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The Weak Interaction in Standard Model (SM) ]

o Mediated by W™, Z; bosons

@ Two type of vertices :
o Charged-Current (CC): (W)
o Neutral-Current (NC): (Z)

Vertex :~ %7“'(1—75) Weak-propagator: ~ W (X=W,2)
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[ B meson decay as weak interaction

@ depends on the energy/length scale.

o for weak b-decays : length scale §x ~ MLW . large My, and small x

e eg. for B~ — D% decay,
at the quark level : (b)) — (ct)(du) = b — cdu

d
1] Wiq) -
b y c — b 3 i
cb
uds 0ds c
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Effective Theory : Fermi Model

Full theory (SM) — Fermi model
d d
Wig) .
b —>—</ m b &
q|<M,

w
g% x current x W-propagator x current — effective coupling x local 4-quark operator

@ b quark mass much smaller than W boson’s mass : ’ lg| < mp < My

1

@ So, the propagator approximates at this scale as : W ~

@ Effect of large scale My, in effective Fermi coupling constant:

s —» C£ ~1.166639 - 10~ GeV/ 2
w
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[ Effective Hamiltonian for b — cdu

After the Operator Product Expansion(OPE) at short distance,

Gr _
— Vv Ci(n)O; + h. b— cd
\/5 cb Vyud ’212 c ( C U)

Eff. Coupl. x CKM x OPE

Her

Ci(u) — Wilson's coefficients O; — Effective operator

e Current-Current Operators: (b — cdi, analogously for b — qq'q")

Oy = (dL’Yaui)(E

@ The Wilson Coefficients Cj(u) contains all information about
Short-Distance Physics = Dynamics above a Scale u
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The Cabibbo-Kobayashi-Maskawa (CKM) Matrix

e d

Cabbibo Kobayashi Maskawa

» Weak interaction of quarks are different from weak interaction of leptons !

» The CKM matrix transforms mass-eigenstates to flavor or weak-eigenstates :

d ! Vud Vus Vub d
S ! = Vcd Vcs Vcb S
b’ Vie@ Vis Va b

’Weak Eigenstates‘ CKM matrix ’ Mass Eigenstates‘

» The Wolfenstein parametrization

1-1x A AX3(p — )
Verm = ) 1-1x AN2 + 0\

AN(A—p—w) —AN 1
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B — DD decay

@ Quark content : L _
B=(B",B° BY) = (bu, bd, bs) D= (D° D",D;) = (ci, cd, c5)
@ B — DD decay at quark level:
(bg) — (cg)(cq) = b — ccq where q = (d, s)
@ Under Effective Field Theory (EFT), the quark level Effective Hamiltonian :
6
{Veo Vi GLOF + G 09) + Vi Vi (GIOT*+ G O3) — Vs Vi Y GLOT}

i=3

GF
Hgff =

V2

where, by the unitarity of CKM matrix elements, V, Vu*q + VcbV + Vi V* =0
and the operators are given by,

O = (Gbi)v-a(Gici)v- 05 = (cb)v-a(gc)v-a,

08 = (a@bs)v—a(Gity)v— 03" = (ab)v—a(Gu)v—a,

0f = (@b)v-a Y (@d)v-a Of =(Gib)v-a Y (qa)v a4

q’ q

@ Operators are generated from all the diagrams (or processes) that contribute to
the decay channel by renormalization in effective field theoretical approach

/
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Decay amplitude

¢ The decay amplitude for B — DD decays :
A(q) = (DD| Hi |B)

® Inserting HZ, and using the unitarity of CKM elements,

Alq) = f(vcb T(q) + Vi Vg P(q))

Where, T(q) = Tree level amplitudes from all the Tree level diagrams

and P(q) = Penguin amplitudes from all the Penguin diagrams

® Calculation of T(g) and P(q) — matrix elements of those operators
in different models: Lattice QCD !

® four-quark level interaction — Hadronic interaction : Calculation of
Form Factors! f(q?)

® Alternative : SU(3) flavor symmetry approach !
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SU(3) flavor symmetry

» Symmetry between the 3 lightest quarks of Standard Model : u ,d
and s

» Symmetry transformation belongs to Special Unitary group of
dimension 3; SU(3):

u (v Ui U Uz u
d|=U|d]|=|Ux Ux Usxs]||d
s’ s U1 Usxx Usz) \s

» Now in Lie group theory , U=edT
where, o = infinitesimal transformation and

T is the generator of the group ; T = %X

» For a group of N dimension there are N? -1 number of generators:
—there are 8 \'s — 8 Gell-Mann matrices
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Generators of SU(3) : Gell-Mann matrices

0
=11
0
0
AM=10
1
0
=10
0
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Tensor decomposition under flavor SU(3)

@ Under flavor SU(3) u, d, s transforms as a triplet (3), denoted by ,

1 0 0
u=|(0|,d=]1],s=1]0
0 0 1
@ all other quarks c, t, b transforms as singlet (1)
@ For B— DD (b — cg) decays:
b — c ¢ g
1 — 1 1 3

@ So, the quark level interaction Hamiltonian transform as:

111®3=3 Tensor product

— we get H(3)7 with g = d and s
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[ SU(3) reduced amplitude for B — DD decays ]

m Under SU(3) flavor symmetry the decay amplitude becomes :

G * *
A(q) = (DD| HZ; |B) = é(vcbchr(q) + Vi Vi P(q))
with , _ ~
T(q) = App(B:H" )(D; D)) + Bpp(B:D')(D;HY)
and

P(q) = ABo(BiH")(D;DV) + Bbo(B:D/)(D;H)

m g=d correspond to the AS = 0 Cabibbo-suppressed decays
and q=s correspond to the AS = 1 Cabibbo-favored decays with,

0 0
H(3)?! = <1) and H(3)’ = (o)
0 1

m The coefficients ALy, Bhp, Abp and B5p are the SU(3) invariant complex
amplitudes. given by:

X = Re(XDT[’)P) +¢ Im(XDTﬁ,P) , with X = (A, B) and x = (a, b)

”
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[ Breaking of SU(3) flavor symmetry

» The flavor SU(3) symmetry between u,d and s quark is not exact !
because of their mass difference !

my ~2 MeV, my~4 MeV, and ms~ 100 MeV !

mS >> mlh md

» In reality SU(3) flavor symmetry is badly broken in nature

» To include this breaking we add a ss in our interaction: Hamiltonian
ss=3®3=8a1

» We contract the octet part with the unbroken Hamiltonian, given by

10 0
W@E)=1{0 1 0
00 -2
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Amplitudes under SU(3) breaking in B — DD decays ]

® After symmetry breaking decay amplitude becomes :

A(q) = (DD| H3, 1B) = SE(Vao Vi {T(q) + AT(a)} + Vis Vi {P(a) + AP(a)})

V2

AT(q) and AP(q) correspond to the inclusion of breaking!

® Approximations :

o Breaking associated to the Tree and Penguin amplitudes are of the
same order.

e Broken amplitudes having same origin from unbroken contraction are
assigned same parameters

® With this we have : AT(q) ~ AP(q) = App(q)
i g = = Lok
App(q) = Cop(BH" )(D;W,D") + Dpp(B:D')(D;WiH)
o 7 — e k
+ Con(BiW/H)(DyD*) + Dpp(B: W, D/)(DcH)

® The broken coefficients, Cpp and Dpp have similar complex form as unbroken ones
v
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Observables of interest

@ Branching Ratio :

(B — D;Dy)

(B , I = Deacy width

BR(B; — D;Dy) =

Decay width: T(B; — D;Di) = 55 Tt f|A (Bi — D;Dy)|?d

. . BR(Bi=D;Dy)
® Ratio of the BR's: gpiz =5 54

@ CP violating observables : (B — f) # (B — f)
o Direct CP violation:

P r(B—f)—T(B—f)
- r(B—f)+T(B—f)
o CP violation in mixing: B® — f <> B® — f
1— AP 2Im\ A
CCP:7| ‘2 Scp=——5, =3z
Y Y p Ar
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[ Fit to experimental data

Fit results : Frequentist analysis
@ The observables are calculated with the SU(3) reduced amplitude for both the
exact and broken SU(3).

@ As a fit to the experimental data of these observables (HFLAV, Belle, BaBar,
LHCDb), frequentist analysis has been performed

@ Exact SU(3):

o No. of SU(3) parameters : 7
o 2 =12.42
o P value = 0.332

@ Broken SU(3):

o No. of SU(3) parameters : 11
o x> =549
o P value = 0.599

@ The P value is significantly improved with the broken SU(3) symmetry description
of the decay

@ ? analysis — still inconclusive! due to the lack of enough data

R. Samanta (AGH UST) SU(3) breaking in B — DD decays BEACH 2022: June 10 16 /24



Bayesian Analysis : Preliminary!

s

Bstbar_2_Dsp_bm

s o 025 030 01s 0 s 030

Bobar_2_bp_bm

Fit results : Bayesian analysis

@ The correlation between the observables approach to the data after SU(3)

breaking!

@ This analysis also tells the trend of the future data :
precise measurements !

{4

m

015 0 025 030
Bobar_2_Dp_Dm

Prediction for more

@ More data required for more sophisticated and concrete analysis !
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SU(3) Topology of B — DD decays

There are mainly two types of diagrams that contribute to B decays
topology: Tree level diagram and Penguin or Loop level diagram

T Lo

95=9,

Penguin(QCD) diagram

John Ellis (1977)
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[ Topological diagrams with exact SU(3) symmetry ]

color favored tree color suppressed tree
(ONeNed

@ 7,7 ¢
‘§<:{ b

=3
ol

Exchange QCD penguin
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[ Diagrams with broken SU(3) symmetry

To include SU(3) breaking effect in the topological diagram a ”"X”
mark has been introduce on the s- quark line.

T W (o) Ty ®
b T (W)
© (i) T (i) u () t‘;:lzvgm
Ll’fz e
- , -

L G —

cy C2
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Topological amplitude with unbroken and broken
SU(3) symmetry for B — DD decays

Decay Modes Unbroken Broken
AB=—DD7) | T +F T +P + T+ P,
AB, = DiD7) | T 4+0 48 | 7' 4D + B + T, + Ty + P, + Py + B} + E)
A(Bs = D*D") iof E+E
A(B, — D*D7) TP TP 4T 4P,
A(B, — D°D") B (B +E))
AB' -+ D*D7) | T+P+E T+P+E
A(BO — DOD") 5D 5

A(B, = DI D") T'+P T +P + T, + P,
A(B® = D¥D;) B B+ E,
A(B~ = D°D7) T+P T+P

@ The inclusion of breaking modify the topological amplitudes

@ Apparent confusion: some decay modes remain unaffected even after
breaking ! — This is not the case | The SU(3) and topology
amplitudes are in different basis
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Summary and Outlook

(B — DD) = weak interaction.

@ The decay amplitude = Heavy Flavor Effective Field Theory —
Form factor calculation

@ Alternative approach: Flavor SU(3) symmetry between u,d and s.

@ The breaking of SU(3) gives more accurate description to the
observables than exact SU(3) !

@ SU(3) breaking effects can also be studied in terms of topological
amplitudes
o Future :

@ Run 3 of LHCb, new measurement in Belle and BaBar; More statistics
e More precise statistical analysis !

@ Manuscript under preparation! soon on arXiv: Stay tuned......
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R. Samanta (AGH US SU(3) breaking in B — DD decays BEACH 2022: June 10 1/6



The Standard Model of Particle Physics

STRONG VERTICES

q 4 9%9 Standard Model of Elementary Particles
three generations of matter interactions / force carriers

(fermions) (bosons)
I ] mn

mass =22 Mevic? =128 Gevic: =173.1 Gevier 0 =124.97 Gevice

q 9 g

e " OO ®|®| @
up ) charm J top J ' gluon higgs
Z =47 MeVic? =96 MeVic? =418 GeVic? o
% = - o
f . d » (8 ~ b . @

ELECTROMAGNETIC VERTEX  ELECTROWEAK VERTICES

down strange bottom photon
w w wizy M| STEneR L TR ) L)
=051 evic: ~10568 Mevics | (=17788 Geviez | [[=91.19 Gevrer
1 -1 -1 0
w » 8 » » @ . @
Zly W Wiz

2]

=

o
electron muon tau ‘ Z boson 8 2
H % 1.0 eVic? 0.17 MeVic? 18.2 MeV/c? -80.39 GeV/ic? @ Z
N o, <100 <0.07 e <182 Me = o o)
N o o : : O
L = . (Ve . Vu v G h w % ©
. o =
A 5
w electron muon tau <O
A 1 | neutrino neutrino neutrino | | Whboson ol

m H- smg

Source : Wikipedia
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[ Central Notions : Theoretical Jargon

Factorization
— Separation of scales in Pertirbation Theory
— Simplification of exclusive hadronic matrix elements

1

Operator Product Expansion(OPE)
Short distance expansion (x — 0) of time ordered operator products
corresponding to |q2| — oo in Fourier transform:

J d*x € T(6(x)$(0)) = 3=, ci(q*) 0i(0)
"Wilson Coefficients” ci(q®) " Effective” Operators 0;(0)
1

Effective(Quantum) Field Theories
Effective Lagrangian/Hamiltonian :
— Feynman rules — dynamics of low-energy modes
— High-energy(short-distance) information in coefficients/functions
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SU(3) amplitudes for decay modes

@ Cabbibo-suppressed (AS = 0) decay modes:

AN3GE((in — p + 1)( Re(bgD) y Im(bgD)) —5 Im(bg)—D) _ Re(bgD))
V2

AN3GE((in — p + 1)( Re(aSD) +i Im(aSD)) —i Im(aI;D) - Re(agD))
V2

A(Bs > D~ D;f) -

A(B® - D7 D)) -

@ Cabbibo-favoured (AS = 1) decay modes:

AN2GE (7i Im(aSD) + (1 - ATZ) (Re(agD) +i Im(agD)) = Re(aSD))
V2

A(Bs — D*D*) —

_ _ G A2
A(Bs — D] D;r) — 7’; (A>\2 (1 = 7) (i(lm(agD) + |m(b,§D))+ Re(aED) + Re(bgD)) = A)\z(i(lm(aSD)

+ Im(bfp ) + Re(app ) + Re(bbp )
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Broken SU(3) amplitudes

@ Cabbibo-suppressed (AS = 0) decay modes:

_ _ G
A(Bs — D Dj) N A>\37F2((in — p+ 1)(=i Im(dpp) + i |m(bgD) — Re(dpp) + Re(bgD)) + i Im(dpp)
—i |m(b§D) + Re(dpp) — Re(bgD))
=0 — 3GF . . . p p . . T
A(B° — D D] ) = AN ((in = p + 1)(~i Im(epp) + 1 Im(aDD) — Re(cpp) + Re(aDD))+l Im(cpp) — i Im(aDD)
+ Re(cpp) — Re(ago))
@ Cabbibo-favoured (AS = 1) decay modes:

_ G
A(Bs — D™ D+) - szrg (Az(i n((anm) = |m(a,§D) + Re(epp) — Re(agD)) —2i |m(a§D) + 2 |m(agD)

-2 Re(aSD) +2 Re(agD)) s
_ G A2
A(B. — DI D;r) = A/\27; ((1 _ ?> (—4i(Im(cpp) + Im(dpp)) + i(lm(agD) + |m(b,§D)) — 4 Re(cpp)

—4 Re(dop) + Re(afp ) + Re(bp )) + 4i(Im(cpp) + Im(dop)) — i(Im(afy ) + Im(6p ))

+4 Re(cpp) + 4 Re(dpp) — Re(aSD) — Re(bSD))
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Decay width Sum Rules

One can also construct Sum rules between different decay modes at the decay

width level
Under exact SU(3) :

|A(B~ — D°D;)’= |A(B® — D*D; )P,
|A(B; — DID7)’= |A(B~ — D°D7)J?,
|A(Bs — DI D)= |A(B*— DTD7)P?,
|A(Bs — D'D)’= | A(Bs — D°D°)]?,

|A(B® — D°D%))*= | A(B® — D} D)%

With broken SU(3) symmetry :

|A(B~ — D°D;)|’= |A(B® — D*D;)[?,

|A(Bs — DYD7)’= | A(Bs — D°D°)?,

Some sum rules are retained after SU(3) symmetry breaking !

(0.1)
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