 3HAYEHNSA MacChl:
@ dopm dakTop: M (E..) ~ 80 MaB [Ebert et al., 2002];
@ VuéT pBuKeHNs B MOAENN KBapK-rtOOHHbIX CTpyH S M (Eq.) ~ 80 MaB [Kiselev et al., 2017].

Therefore:
mlE2 )~ mEl/27] = 3615 £ 55 MsB,

m[E3/2T ] & m[3/27] = 3747 + 55 MaB.
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Vyét dhopm-chakTopa

Mpeackasanus ans cnektpa Z.. bapuoHoe B [3B.
CocTositue Macca CocTtositne Macca
(naLng )JE  EFGM  our  (ngLngl)JP EFGM  our
(1S1s)1/2F 3.620 3.478 (1Pls)1/2- 3.838 3.702
(1S1s)3/2% 3727 361 (1P1s)3/2~ 3.950 3.834
(151p)1/2~ 4053 3.927 (251s)1/2+ 3.910 3.812
(1S1p)3/2~ 4.101 4.039 (2S1s)3/2+ 4.027 3.944
(1S1p)1/2'~ 4136 4.052 (2Pls)1/2~ 4.085 3.972
( (2P1s)

( (351s)

1S1p)5/2— 4.155 4.047 (2P1s)3/2~ 4.197 4.104

151p)3/2'~ 4196 4.034 (351s)1/2T 4154 4.072

EFGM: D. Ebert, R. N. Faustov, V. O. Galkin, A. P.
Martynenko [Ebert et al., 2002]
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PeleHne TpéxyacTuyHoli 3agaqn

lopasgo 6onee pannsia pabota 5. Kebpukosa,
M. Monukapnosa n
J1. LLleByenko [Kerbikov et al., 1990]

, and the expectation
for baryons

C. Albertus, E. Hernandez, J. Nieves, J.M.
Verde-Velasco [Albertus et al., 2007a, '“““"“‘:,"“'ff}f"'f,":‘;‘,‘m,
Albertus et al., 2007b]

System M., (McV) 10° 8, (GeV")
udu 10878 + 03
uds 12717 £ 04 8, = 4074041
By =8y
~685£072 - 408740019
ude 24139113 24+ 085 A -4.295 +0024
S
= 3631 40037
udb 57687420 426950042
- 3461 £0039
use 25622417 =3935 0036
58240021
=3072.40021
16049513 )/
~9912089 = 355710026
wu 14449207 8,,=9974085 - 358740020
=8y = ()
o —634s -39+
Maccel ocHoBHBIX cocTosiHuii B 3B 032080 396200
- 1 sse 270482 18 128 372 = 3,458 £ 0033
Eee 3612717 .
=3 +23 66+ 161
“ece 3706 +10 ssb. 60409 + 24 1151 + 158 3.367 £ 0.020
Epp 101977~ -5, Ay
=k +9 = 2416 + 240 = 2770 + 0.026
Spp 102367, a1 B Y= iy
Zpe 6919717 V. 675860 20184 003
= 6948+17 ccu 36328524 8, = 4525 290 £0024
“bc —6 "
e 698614 3407 £ 0035
“be -5 ces 3607 4 24 8= 5030253 2238+ 0,044
8y =8y, ()2

1863122 = 2842+ 0030
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PoxaeHune aBakabl TAXENbIX baprnoHoB

ABa sTana:
@ PoxaeHve gsaxxabl TAKENOro AnKBapKa.
@ Ero tpaHcdopmaumns B 6apuoH.

Bcé aHanornyHo poxxaeHunto ABaXKAbl TAXKENBIX
kBapkoHues J /1 nan B:

(Q1Q2)1, = [Q1Q2]3,
2 2
[R1.(0)|" = |R3_(0)]
KBapKI/I B COCTOsiHUWN 3{: npuTArnBaroTCsa n

‘R(O) ?Cl Q2 ‘2

|R(O)§192) ~ :

WHorpa B kadectse "3arotosku" ncnonbsyrotT guksapk

[QQI6,. -

Q1Qs)-meson

(Q1Qaq)-baryon
9 9n

@ Q2
9% 92
O Q

[QQl3,
"BoirnaanT" Kak TsKEnbIli aHTUKBapK, 1, CefoBaTENbHO,
MO>XHO hbparMeHTUpoBaTh ero B 6apuoH:

[QQls, (7) =2, H(zp)

Mpobnemsi:
@ Mouemy [Qq Qg]gc He pacnageTcs Ha Me30HbI?
@ Kakosa BeposTHOCTL Anst [Q1Q2]3, obpasosaTs
ABaXkAbl Ts>kénbili 6apuon?

@ Kakosa dopma cpyHkuMn chparmenTaumm
[Q1Q2]3, = (R1Q29)?
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AmnnnTtyaa poxaerust (Q1(Qo-AnkBapKa

" 3 =
S7j= _ [ pSss ko - (wkts I R
A o / TQlQ] Q2Q2 (pi, k(D) (\II[QIQMSC (q>) Cszlz (2m)3’

roe T5827 = — aMNANTYyAa XXECTKOro poXXAeHUsA ABYX Nap TAXENbIX KBAPKOB;
Q1Q1Q2Q2
Liz — BoniHOBas cbyHKUUS AuKBapKa (LBETHONR aHTUTpUneT);
[Q1Q2]3,

J n j, — nonHelli yrnoBoii MOMEHT 1 €ro NPoeKuusi Ha ocb z B cucTeme nokosi [Q1 Qg]gc;
L n l, — opbutanbHbiii yrnosoli MOMeHT bc-AnMKBapKa U €ro NpoeKkuusi Ha ocb z;
S unsy; —cnud Q1Q2 -ANKBapKa U €ro NpoeKuusi;
Jiz
szlz
pi — HeTbIpéxuMnynbca AvKBapka, Q1 KBapka n Qo KBapka;
g — Tpéxumnynbc Q1-kBapka B cucteme nokos Q1 Q2 auksapka (T.e. rae (0,q) = k(Qq)).

Ssz .
Ecnn Ty p oz Mano sasucuT ot k(q) To:

— koadppuumenTol Knebwa-lopgona;

o
3 = o .
A~ '/d q U™ (§) {T(pf,,q){q-=0 +q;q_T(pi7®|5=0 +o-- }
B 4acCTHOCTHU, S—BD“HOBBlX CDCTOﬂHMﬁ
A~ Rs(0) Tq G105, (pi)|<7=0‘

roe Rg(0) — pagmanbHas BonHOBas thyHKUUsSI B Hyne.
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PparmeHTauns B 4UKBapK

J/) [ec]s

®parmeHTayus xopowo paboTaeT Ans
e+e_—aHHV|rvu1m.wm npu 4mz/5 < 1:

D¢y cc(z) BoirnagnT kak .. Metepcona:

Q@ 2%, Qa1 (25)
2 |Rec(0)]? A\
Desee(z) = 97 TX ossf- \
© of \
xa?(4m )Z((1 z))() (16—322+7222 —322° 4 52%), oF \
T NN

B TouHoCTM To Xe camoe, 4To ans ¢ — J/¢ + c.
[Falk et al., 1994]
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PoxaeHune cc-gukBapka B afpOHHbIX B3aUMOAERCTBMSAX

do(gg — [eclz, + X)/dpr, \/Sgg = 100 I'sB, n6n/I>B

g9 — (cc)y+ X Wil

T T
T

q7 — (cc)3+ X

& &g

MucTtorpamma: nonueiil Habop gnarpamm
Kpusas: cpparmeHTaumnooHoe npubnmxerve
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PoxpaeHune =p. B agpOHHbIX B3aMMOAENCTBMAX

= s. B Rp,(0)|% = |Rp. (0)]?

be PT V-s. Be pr (|RB,(0)] [Ribe5 (0)17) l vomens [ |R[bc]§(0)\2/|RBc(0)\2 l
g "4 ‘ ‘ g zzi ' ' Buchmiiller-Tye potential
B =30 GeV g _ [Kiselev and Likhoded, 20023, 0.31
g Va0 e Kby V60 Gev Gershtein et al., 1997]

2 2 3 RMT

o o )\ [Ebert et al., 2003, 0.26

o : Ebert et al., 2002]
° L L™ o2 L . T RMTT
o s o v ) 2y cen [Ebert et al., 2011], 0.32
2 2 [Galkin, private communi- .

Mpepckasanusa ana LHCb (|RBC 0)|* = ‘R[bc]é 0)[%) cation]

oz, B OF 1

oB, [Rp,(0)]2 3

Idp.)/(do /dp.)

)

Ans Ece n J/1p + ¢ a3To He Tak us-3a Bonbloro Bknaga

DPS B J/¢ + c:

(do.

0.2}

[}

T5cc K Og/pte

I I I
5 10 15 20
P, (Gev)

[Baranov, 1997, Berezhnoy et al., 1996, Berezhnoy et al., 1998, Chang et al., 2006, Chang et al., 2007,
Zhang et al., 2011, Chen et al., 2014]
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BpemeHa xun3Hu aBakabl TSKENbIX baproHoB

Spectator mechanism Weak scattering Pauli interference

CneKTaTopHbIN MeXaHN3M He JOMUHMPYET.

Mofa UAN pacnagHbIil MexaHU3Mm wnpuHa, p371 sknag, % (Ej:r) sknag, % (Ejﬁ)
c — sdu 2.648 127 31
c— setu 0.380 18 4.2
Pl —1.317 -63 -
WS 5.254 - 60.6
1—‘52,+ 2.089 100 -
F=+ 8.660 - 100
Ece
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I_quemy BPEMEHA XN3HN OYEHb BaA>XHbI

Bpemsi )u3Hn cunbHo 3aBucnt oT coctasa bapuona (40-50%).

me = 1.73 £0.07, ms =0.35£0.2.

baryon T, pS baryon T, ps baryon T, pS
=T 10.26 £0.03 = 0.24 +0.02 =0 0.52 +0.01
=L [014+001 | 2 [022+002] Z;,, | 0.53+0.01
[958 0.19 +0.02 QY 0.18+0.01 Q 0.53 £0.01

TEE > QL] > 1[EL]
T[E;_;] > T[Eg_c] > T[QSCL
TEyl = TIQ] = T[ER]

N3mepeHunsi BpeMEH XM3HU ABaXKAbl Ts>KeNbiXx 6apnoHoB cTaHyT cepbésHoli nposepkoii OPE.
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[TpuMepbl 3KCKNHO3MBHBIX pacrnajoB

Ouerkn 3 pabotel [Gershtein et al., 1999a]

Mode Br (%) Mode Br (%)
=5, — ES.ly 149 [[ 5F 4.9
=0 =Ly 46 || 55 — 4.4
=20, = =, Iy a1 || =5F 16.8
=5 - =00y, 7.5 Eg+b — 2.2
= =0 =
Epp — EpeP 5.7 Ep. 0.7
V. o Ehn 07 [| 5 — 1.9
= 17 [[ 5 > 7.7
). s 5, 7t 71 |[ 5 > 21.7
=20, —+ 2, pT 201 || EfF — 15.7
EFX. —» E0aT 1.2 || =fF - 46.8
=5 5 =20,T 33.6

Halitn "3onotyto moay" ans asaxkabl Tskenbix
6aprOHOB O4eHb CJIOXKHO.

Oxxungaembiii BbIXOA ANS HEKOTOPbLIX MoA ANst
LHCb (Run | 4+ 2015 42016) ana Zp.
[Blusk, 2017]:

@ N(g), - J/wE}) ~ 12

=+ 0

@ N(E/, > DA~ 7
BosmoxHo, Zp,. Bcé e byaeT oTKpbIT Ha Run
.
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PoxxaeHune BO30YXAEHHbBIX ABaXKAbl TAXENbIX DapnoHOB

CeueHuns n oTHocuTenbHbIE BbIXoAbl cc-ankeapkos (BonHossie dyHkuun us [Ebert et al., 2002]).

COCTOsiHNe BOJSIHOBas DbyHKIJ,I/Iﬁ Macca AnKBapkKa OTHOCUTENbHbIN BbIXOon4, ceyeHune
|R(0)|, FaB3/2 m, M3B % o, HBH
18 0.566 3.20 49 + 52 120 + 170
25 0.540 3.50 26 <+ 27 60 + 90
33 0.542 3.70 18 + 20 40 + 70
|R'(0)], r>B5/2 m, B r, % o, HOH
1P 0.149 3.40 2 4+6
2P 0.198 3.70 1+2 4+5

CeyeHusi N OTHOCUTENbHbIE BbIXOAbI

bb-gukeapkos (BonHosbie cyHkuun s [Ebert et al., 2002]).

COCTOsiHNe BOJZIHOBas dJyHKIJ,I/Iﬂ Macca AnKBapka OTHOCUTENbHbIN BbIXOon, ce4yeHne
|R(0)|, F3B3/2 m, MB % o, nbH
18 1.107 9.8 36 + 37 320 + 670
25 0.969 10.0 24 = 25 210 = 450
35 0.927 10.2 19 + 20 170 + 360
45 0.906 10.3 17 + 18 150 <+ 320
|R’(0)|, FaB®/2 m, M3B r, % o, nbH
1P 0.387 2.9 0.3 3+6
2P 0.484 10.1 0.4 4+8
3P 0.551 10.3 0.5 4+9
4P 0.605 10.4 0.5 4+9
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Chos

HausHbiii banaHc 3apeructpuposattbix 8 LHCh =

Ntot ~ Ndzrect( ) + N(’_‘*++)[_> :++ ]+

3
2 et ot~ 11 ot —t+ =
+INED BT+ 5 G N S KD

u:d:s=1:1:0.26

W3 Ny ~ 300 okono 90 senstoTcs npogykTamu pacnaga =1, okono 45

cc

— npoaykTbl pacnaga =X+, okono 10 — npogykTbl pacnaga QF.
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BeiBogbl

@ CyuwiecTByeT 4Ba OCHOBHbIX MOAXOAA K MPEACKA3aHNIO MaCC 4BaXKAbl
TSOKENBIX DAPMOHOB: MOAENN KBapK-AWKBAapPKOBOro NoTeHUmana un
TpexyacTuyHas Mofesb C napHbiMu noteHuuanamu. Oba nogxoaa
YCRELLHO NpeAcKasain MacCy OCHOBHOMO COCTOSIHUS Z..
KBapk-ANKBapKOBblE MOLENN MO3BOJIAIOT TAaKXXe NOJYHUTb MOJIHbINA
CMEKTP HYacTul, BKJOYAs CUSbHbIE BO3DYKAEHMS.

@ Bbino 6bl o4eHb nHTEpecHo cpaBHUTL BpemeHa xunsHu =1 and

Ef., notomy 4T0 370 6b110 BbI CepbéstbiM TecTom OPE.

@ CeyeHue poxaeHUsi Zp. AOJKHO ObITh COMOCTABUMO C CEYEHUEM

poxaeHusi B.-me3oHa. [NMosTomy Mbl Hageemcsi, 4To BapuoH
Zpe-bapuon Takxe byaet HabnopaTecs B akcnepumenTax Ha LHC.

@ BnonHe BO3MOXHO, 4TO BO3OYXKAEHHBIE COCTOSIHUS ABaXKAb!
O4apoBaHHbIX DapUOHOB Takxxe byayT ObHapyKeHbi.



Cnacnbo 3a BHUMaHME!
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Comparison of predictions for different ground states of

DHB from [Albertus et al., 2007b] (1)

=%

Reference Eee S Zbb =hb
[Albertus et al., 2007b] 3612717 3706723 10197719 1023677,
[Ebert et al., 2002] 3620 3727 10202 10237
[Kiselev and Likhoded, 2002a] 3480 3610 10090 10130
[Narodetskii and Trusov, 2002b] 3690 10160
[Tong et al., 2000] 3740 3860 10300 10340
[Itoh et al., 2000] 3646 3733
[Vijande et al., 2004] 3524 3548
[Gershtein et al., 2000] 3478 3610 10093 10133
[Ebert et al., 1997] 3660 3810 10230 10280
[Roncaglia et al., 1995a, Roncaglia et al., 1995b] 3660 + 70 3740 4+ 80 10340 + 100
[Korner et al., 1994] 3610 3680
[Mathur et al., 2002] 3588 + 72
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Comparison of predictions for different ground states of

DHB from [Albertus et al., 2007b] (I1)

Reference Zpe 58 =he
[Albertus et al., 2007b] 6919717 69487¢ | 69867 L
[Silvestre-Brac, 1996b] 6915737
[Ebert et al., 2002] 6933 6963 6980
[Kiselev and Likhoded, 2002a] 6820 6850 6900
[Narodetskii and Trusov, 2002b] 6960
[Tong et al., 2000] 7010 7070 7100
[Gershtein et al., 2000] 6820 6850 6900
[Ebert et al., 1997] 6950 7000 7020
[Roncaglia et al., 1995a, Roncaglia et al., 1995b] 6965 + 90 7065 + 90 7060 + 90
[Mathur et al., 2002] 6840 + 236




Comparison of predictions for }
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[Karliner and Rosner, 2014] (1)

Reference

Value (MeV)

Method

[Karliner and Rosner, 2014]
[De Rujula et al., 1975]

J. Bjorken (unpublished draft, 1986)
[Anikeev et al., 2001]
[Fleck and Richard, 1989]
[Richard, 1994]
[Korner et al., 1994]
[Roncaglia et al., 1995b]
[Lichtenberg et al., 1996]
[Ebert et al., 1997]
[Silvestre-Brac, 1996a]
[Gerasyuta and lvanov, 1999]
[Itoh et al., 2000]

[Kiselev and Likhoded, 2002a]
[Narodetskii and Trusov, 2002a]
[Ebert et al., 2002]

3627 + 12
3550 — 3760
3668 + 62
3651
3613
3630
3610
3660 + 70
3676
3660
3607
3527
ucc: 3649 + 12,
dce: 3644 £ 12
3480 + 50
3690
3620

QCD-motivated quark model
QCD-motivated quark model
QCD-motivated quark model
Potential and bag models
Potential model
Heavy quark effective theory
Feynman-Hellmann + semi-empirical
Mass sum rules
Relativistic quasipotential quark model
Three-body Faddeev equations.
Bootstrap quark model + Faddeev eqgs.

Quark model
Potential approach 4+ QCD sum rules
Nonperturbative string
Relativistic quark-diquark
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Comparison of predictions for M (=) f

[Karliner and Rosner, 2014] (11)

Reference Value (MeV) Method
[He et al., 2004] 3520 Bag model
[Richard and Stancu, 2005] 3643 Potential model
[Migura et al., 2006] 3642 Relativistic quark model + Bethe-Salpeter
[Albertus et al., 2007b] 3612117 Variational
[Roberts and Pervin, 2008] 3678 Quark model
[Weng et al., 2011] 3540 + 20 Instantaneous approx. + Bethe-Salpeter
[Zhang and Huang, 2008] 4260 + 190 QCD sum rules
[Lewis et al., 2001] 3608(15)(32),
3595(12)(2é) Quenched lattice
[Flynn et al., 2003] 3549(13)(19)(92) Quenched lattice
[Liu et al., 2010] 3665 + 17 + 14t$8 Lattice, domain-wall 4+ KS fermions
[Namekawa, 2012] 3603(15)(16) Lattice, Ny =2+ 1
[Alexandrou et al., 2012] 3513(23)(14) LGT, twisted mass ferm., m =260 MeV
[Briceno et al., 2012] 3595(39)(20)(6) LGT, Ny = 2+ 1, mz = 200 MeV
[Alexandrou et al., 2014] 3568(14)(19)(1) LGT, Ny =2+ 1, my = 210 MeV
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al width within OPE

1
s, = — (=% |TIES.)
—=cc cc cc
2Mzg,,
(Eccl|Eece) = 2BV

T = sm/d% {THepp(2)Hepp(0)}

where H, s ¢ is the standard effective hamiltonian describing the low energy weak interactions of initial
quarks with the decay products. For the transition of c-quark, u-quark and the quarks g1 2 with the
charge —1/3, the lagrangian has the form

Hepyp = QIqul Vigy [C4+(1)O4 + C_()O_] + h.c.

where V is the matrix of mixing between the charged currents, and
O+ = [q1avv (1 — v5)cplliyy” (1 — v5)q261(8a80~s £ 6as55~p),
«, B are color states of quarks and
R - N _—12
as (M 33—2n ag (M 33—2n
oL - |os (Mw) Foo = s(Myy) 7
as(p) as(p)

where n s is the number of flavors.
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OPE for the transition operator T

1 1
T = Cip)ee + —5Ca(u)egon G e+ —50(1).

(& (&

Spectator contribution:

u, [
Main features: T@_ﬁc
@ ¢c — spectator decays of c-quarks; d, v
@ no operators of dimension 4 contribute; Pauli inte;ference:
@ the only operator of dimension 5 ; C>©< ¢
@ Pauli interference (operators of dimension u Fi u

6) essentially contribute to Z1* life time; .
) y Weak scattering:

@ weak scattering (operators of dimension s

6) essentially contribute to =7, life time.
SCO
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T T [t
ELT, 21 lifetimes

=++ =+
TEL) = 2(Tase + T wa)r T50) = 2(Tase + Tws,ca)
G% 2 may \ 2
Tor,ud = — M (1 - ;)

y 1 1
{[eroreai sl + Gateoreai@oll_,] [+ a-khim] +
[G1 o)) @iy + Galeo)ee) ] (w{f_,] kF Fa .
G2 2 1 1 » L
TWS,cd = Tfmi (1 + %) (1—24)? [(Fs + 3(1 — k2)F5)(Ec)y_ 4 (dd)y)_ 4+

1 L o
k?FS(Ec)Z‘}iA(dd){/LA] ,

Fi3=(Cy FC_)%, Fp4=5C +C2 £6C,C_, Fs56=C3 FC2,
1-22 (1-2)? 1-2% (1-2)3
G =2 "% & =2 2
1(2) 5 " 2(2) 5 3
zZ_ = 0 Z+

- (me +mg)?

(@)Y _ @) _ 4 = —()¥_ (@)l 4 =12(me + mg)| ¥ (0)?

(me —maqy)? ’
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Model parameters and life time estimation

Me, mg, M(ZLT), M(ZL), T and U4(0)

@ m, = 1.6 GeV (taken from the pole c-quark mass (lifetime and
semileptonic decays of D° meson).

@ T = 0.4 GeV — the kinetic energy of diquark and light quark
(potential models).

o |T¥(0)]? = (2.7£0.2) x 1073 GeV?

T(EXH) =048 ps  7(E5) =0.12 ps
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Dependence on parameter values: =.., Q.

Quarks’ masses for meson and baryon could be different
[Karliner and Rosner, 2014]

me = 1.694 + 0.03 GeV

0.00
13 14 15 16 17 18 19 20 0.1 0.2 03 0.4 0.5 0.0026 0.0028 0.0030 0.0032 0.0034 0.0036
me, GeV. me, GeV |9(0)|2, GeV®
r(EFT) = 0.26 + 0.03 ps, r(EF,) =0.14 + 0.01ps, 7(Q,) =0.1940.01ps

rips™!
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Dependence on parameter values: Zp.,

LT srzrra—aT

13 14 15 16 17 18 19 20 13 14 15 16 17 18 19 20 13 14 15 16 17 18 19 20
me, GeV. me, GeV. me, GeV.

0.0026 0.0028 0.0030 0.0032 0.0034 0.0036
1¥(0)]?, GeV*
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Dependence on parameter values: Zp,

130 3
125
120
7, 115

Tb,spec

T, ps

1.10
1.05 o
~110xTp
1.00
095 08 09f .-
490 495 5.00 5.05 5.10 4.90 495 5.00 5.05 5.10 4.90 495 5.00 505 510
m, GeV/ my, GeV m, GeV/

0.845

0.835 D
0830
0825
0820

0.815

00026 0.0028 0.0030 0.0032 0.0034 0.0036
149(0)|2, GeV®
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Comparison with other Results

Karliner, Rosner // PRD 90 (2014) 094007

mg = 538 MeV, me = 1.7105 GeV
2 —1
r = |10 GEME,, ! Mt ~ 0.185 ps
=++ = —an3 s =~ 0.
Ece 19273 M2
=&+

@ Do not agree with n total life

@ No PI, WS = T = T4+
=cc

=cc

s

b

OPE = 7_4 =0.32
=cc

Karliner, Rosner // Phys.Rev. D97 (2018) 094006

ms = 482.2 MeV, me = 1.6556 GeV

No lifetime predictions presented
OPE = 7_44 =0.37ps
=cc

Cheng, Shi // arXiv:1809.08102v1 [hep-ph]

me = 1.56 GeV

Dimension 7 operators

T4+ = 0.298 ps, T_4+ = 0.044 ps, TQ+ = 0.2ps
=cc =cc cc
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Exclusive decays

The formfactor of decay for the baryon with the spin % into the baryon with the spin % is expressed in

the general form as follows:
= \%4 I ~V F ~V A I ~A F ~A
(He @l JuHi(p1) = apr){1uGY +vLGY +0EGY + 751,61 + vLGE +oF ) Yuler).
At small recoils v* ~ vf and v - v/ = w ~ 1. This is why only two of six form factors are not
suppressed by heavy qaurk mass, namely
4 A
Gy =Gy =¢&(w),
where £(w) is so-called Isgur-Wise form factor. CVC gives £(1) = 1.

R0
= L= qz/m?’ol

mp°|(b — c) = 6.3 GeV

mp°|(c — s) = 1.85 GeV
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SELEX results

Peak interpreted as Ej’c is seen at fixed target experiment

SELEX for baryon beams only( £~ and p, not @~ ) in
modes Ef, - AcK "7t and Ef, —» pDT K~
[Ocherashvili et al., 2005].

r(pDtK™)

7 —0.36+021 7(2}) <0.033 ps
D(AcK—7t) (Ece) P

ce

N(EjJ/N(Ac) ~ 20% The resonance observed by SELEX and interpreted as

Zcc have an extremely short lifetime and an extremely
No confirmation from other experiments. large cross-section.

ALK T and D' pK-
For fist time these problems were discussed in

o fittedmasses ] 3518(3) and 3519(2) [Kiselev and Likhoded, 2002b].

Events/2.5 MeVic?
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Five narrow Qg states decaying to

LHCb

Candidates/ (1 MeV)
w
o
o

3000 3100 3200 3300
m(ZK") [MeV]

[Aajj et al., 201743]
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