Heavy baryons in quantum field approaches

Valery Lyubovitskij

Institute of Theoretical Physics, Tubingen University

"HQPO05”, 6 June 2005, Dubna (Russia)

_p1



Plan

Historical overview
* Experimental status and classification

* Basic trends in theory:
e m¢g — oo limitin QCD
Heavy Quark Effective Theory (HQET)
Single and double heavy baryons in HQET
Heavy Hadron Chiral Perturbation Theory (HHChPT)
Heavy baryons at Large N,

o
o
o
o
Three-quark model for heavy baryons
* Framework
* Application to weak, em and strong decays

* Magnetic moments of single and double heavy baryons

Summary

— p2



Historical overview

» Discovery of J/W at BNL and SLAC (1974)
% Charmed baryons A, & " at BNL (1975), FNAL (1976)
*x Charmed baryons confirmed (masses, decays) at FNAL (1979)

x Further experimental progress [ A baryon at SLAC]:
eT e~ annihilation (1979), semileptonic decays (1982)

* Discovery of T at FNAL (1977)
~ Bottom baryon A} at FNAL (1981,1986), at CERN (since 1992)

x Doubly charmed baryons =, at FNAL (2002)

* Masses, lifetimes, decay form factors and widths, asymmetry parameters:

BNL, CERN, CLEO, DESY, FNAL, KEK, IHEP
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Historical overview

* Algebraic schemes, 3q and gD models:
- classification
- mass formulas
- magnetic moments

- sum rules for weak decay amplitudes

A.De Rujula, H.Georgi, S.Glashow, PRD12 (1975) 147
M.Gaillard, B.Lee, J.Rosner, RMP47 (1975) 277
D.Lichtenberg, PRD15 (1977) 345

J.Kdérner, G.Kramer, J.Willrodt, ZPC2 (1979) 117
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Light Baryons

% JFl123] — Ax0

Historical overview

*  SU(5) classification of baryon states 5®5® 5 =104 © 405, &40, & 355

o FImnkl  antisymmetric 10-plet J¥ = 1~
o B™I"kl  two mixed 40-plets JP = %+
o Dimnk} gymmetric 35-plet JP = %Jr

19 = 1 [singlet] + 8 [octet] + 10 [decuplet]
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Sin
gle Charm Baryo
ns
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Historical overview

Single Bottom Baryons
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Historical overview

Double Charm Baryons | 6=3+3

L+ BAl — Eéchr B442) — E;l-c B443] — Qg—c
=+ =k Q*+
144 __ ““cc {244} __ ““cc {344} — cc
Double Bottom Baryons | 6 =3 + 3
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x DUE= R =5 = &
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Historical overview

Bottom-Charm Baryons | 12=3+6 +3
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Historical overview

« J.Kérner, M.Kramer, D.Pirjol, PPNP33 (1994) 787

Charm 1/2™ and 3/2T baryons

Notation Content JF SU@3) (I,13) S C Mass (GeV)
A c[ud] 1/2+  3* (0, 0) 0 1 2285
=5 c[su] 1/2+  3* (1/2,1/2) -1 1 2.466
=0 c[sd] 1/2T 3% (1/2,-1/2) -1 1 2472
> cuu 1/2% 6 (1, 1) 0 1 2.453
» c{ud} 1/2t 6 (1, 0) 0 1 2451
¥ cdd 1/2T 6 (1, -1) 0 1 2452
= c{su} 1/2t 6 (1/2,1/2) -1 1  2.574
=10 c{sd} 1/2T 6 (1/2,-1/2) -1 1 2579
QY css 1/2T 6 (0, 0) 2 1 2698
SETT cuu 3/2t 6 (1, 1) 0 1 2519
SET cud 3/2t 6 (1, 0) 0 1 2516
»x0 cdd 3/2T 6 (1, -1) 0 1 2518
=* T cus 3/2T 6 (1/2, 1/2) -1 1 2.647
=*0 cds 3/2% 6 (1/2,-1/2) -1 1 2.645
Q0 CcSS 3/2T 6 (0, 0) 2 1 274
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Historical overview

Bottom 1/2T and 3/27 baryons

Notation Content JP SU@3) (I,I3) S B Mass (GeV)
Ay blud] 1/2T 3% (0, 0) 0 1 5.624
=9 b[su] 1/2t 3% (1/2 1/2) -1 1 5.80
=y b[sd] 1/2t 3% (1/2,-1/2) -1 1  5.80
N buu 1/2 6 (1,1) 0 1 5.82
50 plud}  1/2+ 6 (1, 0) 0 1 582
> bdd 1/2% 6 (1, -1) 0 1 5.82
=0 b{su} 1/2% 6 (1/2,12) -1 1 594
M b{sd} 1/2T 6 (1/2,-1/2) -1 1 594
Q. bss 1/2% 6 (0, 0) 2 1 6.04
ST buu 3/2t 6 (1, 1) 0 1 584
370 bud 3/2% 6 (1, 0) 0 1 5.84
7 bdd 3/2T 6 (1, -1) 0 1 584
=50 bus 3/2%t 6 (1/2,1/2) -1 1 5.94
=, bds 3/2T 6 (1/2,-1/2) -1 1 594
QF~ bss 3/2T 6 (0, 0) 2 1 6.06
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Historical overview

* V.Kiselev, A.Likhoded, Phys.Usp.45 (2002) 455

Double heavy 1/2" and 3/27" baryons [q = u ord]

Notation Content JF | S C B Mass (GeV)
Ece q{cc} 1/2t 12 0 2 0 3.519
Q. s{cc} 1/2% 0 -1 2 0 3.59
Sh q{cc} 3/2t 12 0 2 0 3.61
Qit s{cc} 3/2T 0O -1 2 0 369
Ebb q{bb} 1/2+ 1/2 0 0 2 10.09
Q,, s{bb} 1/2F 0 -1 0 2 10.18
=5 q{bb} 3/2 12 0 0 2 10.13
Q7 s{bb} 3/2T 0o -1 0 2 10.20
Eeb q[cb] /2t 12 0 1 1 6.82
Qo s[cb] 1/27F o -1 1 1 691
= q{cb} /2t 12 0 1 1 6.85
Qv s{cb} 1/2F o -1 1 1 693
=¥ q{cb} 3/2t 12 0 1 1 6.9
Q) s{cb} 3/2% o -1 1 1 6.99
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Historical overview

Triple heavy 1/27 and 3/2% baryons

Notation Content JF C B Mass (GeV)
Qr, cch 12t 2 1 80

Qo cbb /2t 1 2 115

QF T ccc 3/27 3 0 4.73

Q- cch 3/2t 2 1 80

QxD cbb 3/2t 1 2 115

QF bbb 3/2t 0 3 15.0

bbb
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Historical overview

+ QCD simplifies in the mg — oo limit

*~ E.Shuryak, PLB93 (1980) 134, NPB198 (1982) 83

(@ in hadron c.m., static center — proton in H-atom;
masses, spin and em splittings of D, B, >, and A¢;
3q currents of heavy baryons

= E.Eichten, F.Feinberg, PRD23 (1981) 2724

1/mq expansion of heavy quark propagator;
spin-dependent forces for Qg systems are governed by m,

= W.Caswell, G.Lepage, PLB167 (1986) 437
G.Lepage, B.Thacker, NPB Proc. Suppl. 4 (1988) 504

Nonrelativistic effective Lagrangians for bound-state systems

* M.Voloshin, M.Shifman, SUNP45 (1987) 292
H.Politzer, M.Wise, PLB206 (1988) 681

Asymptotic behavior of fp ~ mél/Q atmg — oo
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Historical overview

* Heavy Quark Symmetry (Isgur-Wise Symmetry)
N.Isgur, M.Wise, PLB 232 (1989) 113; 237 (1990) 527

Limit mg — oo gives rise to a new spin-flavor symmetry

Q is surrounded by a light quark (heavy meson)

or by a light diquark cloud (heavy baryon)

W = % — m; no dependence on mg [flavor symmetry]
Hspsy ~ ﬂjg ff” —0 spins decouple [spin symmetry]

* Velocity Superselection Rule
H.Georgi, PLB 240 (1990) 447
Initial state P* = mgv* — Final state P'* = mgv'# 4 k*

v* = v'* at mg — oo for fixed k*
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Historical overview
*x Heavy Quark Effective Theory (HQET)

H.Politzer, M.Wise, PLB206 (1988) 681; N.Ilsgur, M.Wise, PLB232 (1989) 113;
E.Eichten, B.Hill, PLB234 (1990) 511; B.Grinstein, NPB339 (1990) 2583;
H.Georgi, PLB240 (1990) 447; J.Korner, G.Thompson, PLB264 (1991) 185;
T.Mannel, W.Roberts, Z.Ryzak, NPB368 (1992) 204, ...

Systematic approximation to QCD using methods of EFT

QCD | Lgocp = Qi P — mglQ
Q(z) = 7"V [hf () + hy (2)),  #hif(z) = £hi (z)

D, =vuv-D+ D, Dy =D, —vuv-D
HQET | Integrate out low component h,
Luqet = ha v - Dhi — GEI—EO hy D+ w.DJrleQ_ie D+ h

Factorization of long and short distance effects at any orderin 1/mg
N
Gran(pr-pni e o = ma) = SN 200 ma, 1) Goiy) (1-pni )

short long

Review | M.Neubert, PR245 (1994) 259

Introduction to HQET; SB corrections; weak decays of HL hadrons
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Historical overview

* Single heavy baryons in HQET

N.Isgur, M.Wise, NPB348 (1991) 276; H.Georgi, NPB348 (1990) 447;
T.Mannel, W.Roberts, Z.Ryzak, NPB355 (1991) 38;
F.Hussain, J.Korner, M.Kramer, G.Thompson, ZPC51 (1991) 321; ...

Flavor symmetry: mass difference coincide for ¢ and b baryons
with different quantum numbers of light degrees of freedom

my, —MA, =My, —MA. = 200 MeV

b

Spin symmetry: 3/2 and 1/2 states degenerate, mass splitting ~ 1/m¢g
my: —my, ~ 75 MeV < A = 500 — 700 MeV

Weak decays matrix elements

(Ag, (v2)|RE2ThE Ao, (v1)) = &(w) @(v2)Tu(vr)

(25) (02)[RZ TR RS (01)) = [—gH7 ¢ (W) + vtvE o (w)] T (ve) Ty (01)
up(v) for X7 uy(v) = % (Yu +vu) v5 u(v) for Xg

Isgur-Wise functions  &(w), (1(w), (2(w) Wwithw = vy - v2

Normalization £(1)=¢1(1)=1
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Historical overview
x Double heavy baryons in HQET
M.Savage, M.Wise, PLB248 (1990) 177; M.White, M.Savage, PLB271 (1991) 410
QQq - bound state of heavy Q@ pair (pointlike object) and light quark ¢
Color triplet system £*°¢Q?Q¢ ~ T

No dependence on heavy triplet mass and spin Heavy quarks move in
spin-independent Coulomb potential

Antibaryon QQg related to heavy meson Qg

3 MQj3
MM % — myx - = 55— Mpx —MmMp

Semileptonic decay matrix elements

(AQas (12)| Q279 (1 — 75)Q1IAqys (v1)) = g (v1,02) L2 G(va)u(vy)

MGy, (U1, v2) product of IW function £(w) with overlap of "in" and "fin" Coulomb wf

m = [(le + mQ3) (mQQ T mQ; )]1/2
* Double heavy baryons in combined approach HQET + NRQCD + pNRQCD
V.Kiselev, A.Likhoded, Phys.Usp.45 (2002) 455
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Historical overview

= Heavy Hadron Chiral Perturbation Theory (HHChPT)

M.Wise, PRD45 (1992) R2188; G.Burdman, J.Donoghue, PLB280 (1992) 287;
T.Yan, et al., PRD46 (1992) 1148; P.Cho, PLB285 (1992) 145;
P.Cho, H.Georgi, PLB296 (1992) 408

EFT based on ChPT (expansion in m,) and HQET (expansion in 1/m)
HH and light PS mesons U = ¢2 = exp(iP/Fy)

HH emit and absorb chiral fields without change of velocity v
LO chiral Lagrangian for soft hadronic and em interactions of heavy baryons

L = TZ’LUDTZ — S’M,ij’i’vDS% + ASTg,u,z'jSéLj + gg&MVUAUVS'M,isz,LUJ Sjpk
+93&iji [ Ti€5 Skt + Spki €15 ]

S'u = (v +UM)75SZJ/\/_ + S*'u Eu = %(SDM@L - £TDM£)
T — {'—OA '—-l-A A-l—} 9 — {E++ E+ ZO ,:OS : _E;FS : QO}
Corrections: long-distance 1/A , short-distance 1/m¢ and chiral m,

* Chiral Lagrangians for heavy baryons
Yu.Kalinovsky, V.Pervushin, N.Sarikov, PLB166 (1986) 351; PLB180 (1986) 141
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Historical overview

= Heavy baryons at Large N.

C.Galan, I.Klebanov, NPB262 (1985) 365; PLB202 (1988) 269;
E.Jenkins, A.Manohar, PLB294 (1992) 273; Z.Guralnik et al., NPB390 (1993) 474;
E.Jenkins et al., NPB396 (1993) 7

¢ Bound states of solitons (IV, A, etc.) and heavy mesons D, D* |, B, B*
Attractive harmonic oscillator potential

¢ Combined HQ and large-N. limit: a new contracted symmetry exists connecting
orbitally excited and ground states

@ Universal relations between baryon IW functions
Large N. C.-K. Chow, PRD51 (1995) 1224; PRD54 (1996) 837

Spectator quark model J.Kérner, M.Kramer, D.Pirjol, PPNP33 (1994) 787;
M.lvanov, J.Korner, V.Lyubovitskij, A.Rusetsky, PRD59 (1999) 074016

W) =G (w) = W) (w+1) = fw)=5= with f(1) =1

Soliton model: E.Jenkins et al., NPB396 (1993) 7
£(w) = exp[— AN 2 (w — 1)] with A ~ 1

-p.20



Historical overview

* Heavy baryons in QCD motivated approaches
¢ Lattice QCD

® QCD sum rules

® Quark models

© Bethe-Salpeter approaches

@ Soliton approaches

* Calculated characteristics
® Isgur-Wise functions
® Mass spectrum and lifetimes

¢ Weak, em and strong decay amplitudes, widths, etc.
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Three-quark model for heavy baryons

* Collaboration
M.lvanov (Dubna), J.Korner (Mainz), P.Kroll (Wuppertal), A.Rusetsky (Bonn),
A.Faessler, T.Gutsche, D.Nicmorus, K.Pumsa-ard (Tlbingen)

* Baryons - bound states of constituent quarks

* Int. Lagrangian of three low-lying SU(5) multiplets with their 3¢ currents

1/2~ 1/27F 3/21
Ling = Ein/t + Ein/t + Ein/t
_ _[m1m2m3] mi{moms
1/2
L2 = gpF g + h.c.
1/9+ _[mima]mz mimgmgs
£/?" = gpB I + hec.
3/2+ _{m1m2m3};,u mimomsg;u
‘C’int =gpD JD + h.c.

* Compositeness condition
Zp=1—g%4%5(mp) =0
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Three-quark model for heavy baryons

* Three-quark currents

Jp(x) = [dxidzedrs Fp(x;z1m2m3) Ihq®(21) ¢°(22) C TS ¢°(23) 2b°

Vo

vertex function

¢ Proton
J}Y — ,y,u,y5daubc,yluuc€abc

Jg = o2 d*ulCoyucedbe
® Ag baryons

J/I\DQ — QuubCrygdecabe

JEQ — 5 QuubCdeebe

JX‘Q — QAU Oy, 5 dCetbe
® X baryons

JgQ = HABQrub Oy, ucebe

JgQ — J,uz/,yt') Qaubco.w/ucgabc
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Three-quark model for heavy baryons

* Vertex function

Fp(x;r12273) = (¢ — _il i ;) <I>B[;_($cq; — SCj)Q]

¢ Euclidean region
Cp((k7 + k3)/AB] = exp[— (k] + k3)/A%]

®  Provide UV convergense of loop integrals

* Quark propagator S;(k) =

o with: = u,d, s, ¢, b

¢ 1/mg expansion for ¢ and b quark

T Y 1 (k+vA)? 1
Sv(k7A7mQ) -2 [~ kv+A + 2mg (kv+A)2 ZmQ]

A = Mg, —mg = 600 MeV
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Three-quark model for heavy baryons

*x Parameters

® Quark masses

ey ms mMe mb
0.420 0.570 1.67 5.1 (GeV)
¢ Baryon size parameters A
Aggq  AQqq AQQq
1 1.25 2.5 (GeV)
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Three-quark model for heavy baryons

x Semileptonic decays B; — By + 1+ v,

M.lvanov, V.Lyubovitskij, J.Kérner, P.Kroll, PRD56 (1997) 348;
M.lvanov et al., PRD61 (2000) 114010; A.Faessler et al., PLB518 (2001) 55

Ay — Ac €(w) — (H%)l.'?—l—l/w

pe = —£'(1) =1.05+0.3

Br(Ap — Aceve) = (7.8 £ 1.1)%

DELPHI Coll., PLB585 (2004) 63 pe = 2.03 £ 0.46(stat)

Br(Ap — Aceve) = (5.07_L(1):é(stat))%

pe = 0.65 (QCD SR, Dai et al, 96); 0.65-0.85 (QCD SR, Grozin,Yakovlev, 92/99)
= 1.279% (Lattice QCD, Bowler et al, 98); 1.3 (Skyrme model, Jenkins et al, 93)

=1.44 (IMF QM, Kénig et al, 97); 2.35 (MIT Bag, Sadzikowski, Zalewski, 93)
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Three-quark model for heavy baryons

» Nonleptonic decays B; — By + M
M.lvanov, J.Korner, V.Lyubovitskij, A.Rusetsky, PRD57 (1998) 5632

Branchings (in %) for heavy-light transitions

Process Our Experiment
AT — Axnt 0.79 0.90+ 0.28
AT — 20gt 0.88 0.99+ 0.32
AT — 2+ g0 0.88 1.00 + 0.34
AT — pKO 2.06 2.3+ 0.6
AF — 20K+ 0.31 0.39+ 0.14

AT = po 0.14 0.0824+ 0.027
Eg — 50,0 0.04
E(c) — YT K~— 0.27
00 — =0K0 0.02
AY — Ar© 4.92 x10~5
AY - pK~— | 21 x1074 <5 %1073
A — J/PpA 0.06 0.047 + 0.028
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Decay widths I" (in 1019 s—1) for heavy-heavy transitions

Three-quark model for heavy baryons

Process r Process r
A - Afr— | 0382 || ) — =070 | 0.014
A - SFn= 0039 | =Y =0, | 0.015
Ag — 2070 0.039 :(b) — E10y/ 0.021

A -39 | 0.023 || E) - AFK~ | 0.010
A — 3% | 0029 || ) - SFK~ | 0.030
AY) — 29KO | 0.021 || E) - VK | 0.021
A) - E0KY | 0.032 || =Y - QIKY | 0.023
=) > Efr~ | 0479 || £, — E%~ | 0.645
=) > Etn~ | 0.018 || 2, — =97~ | 0.007
Eg — =070 0.002 || =, — 9K~ | 0.016

=Y — 2 0.012 || Q, — Q% | 0.352
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One-pion decay widths (in MeV):

M.lvanov, J.Korner, V.Lyubovitskij, A.Rusetsky, PRD60 (1999) 094002

Three-quark model for heavy baryons
» Strong decays B; — By + M

Process | Our | Experiment
P-wave transitions
N7 — AemY 3.63 £0.27
$0 — Aem™ 2.654+0.19 | TI's0 =2.54+0.240.3
ST — Aenrt 2.85+0.19 | I 4y =23+£02+0.3
50 & Ao 21.21 4 0.81 13.0735]
SET S Aent | 21.99 +£0.87 17.912°5
=0 =070 1.01 +£0.15
=250 L 5fr— 2.11 4+ 0.29 w0 < 5.5
25T — 20T 1.784+0.33
=2t - 2in0 1.26 +0.17 oo < 3.1
S-wave transitions
Aers — X9rT | 0.834£0.09 0.86 + 0.25
Aeps — 570 | 0.9840.12
Aci.s — e T~ | 0.7940.09 0.86 4 0.25
Ef.g — Ee0nT [ 0.46 £0.03
2f.g — Eetn® | 0.2440.02 Fzx <24
20, ,— Sdn~ | 0.1140.001
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One-pion decay widths (in MeV)

Three-quark model for heavy baryons

Process | Our | Experiment

D-wave transitions

A* g —X2nT | 0.08+0.01 <0.13
Afg— Zdn0 | 0.10£0.01 | Tpx < 1.9
A g — S5 n= | 0.08+£0.01 < 0.15
=g — E07T | 0.35£0.05

B9 — Ed'm0 | 0214003 | Dgx <24
550, — 5w ~ 0.001
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Three-quark model for heavy baryons

* Electromagnetic decays B; — By +

Radiative decay widths (in KeV):
M.lvanov, J.Korner, V.Lyubovitskij, PLB448 (1999) 143

Process Decay width Process Decay width

S — Al 60.7 £ 1.5 Aer.s — Ad 120+ 1 M
Afg— ey | 40£05 | Af g — N5y 50 &+ 6

:f‘s—>:cfy 200 + 5 Aetis — 547 80 + 1

=5l — ey 500+ 10 | Acrs — Zaty 6+ 0.1
Apr.s — A0y 130 + 20 Arg — A 170 + 30
it Aéry 151 + 4 SRR ST~ | 0.14 +0.004
=1t L=ty | 127+ 1.5 =0 07 0.17 + 0.02
=T S Bl 54+ 3 =x0 =0+ 0.68 + 0.04
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Three-quark model for heavy baryons

* Magnetic moments of single and double heavy baryons

Magnetic moments of light baryons

Baryon 39 Meson cloud Total Experiment

D 2.582 0.211 2.793 2.793

n -1.593 -0.32 -1.913 -1.913
A -0.561 -0.052 -0.613 -0.613
> 2.327 -0.131 2.458 2.458
> -0.939 -0.221 -1.16 -1.16
=0 -1.205 -0.045 -1.25 -1.25
S -0.611 -0.040 -0.6507 -0.6507

Magnetic moments of single heavy baryons

Reproduce the model-indenependent structrure dictated by HHChPT:
M.Savage, PLB326 (1994) 203; M.Banuls et al, PRD61 (2000) 074007

png = W24 2@y
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Three-quark model for heavy baryons

® Results for heavy baryons

Baryon Our HHChPTT
AT 0.381 0.37
=5 0.378 0.42
=0 0.375 0.32
AY -0.062
=Y -0.062
=iy -0.062

»T 0.46
> 0.025
»I0 -0.41
Iy 0.51
Y 0.14
50 -0.22
=T 0.25
=4 0.64
=9, -0.38
= 0.070
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Conclusions

HQET combined with ChPT, Large N., NRQCD, etc. is powerful method
to study heavy baryons

To investigate the long-distance effects we need to apply the model approaches

Three-quark model of baryons works in the world of light and heavy baryons

-p.34



	Plan
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Historical overview
	Three-quark model for heavy baryons
	Three-quark model for heavy baryons
	Three-quark model for heavy baryons
	Three-quark model for heavy baryons
	Three-quark model for heavy baryons
	Three-quark model for heavy baryons
	Three-quark model for heavy baryons
	Three-quark model for heavy baryons
	Three-quark model for heavy baryons
	Three-quark model for heavy baryons
	Three-quark model for heavy baryons
	Three-quark model for heavy baryons
	Conclusions

