Nonfactorizable contribution of charming loop to

By — v decay

Light Cone 2021: Physics of Hadrons on the Light Front

|. Belov!?, A. Berezhnoy!, D. Melikhov!
ISINP MSU, 2Physics department of MSU

02.12.2021

I. Belov, A. Berezhnoy, D. Melikhov (  SliNonfactorizable contribution of charming 02.12.2021



FCNC B-decays

o The dominant contribution to FCNC decay is a penguin
with top quark. At scale 1 ~ m; the heavy degrees of
freedom might be integrated out.

- oy,
b, s

Top-quark penguin for b — s+ transition.

Nonfactorizable contribution of charming loop
to FCNC decay: the O(ag) diagram for soft
gluon exchange.

e A penguin with charm quark: at scale . ~ m; W-boson
is integrated out = factorizable charming loop.

Amplitude in a T-product form:
A )" = i [ dze' T OIT {07 ¢(2)1i [ Ay Lyge(@).i [ do Laee(@) 50025} Ba(@). (@)
Amplitude in the SM:

—N dk . ’ .
A(p, q)" = /7/dye”(’“’p )y//dzdke*’k’”
(2m)8 k2 — m?2

THYP (k, g)(0|5(y)7" (K + ms)v™ (1 — %) B, (2)b(0)| Bs(p)).  (2)
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Transition b — scc in the SM

borsce Gp c
off = *E{ 1 (u)O1 + C2(p)O2}, 3)

where O = Ej'yu(l —9)ctetyH (1 —4°)b7 and Oy = Ei'y“(l — P ctET 4P (1 — AO)bd.
Nonfactorizable charm quark contribution:

- Gr
HE 2 ¢ (octet-octet) = —= V,, V5202 (57, (1 — 75)t%b) (87" (1 — v5)t%¢) (4)

V2
c < c\\/
\%4 \% \%4

Effective vertex for b — s € c transition.

L2

O = (Spvuer) (ELy'br) =

1
— _o (gL’mtubL) (EL'Y“taCL) _ g (gL’mbL) (EL’Y‘LCL) Color flow for the process b — s g~.
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C-quark loop

rho nu

The key properties:

@ The diagrams a) and b) are equal to each other
@ Transversality by gluon and photon momenta (the gauge invariance):
g°THY? =0 and pyTHP =0

won

@ The relevant part of effective four-vertex “" has an axial structure (only y#~>
contributes to)

@ The T£.” function is well defined for g2, pZ and (pg + )2 below 4m?
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C-quark loop reduction

C-quark loop might be reduced to three Lorentz structures:

AP = Fy (k" + ¢*) cvp{ki{a} + R (qpeuv{k}{q} + qQS}“’P{k}) + Fy (kvsup{k}{q} + kZEI“/P{q}) ,

where Fo(k?; (k.q); ¢%) = Fo(q?; (k.q); k?) and Fy (k%; (k.q); ¢%) = —Fa(q%; (k.q); k?).

Applying Shoutens identities to I'4’”# allows one to reduce the convolution of T'£"? (k, q) with B, (x) to direct
convolution with G, () as per:

/dke‘“‘”” THYP (k, q) By (z) = %’ /dke‘““ [Fg (kM + gty ereviady
TR (7qp5uocu{q} + q2supo¢l/) 4 Fy (7kp£;uu/{q} + kuspau{q} + (k.q)s“plul) ](;OI‘(I) _

i R
- /dke*“‘r THLY (K, )G ow (2).  (5)

—N —1 dk —i(k—p' —ikx
wan = o5 (5) g [ [ [ s
FAL (6, @) 015wy (K + ma)y* (1 = )G ()b(O)] Ba(p))- (6)

1
Alternative way: apply the fixed point gauge B, (z) = zo [ uduGe, (ux).
0
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C-quark loop form factors

The possible integral representation [Max Ferre]:

1 1—x
1 Ai(z, z)
2 2 i\ .
Py (1% (ka)ia®) = = [do [ a ,i=1{0,1,2}, (7
1( (k-a)iq ) w2 4 ¥ 3 Zm% —2zz(k.q) —z(1 — 2)g? — 2(1 — 2)k2 1= } ™

where Ag = zz, Ay =z(z+z—1), Ag =2(z+z —1).

@ Algebra of Dirac matrices in D dimensions

@ Automatic calculation of one-loop integrals in dimensional regularization

@ Analytic expressions in terms of Passarino-Veltman coefficient functions

Fo = m [(k%ﬁhq (3k2 —amc? + 3q2) +ak2¢? (k.9)? +2 (k2)2 (q2)2 +
+4mc2(k.q)3) Co (kz, @, k2 + 2k.q + ¢%; me, me, mc) —3k2¢%k.q A (q2, me, mc) -
—2k2 (q2)2 A (q2, me, mc) e (2k242 +3¢%k.q + (k.q)z) A (k2, me, mc) +
+ (2 (k2)2 @2 + K2 (quk.q +(k)? 42 (q2)2) + q2(k4q)2> A (K + 2k.q + g*, me, me) —
—Pk.g)? A (42, me, mc) —2k2¢%k.q + 2(k4q)3} . (8)

[H. Patel, Comput. Phys. Commun. 66 (2017) 218, arXiv:1612.00009]
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Cross checks

@ The axial anomaly for triangle loop:

2 2 25 o 2 1
(k+q)°Fo —q°F1 + k F2—8mcF5+272~ )
™
The reference values:
—1
Fy(0,0,0) = —F1(0,0,0) = F5(0,0,0) = ———— (2 diagrams are included), (10)
247r2m§
8F(0,0,0 8F1(0,0,0 8F5(0,0,0 1
o ) = — 1( ) = 2( ) = (2 diagrams are included), (11)
d(k.q) 9(k.q) 9(k.q) 9072m?
8F(0,0,0) 3 8F;(0,0,0) 9F5(0,0,0) —1
= —— = = 2 diagrams are included). 12
K2 2 ok2 oK2 120m2m4 (2 ding ) 2
y

Case of all zero external momenta in charming loop: the linear

b s by k contribution to b — sg+ decay is described by
a
(sgv) _ _©Cc * - A
L = Ton2 \/EGFVCSVab SL'Y/L?bL X
X —5 95 GonCprpoiOr Fpo (13)
3mg
Diagram for b — sg~ decay The red dot [M.B. Voloshin, Phys.Lett.B 397 (1997), arXiv:9612483]

represents the four-fermion weak interaction.
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Three particle DAs

e Parametrization with 6 independent 3DAs (the Light Cone contribution only):

(01 8% ()G (@7 0) 1B () = 22 [Fan [T gy emir (0o —is “"”{(1 9]

v - v —
(Vovv —vuY0) WA — Vy] —ioo, Uy — (M) Ya + <M> Y a—
vy vy

ToVy — TyVUg ToVv — TvYo
() s () L) e

vz v-x

Integration by parts: Y4 = [dAYa(\,w), Y} = [dAY (N, w), X4 = [dwXa(\w), X)) = [doXy (), w).
One should be careful with the surface terms.
@ In [A. Khodjamirian, Th. Mannel, N. Offen,
del: Phys.Rev.D 75 (2007) 054013, arXiv:0611193]

. 3DAs are defined for special case of aligned
kinematics  ~ y.

Requirements for

2
WA (w,A) ~ Py (w,A) ~w?, @ In [A. Khodjamirian, Th. Mannel, A Pivovarov,
X 4(w,A) ~ Y4 (w, A) ~ w(2A — w), Y.-M. Wang, JHEP 09 (2010) 089,
arXiv:1006.4945] the model is applied, The

integration over interval 0 < A\, w < oo is cut at
close range to zero.

2
/dw / A0 ) = Nk @ In our work we define the 3DAs on the interval
0 < A, w < 1 and impose the normalization:

Xy (W, A) ~ Y (w,A) ~ w,

/dw/dA Ty (w,\) = A% /3, .,
/dw {Xa,Ya, Xy, Y} =0,

/dw/d,\ {Xa,Ya, X4, Y} =0.

/dA (XA, Ya, X'y, YA} = 0.
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Model for 3DAs

Functions at 2=0.1 Functions at 2=0.1 Functions at 2=0.1
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B-meson distribution amplitudes. The top row ((a),(b),(c)): functions of w at A = 0.1; The bottom row
((d),(e),(f)): functions of X at w = 0.1.




Amplitude structure

2 2
‘p:q+q/ and p :mB‘

A, w ~ AqQecp/mp

e Lower part of the diagram:

157" (k+ms)7" (1 =7%)G o (2)b(0) | Bs (p)) =

- Tr[v"(%-&-ms)w“(l - }] (16)

General amplitude has the following form:

!
A(g, ¢')P" = iHVsnp{q}{q P4 Ha (gpnq'ql _ qloqn) +

2 2 2 K
+ H3 (qpqq' —q q"’) (q'”q/»q —q q") + Hy (q”mq' —q q/p) ", @)

where 4 (qpq.q/ — q2q"’) q'"! structure appears within W 4, Uy, X/, Y terms.

x/ Y/,
Hi(q,q) = //dAdw[C}‘I’V)\IIV +o g,y XX, oWy, 4 Ay 1 ol A)Yg],

I={V, A3}
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By — v®)~™) decay

Decay to two virtual photons:
AT = (1 Hy eelatdy 7, (9°"a.d’ — a'®q") + Hs q'”q”) T(@)p T(a")n, (18)

where Hy = Hy (q,q') + Hy (¢',q), Ha = Ha(q,d') + Ha(d',q), Hz = (Hs(q,q") + Hz(d', 9)) a®d’>.

e Decay to two real photons:

AB=YY) (iﬁv(o,o) enelaHa’} L 7, (0,0) (977 (m% /2) - q"’q")) <(@)p €(@ ), (19)
o

The charming loop effect may be introduced as Cr7,, — C7’Y + AC74:

167 . on fac
H4°%(0,0) = 207 (n)mp Fr,1(0,0) +— (Ffa) + 77 0,0)) (20)
—_——
top quark

Nonfactorizable part of H is expanded as per:

H;(0,0) = // = fAA:vB ey (DA Co)FTy ()+Xa ()HYA ()X (YA G ],

I={V,A}.
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2 2
ence on ¢°, ¢

Parameters

mp —53GeV Ap = 0.46 GeV fB = 0.18 GeV mg = 0.1 GeV me = 1.3 GeV

=1/137 ag = 0.2
T T T T T T T 02 T T T T T
— 10" HV(q.0), MeV~' — 10"HV(0,q), Mev™'
— 10"*HA(q,0), MeV™" — 10" HA(0.q), Mev™'

10

02

sk 4
ﬁAN

-06

30 25 20 ES 10 - 0 5
q*2, GeV/
a)

"2, GeV
b)

H; dependence on kinematics: a) HI(qQ, 0), b) Hy (O, q'2).
H4(0,0) ~ 1.62-10" 1 Mev ™1, Hy (0,0) ~ 1.81-107 1 Mev 1. (21)

@ Sharp rise near the threshold ¢ ~ mQJ/w and ¢? ~ mi

@ Amplitude (18) for Bs — v*~* can be employed in the range ¢’2 < m2 and. ¢® <.4m?
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Conclusions

To do list for Bs — 7y challenge:

Reproduce the analytic results in a fixed point gauge
Set the model for three particle DAs
Study the impact of X4, X/, Ya, Y} shape on the amplitude

Perform the result as a correction to Wilson coefficient: Cf = C7 + ACy

Nonfactorizable contribution of charming loop to B-meson decays is considered:
the soft gluon exchange between B-meson and charming loop

The process kinematics requires the (0] 5% (y)Go. (2)b%(0) |Bs(p)) with three
independent coordinates. The correction magnitude is sensitive to 3DAs model.

B, — ~y7y decay: preliminary estimations for correction to C'7, amount to several
per cent:
ACy. /Cry & —0.02

The developed analytic approach might be expanded on more complicated decays:
B — Al 1, K", K*11.
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Backup slides
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2
» 4

— 10" HV(q.0). MeV™" — 10" HV(0.q), Mev™"
— 10" HA(q.0). MeV™" — 10" HA(0,q), Mev™"
;
.
5
.
-30 25 20 -15 -10 -5 5 - -2 -20 -15 -10 -5 [

H; dependence on kinematics: a) H;(g2,0), b) H(0,q'?).

—— 10"HV(q,0), MeV"' (yA gV only) = 10" HV(q,0), MeV"" (yA.yV only)
o[ = 107HA@0). MeV™" (YA WV only) = 10"HA(Q.0). MeV™ (A4 only)
2
-1
2
2|
.  —————— -3
< E R R 5 & 3 S 3 ED =
q*2, GeV. q*2,GeV.
a) y

b
H dependence on kinematics: a) HI(q2, 0), b) Hy(0O, q/2). Only ¢ 4, ¥y terms are included.

@ Sharp rise near the threshold g% ~ m?,/w and ¢’ ~ mi

@ Amplitude (18) for By — v*~* can be employed in the range ¢’2 < mf and ¢2 < 4mg
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= m [((k2)2 (5¢°k.a+2(k.0)* + ¢* (¢ = 4mc?)) + k?k.q (4k.q (me® + 2°) +

+4(k.q)% + 42 (3q2 - 4mt:2)) + (k2)3 @+ amc? (k.q)® ) (k a2, k% 4 2k.q + ¢%; me, me, mc) +
+ (72k2(k.q)2A (qz, me, mc) — 4k k.qA (q me, mc) ( ) (qQ, me, mc) _
() () 2 (32 (34 2) (o 3)) 0 (<% ) 6
+ ((k2)2 (Bk.q + 2q2) + K2 (7q k.q+7(k.q)% +2 (q2) ) + (k.q)? <2k.q+q2)) .
A (k2 4+ 2k.q + ¢2, me, mc) — 2(k.q)3A (q ,me, mc) — P (k.q)%A (qz, me, mc) +
e 2 k) (00t )] @

-1

g 2
2 8n2 ((k.q)2 — kzqz)2

[2q2(k.q)2 (4k2 + 2mc? + q2) + Ic2q2k.q (3k2 — 4mc? + 5q2) +
+k2 (q2)2 (k2 — 4mc? + q2) +4(k.q)® (mc2 + qz)) Co (k2,q2, k2 4 2k.q + ¢%: me, me, mc) B

2 <3k q%k.qA (q mc, mc) + k2 (q2 A (q me, mc) (2 (k2)2q2+

(k) — k%¢%)?

)
2 (402ka+ (o) + (4%)7) + 20600 (ke + 02) ) A (82, me,me) = (2(k2)” %+
+k2 (7q2k.q+(k.q)2+2(q2)2) +k.q (7q k.q + 2(k.q)> +3( ) )) ( + 2k.q + ¢°, mc, mc)+

+5q2(kAq)2A ((12, mc, mc) +3 (q2)2 k.gA (qz, mc, mc) -2 (kAq + q2) ((hq)2 - k2q2)] . (23)
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Coefficients |

o'V = 2L (Fo (m? = a') (m(A + w0 = 1) = ma) + P (m(Fo(A 4w — 1) +2F1) = maFp))
clfa) = —ar (m2(m(F0(2/\w A —wH1) 4+ (22X — 3)wF) + me((2w — 1)Fy + 2wFa))—
—q* (M(AFo — wFy + wFp + Fy — 4F1) + msFo) + > (m(Fo(A — w = 1) + wFy) + ms Fy)) ,
o) — g (m(Q)\m —m—2my) +¢% — q,2) (mszQ, + ¢® (WP — 2F)) — ¢?wF} — 2Fy — 6F2)
Ci/YA) =212 (m(2)\m —m — 2mg) + q2 — q/2) (sz (m2 - qlg) + qg(wFQ — 2F1)) s
’
ci,XA) =4mL (m (z(x —1)(Fo + 3F2) + m2w(F) (22w — A — w + 1) + (2X — 3)wFy — AFj + Fy)+
+mmsw((2w — 1)FY + Qng’)) +q2 (m <7w(/\F[/)/ + A —VF,+ B —aF]y+ 200 — 1)F]+
+0? (FY = F3))) = mewFy) + a?wm(FY (N —w = 1) + (A = DF + wFY) + me FY))
c(Y,'4) — —amI? 2
v = —4mL“(A — 1) (m (m(Fo(2Aw — A —w+ 1) + (2X — DwF2) + ms((2w — 1)Fy + 2wF3))—

— > (m(AFo — wFy — wFa + Fo) + msFo) + ¢">(m(Fo(A — w — 1) — wF3) + mSF‘O)) ,

oF; v OF;
here L = 1 i Fl = 5t = L.
W N2mZta(a2—a’2—m2)+q’2 —m2 i 9(kea) i T P2

02.12.2021 18 /21
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Coefficients Il

o) —orr, (2q2 (m2(_(m(F0(,\ +w—1) + 2 wFy — 4AF} + wFs + 2F; )+
+ ms(2wFy + Fy — 4F1))) — ¢’2(m(Fo(A + w — 1) — wFy + 2Fy) + msFo)) + (m2 - q’2) .
(mz(FO(m()\ +w—1)+mg) + wFa(—4Am + 3m — 4my)) — q’z(FO(m()\ +w—1)+mg) — muJFz))

2\ 2

+(42)" n(Fo(A+ w = 1) = wFa + 4F) + maFo) )

V) = —2nLy (207 (M2 (@ = DFo(Am — ma) = Fi(=2xm +m + 2m.)) — ¢’ (m(=AFo + wFo + F1)+
+msFp)) + Fo (m2 - q,2) (m2(7>\m —w(=2xm +m + 2mg) + m + ms) — ql2(m(7)\ +w+ 1)+

2\ 2
+ma)) + ()" (mFo(=A +w = 1) + 2mF, +’msFo)) ,
X 2 2
o) =1, (2‘12 (mZ + qlz) - (mZ - q/z) - (qz) ) (wFé(m2 +¢* —q%) —2¢°F] — 2P, - GFz) ,

C1(4YA) — 21?1, (2q2 (mz n q/z) _ (mz _ q12)2 _ (q2)2> (ng (mz B q/2) t P (WFs — 2F1)) )

1 1 ’ OF; 7 OF;
where L = i Lg = ;. F! = i, "o_ .
AT ia(aZ—a2—m2)tqZ—m2 [ Qs B i = B(k.q) i K2
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Coefficients Il

C;X/A) = —4mL4L (72q2 (m3 (w2(2AF§ + B+ FY) + w((h = D)FY — MAF] + Fy) + 2F]')+
+A = DF]) + mPmg(w@wFy + Fy' — 4F]' = F3) + F{) + (A + 1ym(Fy + 3F2)+
402 (m (WO = DFG + AFg + 2F]) = AF] + w0 (F' = F3') + F{) + ms(w(Fy + F3) — F])) +
+ms(Fo +3F2)) + (m® = a') (mPw(F' (0 + w = 1) + (3 — 4wFS + (A = DF))+
+mPmaw(—4wFy + FY + F}) — 2(x — Dym(Fo + 3F2) — ¢*w(m(FY (A +w — 1) + (A — ) Fj—
~wFY) + ms(Fy + F})) — 2ma(Fo +3F2)) + (42) (m (w((h = DFY + AFj + 4F] + F))—

—2(\+ DF] + w*(Fy — F3)) + ms(w(Fy + F3) —2F))))

ci‘Y//” = amLgL? (=24 (m? ((22% + 2 = 1) mwFs + (A = Dm(Fp(A +w — 1) — 4AF1)+
+ms(2QAwFy — 2AF1 + F1) + (A = 1)Fo)) + ¢'>((A = Dm(Fo(A + w — 1) + 4F1) + (1 — 3\)mwFa+
+ms(AFo — 20F; — Fo + 2F1))) + (m® = ') (m® (A = DFo(mA +w — 1) + m)—
—why (4>\2m —5Am +m + 4Amg — 2m3)) — (A= D) Fo(mA +w — 1) + ms)+
+wFa (=300 = Dm — 2m2)) + (42) (m((A = DEo(A +w = 1) — (38X + DwFy + 8AF1)+

+ms (A — 1)Fp — 2wF +4F1))) ,

o =1
i Lg= g F

where L = m2—q2—q i akaq)’ [T

1
T ia(aZ—a2—m2)tqZ—m2
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Coefficients Il

Cé‘I’A) :SLLQ(Q%) ((/\m+ms) (m2(F1 72wF2)+q2F1) $ g (m(Fo(—(h + w — 1)) + (A — 2)Fy +

+twF3) + ms(F1 — Fo))) ,

1
c{"v) = —sLL, ((72) (mZ()\m(wFo — F1) 4+ ms(—wFy 4+ Fog — 2F1)) 4 ¢>(msF1 — Am(Fy — 2F1))—
—a">(m(=2)\F1 + wFy + F1) + ms(Fo — F1))) ,
of¥A) = arry (m2wF) + ¢* (WF} — 2F]) — ¢?wF} — 2Fy — 6F3) ,

Y
Cé A) = 8L2Lq (WFQ (m2 - q/z) + q2(wF2 - 2F1)) s
(X)) 1 2 " " ’ 2 ’ 7 ’
Gy 4’ =smily( 5 (Om +ms) (mPw(dwFy - 2F] = Fy) + ¢ (2F] — w(2F] + F3)) + 2(Fo + 3F2)) +
+q2w(Mm2FY (A +w — 1) — 2XF}' + AF} — 2wF} + 4F]') + ms(2F} — 2F] + Fé))) ,
Y/, 1
Cé A Z16mI2L, ([72) (()\m T ms) (m2((1 —2X)wFy + (A = 1)F1) + ¢2(AF) — wFs + Fl)) +

+q/2((/\ —1)(F1(A=2)m+mg) — Fo(m(A+w —1)+mg)) + wFa((2X — 1)m + mé))) s

OF; 7" OF;
here L = 1 i Lg= —5—5—o; F] = s i, = L.
wi NEmZia(qZ—q2—m2) 1’2 —m2 4T T T 2 i = B(k.q) i K2
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