Sum rules for leading vector form factors in
hyperon semileptonic decays

M.Sc. Roberto Padrén Stevens

Universidad Auténoma de San Luis Potosi

May 26, 2017

M.Sc. Roberto Padrén / Sum rules for leading vector form factors in hyperon semileptonic



o Introduction

9 Sum Rules For Baryon Vector Form Factors
© A Brief Review On The Ademollo-Gatto Theorem
e A Survey On The 1/N. Expansion of QCD

e The Baryon Vector Form Factor In The 1/Nc Expansion
@ Second-Order Symmetry Breaking

e Conclusions

M.Sc. Roberto Padrén Sum rules for leading vector form factors in hyperon semileptonic



Introduction

o By considering that the weak and electromagnetic currents are
members of the same SU(3) octet,two sum rules involving
leading vector form factors in hyperon semileptonic decays are
derived in the limit of exact flavor SU(3) symmetry[3].

@ According to the Ademollo-Gatto theorem, violations to this
sum rules are present at second-order SU(3)
symmetry-breaking.

@ One of the sum rules does not acquire any violations in the
presence of second-order SU(3) symmetry-breaking and the
other one obtains contributions form the 10 +10
representation.
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Sum Rules For Baryon Vector Form Factors

@ Motivated by the success of the GMO mass formula for
baryon octet masses, T. N. Pham observed that the matrix
elements of the V = 1 V-spin multiplet can be related to each
other in the exact flavor SU(3) symmetry limit[6]. Starting
from the following two I|-spin relations:

(I=1,b=0]aMd|l =1, =1) =
—(I=1,k=—1]ar"d|l =1,l5=0) (1)

(1=0,ls=0ard|l =1,k =1) =
(I=1,ls=—1]ar"d|I =0,k =0) (2)
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Sum Rules For Baryon Vector Form Factors

@ The rotated V-spin versions of (1) and (2) read:

<V:1,V3:O|L7F”5|V:1,V3:1>:
—(V=1,V3=—-1]alMs|V=1,V5=0) (3)

<V:0,V3:0|L_IrnS|V:1,V3:1>:
(V=1,Vg=—1]als|V =0,V3=0) (4)
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Sum Rules For Baryon Vector Form Factors

e Decomposing the SU(3) octet in eigenfunctions of V2 yields:

=) =|V=1V3=1) (5)

1 V3

220+2/\>:|vz1,v3:0> (6)
p) = |V =1,V3=—1) (7)

\fzo_;/\>:|vzo,v3:0> (8)
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Sum Rules For Baryon Vector Form Factors

@ Relations (3) and (4) apply to matrix elements of any SU(3)
octet AS = 1 operator.

@ GMO mass formula is trivially obtainded by setting " =1
and relating (By| ds |By) to [ff“(”]B _ (Mg, = Mg,) in (3).
152

@ When I'" = ~57, some interesting relations for the

. . 81
axial-vector to vector form factor ratios == can also be found.
1

@ This analysis can be extended to the vector current by using
M=y,
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Sum Rules For Baryon Vector Form Factors

@ As a result of the above mentioned, two simple although
nontrivial expressions are obtained|[3]:

[flsu(3)} +\f[ SU(3)]

n \2 [flsum)}fn 3 [f15U(3)

1., -

B ],

@ Violations to (9) and (10) are expected to occur due to flavor
SU(3) symmetry-breaking.
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Sum Rules For Baryon Vector Form Factors

@ In the presence of symmetry-breaking, sum rules (9) and (10)
can be expressed as:

1| 7 3l A ]
4 £SUG3) +Z £SUB)
1 =30




A Brief Review On The Ademollo-Gatto Theorem

@ Assuming that the vector and electromagnetic currents are
members of the same unitary octet and that the breaking of
the unitary system behaves as the eight component of an
octet, Ademollo and Gatto set up an important theorem on
the nonrenormalization for the strangeness-violating vector
currents.
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A Brief Review On The Ademollo-Gatto Theorem

@ According to Ademollo and Gatto[1], to first-order in
symmetry-breaking, the ath component of the vector current
J? can be written as:

J?+€6J% = agTr (BBA?) + by Tr (BA°B)

+ea [Tr (BB{X?,\%}) — éé""sTr (EB{)\C,)\C})]

+eb [Tr (B{N, )%} B) — %538 Tr (B {\°, \°} B)]
+ec [Tr (BA?BA®) — Tr (BA®BA?)| + egTr (BB) Tr (A°A%)
+ eh[Tr (BA?BA®) + Tr (BA®BA®) — %538 Tr (BA°BXY)

6

— 2dd= 7 (BXBA")] (13)
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A Brief Review On The Ademollo-Gatto Theorem

@ B represents the baryon matrix and A? denotes the Gell-Mann
matrices.

@ ay, by, a, b, ¢, g and h are coupling constants.

@ Parameter € is introduced to keep track of how many times

symmetry-breaking to first-order is present; at the end of the
calculation € can be set to one without any loss of generality.
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A Brief Review On The Ademollo-Gatto Theorem

@ The electromagnetic current is defined as:

1
Tem=T%= T3+ %jg (14)

@ To first-order in symmetry-breaking, e.g. the electric charge

for A reads:
1 9v/3
Qn+e0Qn = —Za0— feh (15)

R LR R LA

@ Similar expressions are obtained for the remaining baryon
octet members.

M.Sc. Roberto Padrén / Sum rules for leading vector form factors in hyperon semileptonic



A Brief Review On The Ademollo-Gatto Theorem

@ The system of linear equations for the coupling constants ap,
by, ..., h can be solved by using the important property that
the electric charge remains unrenormalized to all orders in
perturbation theory.

@ Solving for ag, by, ..., h yields:

1 1
ao ybo=5a=b=c=g 0 (16)

@ The above result shows that the electromagnetic and vector
current are unrenormalized to first-order in
symmetry-breaking.

@ This is in essence the celebrated result discovered by
Ademmollo and Gatto.
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A Survey On The 1/N Expansion of QCD

@ In the large N, limit, the baryon sector has a contracted
SU(2) ® SU(N¥) spin-flavor symmetry, where Ny is the
number of light quark flavors.

e For N¢ = 3, the lowest-lying baryon states fall into a
representation of the spin-flavor group SU(6).

@ The 1/N, expansion of any QCD operator transforming
according to a given SU(2) ® SU(N¥) representation can be
written in terms of n-body operators O, as[2]:

1
Oqcp = Z c(,,)ﬁ(’),, (17)

n
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A Survey On The 1/N Expansion of QCD

o Coefficients ¢(,) have power series expansions in 1/Nc
beginning at order unity.

@ Operators O, are polynomials in the spin-flavor generators J¥,
T< and G*©, which can be written as 1-body quark operators:

k d a*
r=>a (G e1)a (18)
N,

c _ )\C
=Y a, (m 2) % (19)

Ne k c

_ (o A
Gke = Z o <2 ® 2) Ga (20)

@ Where g, and q, are operators that create and annihilate

states in the fundamental representation of SU(6).
M.Sc. Roberto Padrén
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Second-Order Symmetry Breaking

The Baryon Vector Form Factor In The 1/N. Expansion

@ On general grounds, flavor symmetry-breaking in QCD is due
to the strange quark mass ms and transforms as a flavor octet.

@ To first-order in symmetry-breaking, corrections are obtained
from the tensor product (0,8) ® (0, 8) so that the
SU(2) ® SU(3) representations involved are (0, 1), (0,8),
(0,10 + 10) and (0, 27).
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Second-Order Symmetry Breaking

The Baryon Vector Form Factor In The 1/N. Expansion

@ Let V€ + edV€ be the vector current containing the most
general first-order symmetry-breaking terms in the 1/N,
expansion formalism[3]:

VEtesVE = b)) T+l i {Jf, G"}+eNeajy+eNcalyyd®eTe
+ea(2)N dcge{J’ G} +ea 2)—{T"' T8}
+e 3(1;);_10 ({Tc {Jr GrS}} {T8 {Jr GI’C}})

+a ({TC {6} +{T% {0, 6"3}) (1)
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Second-Order Symmetry

The Baryon Vector Form Factor In The 1/N. Expansion

@ It is important to stress the following points:

© (0,1) and (0, 8) representations have to be subtracted from
(0,10 + 10) and (0, 27) representations.
@ Since N, = 3 up to three-body operators are retained.

1
@ When c =3+ —38, the matrix elements of the operator

V€ + €0 V< between SU(6) symmetric states give the actual
values of baryon electric charges Qp.
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Second-Order Symmetry Breaking

The Baryon Vector Form Factor In The 1/N. Expansion

o For the physical values N. = N¢ = 3, the electric charge for A
reads:

1 g 3V3 4

1
Q/\ + 6(5@/\ - _6C(82) + \/gea%o) + 6\/§€a(2)

2
27 _ 27 | 427
@ Where x°' = o) + 33(3).
@ Similar expressions are obtained for the remaining baryon

octet members.
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Second-Order Symmetry Breaking

The Baryon Vector Form Factor In The 1/N. Expansion

@ In order to prove that the Ademollo-Gatto theorem in the
1/N. expansion formalism it is necessary to solve the linear
. . . rep rep
system of equations involving () and An)’
@ It is important to take into account the following points:
@ Electric charge remains unrenormalized to all orders in
perturbation theory.
@ The number of unkwnons is reduced by one since x27 appears
in all the expressions for the electric charge of the baryon octet.

2
o As expected, the solution for the above system yields:

_ 8 _ 1 _ 8 _ 8 _ 27 10+10 _
C(l) = 1, C(2) = O, 3(0) = 07 a(l) = 07 3(2) = O,X = 0, 3(3) =0
(23)

@ The above nicely reproduces the Ademollo-Gatto result.

M.Sc. Roberto Padrén
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Second-Order Symmetry Breaking

The Baryon Vector Form Factor In The 1/N. Expansion

@ Since the number of unknowns (coupling constants) in the
original derivation of Ademollo-Gatto and the 1/N,. formalism
are the same it is possible to find a one-to-one relation

between the coupling constants of the Ademollo-Gatto and
the 1/N, formalism given by:

ao Czl)
b C

“l=ArA | @ (24)
h 27

@ A; and A, are 7 x 7 matrices that have the numeric
coefficients that multiply the coupling constants of the
Ademollo-Gatto and 1/N, expansion respectively.
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Second-Order Symmetry Breaking

The Baryon Vector Form Factor In The 1/N. Expansion

€5V = EbjoyNed®® + b)) 0PCT® + efy P32 TE
+€2g8 dc8e d8eg Tg+€2 h8 f-cegd8e8 T8 — dceS f8eg T8 — Zf-cSe deg8 TS
(1) (1 \*
+ 62b(2 ﬁécs {Jr Gr8} + 6268 )f—CSefSeg {Jr rg}
+ 6 g( )dc86d8eg {Jr rg}
+ €2h(8 ) (chegd8e8 _ che8 f-8eg o ,“cc8edeg8) {Jr’ Grg}

b&l??)—l-lo 1 che ({Te’ {Jr7 Gr8}} _ {T8’{Jr7 Gre}})

+e2b§7)N che{Te T8}+e2b(3) w2 (T, {T8, T8}}
2b(27) 12 dc8e ({Te7 {Jr’ Gr8}} + {7-8’{Jr7 Gre}})
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Second-Order Symmetry Breaking

The Baryon Vector Form Factor In The 1/N. Expansion

o Matrix elements of the operator €25V Q between SU(6)
symmetric states gives the second-order symmetry-breaking
effects for the baryon octet electric charges. For neutron,
these corrections read:

1 1 1 1
1 8 8 8 8
€0Qn = —blg) + *62"(1) + *ezb@) + *€2g( T éezgtz)
13

A

s (26)

1210+10 1227 22
3€PE " — 50 — 250 + 1o

@ Similar expressions are found for the rest of the baryon

charges.
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Second-Order Symmetry Breaking

The Baryon Vector Form Factor In The 1/N. Expansion

@ Again, the operator coefficients associated with the 27
representation can be absorbed in a new coefficient

= b +3 b(s)

° By using the important property that the electric charge
remains unrenormalized to all orders in perturbation theory,
the system can be solved as follows:

blo) = by = 8 = v*' =0 (27)
gl = _%b(lzo)ﬂ_o (28)

b, = ;2 b(1°)+1° (29)

b8 = 5™ (50
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Second-Order Symmetry Breaking

The Baryon Vector Form Factor In The 1/N. Expansion

@ Thus, under the working assumptions, the baryon vector
current is given to second-order in flavor symmetry-breaking in
terms of, in principle, five non-trivial operator coefficients.

@ For example, leading vector form factor for A — p yields:

fi 3 3 3 8 8 10+10
£5UG) =1+ el - ”(1>+ 5€0) h( )+ ﬁb() (31)
Ap

@ Similar expressions are obtained for the remaining transitions
Y- —>n =" =3Y%and = = A
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Second-Order Symmetry Breaking

The Baryon Vector Form Factor In The 1/N. Expansion

@ Substituting the obtained expressions for leading vector form
factors in (11) and (12) yields:

1 fi 3 fi
4 fSU(3) + 4 fSU(3)
1 =-y0 1 =A

]. f]_ 3 f‘:]_ SB
e st)] 4 [fs“(”] S
>~ n 1 Ap

3 h 3 h 1 10+10 SB
+ 4 [fsu(3)] 4 [fSU(3)] = _ﬂb@) =057 (33)
1 Y~ n 1 Ap




Conclusions

The above findings are remarkable, sum rule (32) is valid in
the presence of second-order symmetry-breaking whereas sum
rule (33) gets corrections from the 10410 representation.
Different methods have been used to evaluate
symmetry-breaking effects to vector form factors. One of
them is baryon chiral perturbation theory (BChPT) to order
O(p?) in the works by Krause[4].

Later on, Villadoro[7] used heavy baryon chiral perturbation
theory (HBChPT) with both octet and decuplet baryon
degrees of freedom and included (partially) up order O(p?)
corrections corresponding to subleading in 1/Mpg terms.

In the context of covariant BChPT with the IR regularization,
Lacour, Kubis and Meissner[5] performed calculations to order
O(p?) including only octet baryons as active degrees of
freedom.
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Conclusions

@ Sum rule (32) is fulfilled by all the expressions for the

fl/flsu(?’) ratios obtained within (heavy) baryon chiral
perturbation theory to order O(p?) of [4],[5] and [7].
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