Decays of heavy mesons in the framework of
covariant quark model

A. Liptaj Institute of physics, SAS, Bratislava, Slovakia

S. Dubnicka Institute of physics, SAS, Bratislava, Slovakia

A. Z. Dubni¢kova Faculty of mathematics, physics and informatics, CU, Bratislava, Slovakia
M. A. Ivanov Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna, Russia

INTERNATIONAL SCHOOL OF NUCLEAR PHYSICS
IN:ERIGE=SIC Y
37th COURSE




Overview

¢ Motivation
> New high-luminosity machines, new measurements.
> New physics?

¢ Covariant quark model for mesons
> Lagrangian.
> Compositeness condition.
> Confinement.

¢ Processes and results
> BSQJ/LIJ+r](').
> B K, Bo K%y, B K*y.
> Short mention of other meson, baryons and tetraquark results.

¢ Conclusion
> Summary.
> Qutlook.

Erice school of nuclear physics, on 22/9/15 A. Liptaj: Heavy hadron decays in Covariant Quark Model 2/18



Motivation

¢ Experiment & theory

> New high-luminosity machines: rare flavor-changing processes
observed & measured.

> Some heavy meson (baryon) decays: sensitiveness to hypothetical
new heavy particles in Feynman diagrams for many NP scenarios.

> Increasing experimental information, for B - K'u*y~ (BABAR, Belle,
CDF, LHCDb) angular distributions measured.

> Standard model confirmed with some tensions (~30).

¢ Covariant quark model
> Model dependence (form factors) cannot be fully eliminated even with
smartly defined observables (asymmetries, ratios) = CQM.
> Fully relativistic Lagrangian-based approach to hadronic interactions
with a non-local quark current definition.
> Standard QFT techniques and limited number of parameters.
> Nice agreement with experimental data.
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Covariant quark model
¢ Lagrangian (mesons) L, =gy - H(z)  Jg(x)
Jy(z) = /d:m/dxg Fy(z,z1,29) - (j?l (1) s q% (22)

Fy(x,z1,...,2,) =6 (x - En:wzxz> <I>H(Z((:1:Z - :cj)Q)

i=1 i<j

W :mz‘/zmj O (—k*) = exp (k*/A%)
=1
¢ Free parameters ’
> Constituent quark masses [4], hadron-size related parameters [N] and universal cut-

off [1] (N+5 in total). Numerical values from fits to data.
InGeV: m =0.235,m=0.424, m =2.16,m =5.09, A _=0.181, A =0.87,A =1.04, ...

¢ Compositeness condition
> Hadrons are made up of quarks — renormalization constant ZH% can be interpreted as

the matrix element between the physical state and the corresponding bare state.

ZHVZ =0 - physical state does not contain bare state and is properly described as a

bound state. Couplings g, are eliminated as free parameters.
[ A. Salam, Nuovo Cim. 25, 224 (1962), S. Weinberg, Phys. Rev. 130, 776 (1963) ]

38

Zn =1 - 5Ty (mf) = 0

— meson mass operator
] p
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Computation techniques & infrared confinement

¢ Feynman graph evaluation

m n -

> General form  (py, ..., p;) = fd*k)* [T ®syn (—K2 ) T1 Siy (ki + i)
i1=1 iz=1

J external momenta K2 o Z (]%(7;2) 4 ~(i2) )2

I loop integrations i1t = Zuis \Nig4n T Pij4n

m vertices n quark propagators

Fl_ -linear combination of loop momenta k ﬁ, -linear combination of external momenta p.

> Schwinger representation and integration (over loops and Schwinger parameters)

a9 = (m + ) / ” do el-e(m?-1)]
0

4 2kr 4 2kr 4 2kr
/d kP(k)e —/dkP(—2—:r)e __P(_Q_I‘)/d ke

6. @)

oy 2b [ b0 x
e = e m — "y e = e e = : = a (A :
/daP<28r>e /dae P(Q@r a),r r(oy), a=a(Ag,®)
0 0 :
¢ Infrared cut-off o0 >3 1 .
H:/d“a F(ay, - ,ay) = [ dt tnlfdnoz 5(1—Zozi>F(toz1,...,tan)
0 0 0 —

> [1becomes smooth function, thresholds in quark loop diagrams and corresponding
branch points removed. Universal value A_ = 0.181, numerical integration.
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Form factors and weak decays

¢ Observables expressed via form factors

(Play ) (92) 18201 [Pl o (1)) = Fiy () P +F_ (%) ¢*
1

oy (4 TP Fr ()

<Pfq3,q2] (p2) a2 (0" aw) A1 [P(g, qu1 (pl)> B

!

e LG R

(Vigs,qs) (P2, €2) [020"q1|P 5,011 (P1)) =
+q"PYA- (%) + 1" PaqsV (¢°) ]
(Viow) 0215 [0 (1477)] 1 Prgs (00} = [~ (& = 22 ) P ()
() 1t

¢ Flavor transitions

. . . 1 4
> Effective theory (Wilson coefficients) used c05==1/
to describe quark flavor transition

> Factorization: convolution of form factor '
and expression proportional to decay constant B, .1
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B_-J/y+n®

i744
¢ B-Jigy+nand B -J/Iy +n"

> Measured by Belle [PRL 108, 181808 (2012)] and
LHCDb [Nucl. Phys. B867 (2013)547]
> Light-strange quark mixing

_ 1 ~ 1 = : .
B2 : sb 7 : 7 sind(utl + dd) — cosd(ss) 7' : 7 cos d(ut + dd) + sin §(ss)

ﬁeff — —VcbV:S Z Ci(gi Ql — (éalbag)V_A (gagcal)v_A QQ — ...

(V) y_p = 00", OF =" (1—1°) (V)0 = VO, O =" (14+17°)
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B_-J/y+n®

¢ Model over-constrained

n—=yy N =y pony @y o —n'y
Ba — J/Yn Bq = J/Yvn w—ny n' — wy

¢ Results (x10)

/
T B st
Bgele (J/¥ 1) =5.10 £ 1.12 U ‘ U9_0.02
3 Ban' 2
BCQM (J/w 77/) = 4.04 Rtheor _ ||q77'|‘3 tan2 5 % <F—|—B - > ~ 0.86.
Biene (J/1 ') = 3.71 + 0.95 W\
~1.04 za,rsg

g - momentum of the outgoing particles in the rest frame of the decaying patrticle.

[S. Dubnicka, A. Z. Dubnickova, M. A. lvanov and A. Liptaj Phys. Rev. D 87, 074201 (2013)]
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¢ B_K
form

factors

¢ B_K*
form

factors

FF(q%)
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Kinematics

¢ Amplitude calculation
> Helicity basis — hadronic

and leptonic tensor evaluated
in different frames K!
> Hadronic tensor parametrized ‘b\ ®
through form factors \ B i
L(k)(m, n) = e“(m)eT”(n)LL’fj) /
HY (m,n) = GT“(m)e”(n)HZLjV -
HY (m,n) = H'(m)H" (n) ¢ vector (K*)
; 1 mi ’p2| . . 9 fi
¢ scalar (K H'(t) = Pqg(—Ay + A" ) +q° A"
| ( )1 | | () ml—l—mgmg\/q?[ q( 0 —|—) q ]
Hi(t) = 7o [PqFy + ¢ F' ] ,
1 H'(+)= —— (—Pqu + Zmllpzlvi)
Hz(i) i () mi + mo
. 1 1
. 1 1 H'(0) =
H'(0) = mi + ma 2mo+/q>
i M1+ M2 2may/¢° 22 qz 2\ i 2l (2 A
X [=Pg(mi —m3 — ¢°) A + 4m7|pa|* A} |
10/18
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Full differential distribution B - K'( - Kmt)u'y

dl'(B — K™ (— K1) i)
dqg? d(cos 0) (dx/2m) d(cos 6*)

. 3 2 3 ., . 1 dl'y,, dl'y,,
= Br(K —)Kﬂ'))({g(l—l-cob U}*isul 0 5( e + dq?

3 : 3 1 /drI’ dI’ 3 . 3 1 /dl’ dr’
+1 sin® @ - 2 cos? @ . = ( L Ln) — — sinzﬂ+cos2)('1 sinZ @* - = ( T T“)

2\ dg? dq? 2\ dg? dq?
1 /dI dI’ 3 3 dI’
——sin260 - cosy -sin26* - — ( i T2 ) 4 o |=Zcosf. = sin?@* . — 122
16 2 dg? dqg? 4 4 dg?
9 1 /dI’ dI’ 9 dI dI’
+—sinf - cosy -sin20™ - — ( A1z A1) _ 7 Ging. sin y - sin 260™ - ki + T2
8 2 \ dqg? dg? dq? dq?
9 dI’ dI’ 9 . dI’ dI’
+— sin 26 - sin x - sin 20~ - ( A1 + A2 + — sin® 0 . sin 2y - sin® 6* . ITa | = ITa
32 dq? dq? dq? dq?
, 3 1 dr 3 , 3 dl
+— sin“ @ - — sin® 6* - — . U”——(l%—ccrszﬂ)-—sinzﬂ*-ﬁ
4 4 2 dg? 8 4 dqg?
. 3 1 do 3 .., 3 dT
+— cos”0 - — cos® 0" - — . a2 gin?20. 2 cos?@* . — 5222
2 2 2 dqg? 4 2 dqg*
3 . 3 dr dr’ 9 1 [dr dr
+— sin® 0 - cos 2y - — sin® 0* - T T2z + —sin 26 - cos x - sin 20™ - — T Iz
4 4 dg? dg? 8 2\ dg? dqg?
3 1dr 9 dr dr
4+~ cos2@*. - %2 7 ,sin 26 - sin x - sin 20* . fAn | 77 142,
2 4 dq? 16 dq? dg?
9 . dI’ dI’
——sin® @ - sin 2x - sin” 6% - T | 7 I
16 dg? dg?
drd  2m?2 qrY arl  G% [aln]\? 20 y . L -
L= __F_—2 X = L | |p2|q2 HY HY — Bilinear combination of H'
dq? g% dg? dq? (2m)3 \ 27 12m3
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Observables

¢ Searching for
> Small model dependence (on hadronic physics, form factors).
> Sensitivity to new physics (at short distance).
> Experimental accessibility (clear signature, high cross-section, small backgrounds).
> Ratios, asymmetries, asymmetry ratios...

¢ Chosen observables (B - K'u*y)
> Separate integration (numerator/denominator) over relevant g* range (bin size).

dl' 1 (/dry} N dT'%? N dri! N dr'?\ 1dr}}  dT# ] aril  dr2 L3 A%
dg? dg? dg? dg? dg? 2 dg? dg? 2 dg? dg? 2 dg?

[dg* H}'+ HP 3 [dg* HY

Fr = App = ——
Y7 [de? HE + HE + HY' + HZ PP 9 Tde? HI'+ HZ + HY' + HE

o[ dq* BT +dT*] [dq?> BdP'2 s ﬁl d1T11+dIT22]

P — P = — —
' f dg> BRldU™ +dU?2]  "° T [dg® BPdUM +4U2]  ° [dg?  B2dUM + dU??]

dg®> BRI + dI* d>  Bi[dA' 4 dA?! dg®  BRATAM + dI1A22
l l

2 I _ =
ij dry 2 Q2777711 22 282[ 7T 11 22 _ ﬂ
dX4 = P N = d@?BE[dUMN + dU??] - | dg?BE[dL' + dL??] Bi 7
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Results

 Branching fractions

CQM Data [PDG]
B[B— K'utp~] 1.27x107%  (1.0540.10) x 107°
B[B— Kutp™] 718x1077  (3.440.5)x 1077

B[B — K*v] 1.36 x 107° < 5.5x107°
B[B — Kvv] 0.60 x 107> < 4.9x107°
BB — K9] 3.74x107°  (4.2140.18) x 107°
. AFB and FL [HFAG coll.]
in the 1 GeV*® < g° < 6 GeV? region (B - K'u*u only)
(ArB) (FL)
[1] 0.2670:35 £0.07  0.67=+0.23 £ 0.05
[2]  —0.067013+0.04  0.55+0.10+0.03
[3] 0.291939 £0.07  0.6979:19 +0.08
cQM 0.022 0.75

[1] Belle Coll., Phys. Rev. Lett. 103, 171801 (2009)
[3] CDF Coll., Phys. Rev. Lett. 108, 081807 (2012)

03+

02+

0.1

Ay

-0.1¢

5 10 15

q° [GeV?]

d*T

1
T d cosf,; dq?

3
ZFL(l — cos?0;)

3

+=(1 = Fr)(1 + cos?6;)

8

+Appcost,

[2] LHCDb Coll., Phys. Rev. Lett. 108, 181806 (2012)
[4] S. Descotes-Genon et al., JHEP 1305, 137 (2013)
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Binned results

Fr
Bin (GeV?) 1] 2] 3] 4] CQM
1.00-2.00 - - - 0.605 0009 nozs  0.782623
0.00-2.00 | 0297474002 0.00 Figi £0.02 0307518 £0.02  0.32370 12870050 0.53665
2.00-4.30 | 0.717031+0.05  0.77+0.15+0.03 037703 £0.10  0.75470 12370007 0.790552
4.30-8.68 | 0.647031+0.07  0.60 THGE +£0.01 0687017 £0.09 063475000 0.602306
10.09-12.89 | 0.177011+0.03  041+0.11+0.03 0477911 £0.03 048202880008 0.424467

14.18-16.00
=>16.00
1.00-6.00

—0.15703340.07
0.12751540.02
0.67702540.05

0.37 £ 0.09 + 0.05
0.26 T8 £0.03
0.55 & 0.10 £ 0.03

0.207015 £ 0.05
0.20%0:12 £ 0.05
0.69%0:3; =+ 0.08

—(.208—0.013
0.3967 03410 004
0.357% 055" o0
0.703+0 L9+0.017

(0.359567
(0.3387506
(0.747141

App

1.00-2.00
0.00-2.00
2.00-4.30
4.50-8.68
10.09-12.89
14.18-16.00
=>16.00
1.00-6.00

0.47702040.03
‘ .25
0.37755; £0.10
0.45703°4+0.15
l.].4:5$§:%§i[].[);%
0.7075:254+0.10
0.6671620.04
0.2670 35 £0.07

0.05 Tp0 +0.04
0.27 T00% +0.02
0.27 *015 +0.02
0.47 T508 +0.03
0.16 *{13 +£0.06
—0.06 *i13 £0.04

—0.15£0.20£0.06 —0.35%02% £ 0.10

0.297032 +0.15
0.01505 =+ 0.09
0.38%016 £ 0.09
0.447037 £0.10
0.6550 1% £ 0.16
0.297033 £ 0.07

_[].212+U.11—HI.U14

—0.144—-0.015

0 1=_;6+ﬂ.ﬂ'43+ﬂ.ﬂlﬁ

—0.045—0.016
0.0544-0.008

—0.081 tn,nﬁa—n_nm

02207015 0 01
nmzziqiﬁﬁﬁ
et T
). —0.172—0.005

0 U:_;5+ﬂ.ﬂi!ﬁ+ﬂ_ﬂﬂ3

0.033—-0.009

-0.146603
-0.122687
-0.00593019
(0.219059
0.356071
0.362603
(0.293887
0.0222029

B(10-7)

1.00-2.00
0.00-2.00
2.00-4.30
4.30-8.68
10.09-12.89
14.18-16.00
>16.00
1.00-6.00

1.4670304+0.11
0.86703140.07
1.37751540.39
2.24701040.19
1.05752040.08
2.047331+0.16
1.49701040.12

0.61 £ 0.12 = 0.06
0.34 4 0.09 = 0.02
0.69 4 0.08 = 0.05
0.55 £ 0.09 £ 0.07
0.63 = 0.11 =0.05
0.50 4= 0.08 = 0.05
0.42 4 0.06 = 0.03

04377011 002
L4462 00
0.9047 501 0 06
267412328015

~2dV(0.815—-0.013
L4501 5555 001
2.1557, 810 +0 138

(.510043
1.39569
1.12945
2.66943

2.1427
1.38383
1.71453
2.53066
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Binned results

Bin (GeV?) (P[4 (P) CQM (P) [ (P) CQM
1-2 U.U(]?;gﬁﬁgzﬁ;ﬁgi —0.0115773 (1.399%%}%;%@5 0.46981
0.1-2 0.007X000i 0041 0.0108792  0.17270 000 001 0.219029
2.00-4.30  —0.0517 0000 00 —0.266563  0.2347003270 010 0.0192036
4.30-8.68  —0.117H0005 0050 _(0.372456  —0.407 0050008 —0.369719
10.09-12.89  —0.1817030 0008 —0.470412  —0.481F 000000, —0.413794
14.18-16.00  —0.352F0 50970011 —0.614669  —0.44970 (3070001 —0.37829
16.00-19 —0.60310388 0000 —0.777736  —0.3747015 0001 —0.296817
L00-6.00  —0.055T9509+0010  _(.26338  0.084T000r0018  _(.0596227
Bin (GeV?) (Ps) (4] (P5) CQM (P[] (P} CQM
1-2 —U.UU:stﬁ;ﬁﬁétﬁ;ﬁgj 0.00435836 —0.1(;Ut§;§§‘fi§;§}§ 0.141964
0.1-2 —0.002% 0 001 o093 000159832 —0.342F0016*0017  —0.153449
2.00-4.30  —0.004%5005 0055 0.00454996  0.56970 0% 0051 0.892132
4.30-8.68  —0.00LF0000 003 0.00224737  1.003X0 01210050 1.13376
10.09-12.89  0.003T0000 0012 0.00151139  1.08270 13370017 1.20871
14.18-16.00  0.0047390940802 () 00101528 1.1(51t2;§§§i2;23§ 1.26991
16.00-19 0.003% 5001 o001 0-00068909  1.263%0518 0001 1.33254
1.00-6.00  —0.00370005 0020 0.00355465  0.5557 )0 t0018 0.832529
Bin (GeV?) (F5) 4] (F5) CQM (P (Fs) CQM
1-2 0387400630015 0.258474 - —0.0388866
0.1-2 0.53320 0360020 0.495414 - —0.0327505
2.00-4.30  —0.3341390 00 —0.423802 - —0.025576
4.30-8.68  —0.872F 0500, —0.704599 - —0.0113325
10.09-12.89  —0.89370-Hat0012  —0.697185 - —0.00595051
14.18-16.00  —0.77970325 0000 —0.600105 - —0.00285195

16.00-19
1.00-6.00

—0.601

0.363—0.009
+0.2824-0.008
—(.367—0.007

—().349 H0-086-+0.019

0.098-0.017

—0.449369
—0.394563

—0.0014646
—0.0228404
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Other meson-related results

¢ B_nonleptonic decays

> Branching ratios (%) [M. A. Ivanov, et. al., Phys. Rev., D85:034004, 2012.]
Process CQM PDG
B, — D; D7 1.65 TEOVER G
B, DDt ) 2.8+1.0
B, — D~ Dt 3.18 3.1+£14
Bs — J/vy¢ 0.16 0.14 £+ 0.05
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Summary of selected baryon and tetraquark results

¢ Lagrangians

Jp(x /d%/d@/dﬂ??) Fg(x, 21,22, 73) X I'y qf '(x1) (qf (x2)C' Ty qf3(;g3)) . g102a3

— /dil?l .../d$4FT(£U,LU1,...,CI?4)
a a —Q —Q ai1ascC .asagycC
« Baryons x (g5 (@1) CT1 g2 (22) ) - (52 (2) TaC g (a) ) - 202020

> Nucleons ,

[ T. Gutsche, M. A. Ivanoy, J. G. Korner, Quantity CQM PDG

V. E. Lyubovitskij and P. Santorelli, p (in n.m.) 2.96 2.793

Phys. Rev. D 87, 074031 (2013) ] ", (in n.m.) 183 1913
> Rare baryon decays A — AE'L 7“% (fm) 0.805 0.8768 & 0.0069

B(A, — Api) = 1.0x10° < rE >" (fm?) | -0.121 -0.1161 £ 0.0022

CDF (1.7310.69)X10'6 M (fm) 0.688 0.777 &= 0.013 £ 0.010

LHCb (0.96+0.25)x10° n (fm) 0.685 0.862+8 882

[ T. Gutsche, M. A. Ivanov, J. G. Korner,

V. E. Lyubovitskij, P. Santorelli, X, — vJ/y)

Phys. Rev. D 87 074031 (2013) ]

¢ Tetraquark X(3872)
> Molecule interpretation

= 0.15+=0.03

X, —» J/¢Y+7m) ‘CQM

T(X —7J/4) _

X — 27)

[ M. A. Ivanov et. al., Phys. Rev. D 84, 014006 (2011) ]
[ S. Dubnicka, A. Z. Dubnickova, M. A. Ivanov and J. G. Kérner, Phys. Rev. D 81, 114007 (2010) ]

{ 0.14 £0.05 Belle

0.22+0.06 BaBar
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Conclusion

¢ Summary
> Heavy particle decays: active field with discovery potential, data quantity increasing.
> Effort to minimize hadronic uncertainty by a clever choice of observables.
> Yet, hadronic effect cannot be fully removed = CQM.
> CQM - relativistic, Lagrangian-based with limited number of free parameters, well
suited for heavy hadron decays.
> Model results roughly agree with experimental data.

¢ Outlook
> Further processes can be evaluated and agreement with the SM checked.
[B— ptp™, BY — KEK*(892)"]

Thank for your attention!
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