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What are we doing?



Rare b decays 1/25

W- Flavour changing neutral currents
b S only emerge at 1 loop level

ot CKM supression ~ \*

Branching ratio b — s¢t¢~ ~ 1078



Effective Field Theory tangent



Four Fermi theory 2/25

An electroweak interaction A Four Fermi theory interaction
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1 loop diagrams
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2 loop diagrams

[JHEP 04 (2020) 012] 5/25
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https://arxiv.org/pdf/1912.09099

Why are we doing it?
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Other Observables 7/25
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Operators 10/25

Oy = (57, PLTc)(ey" PLTD) | Oy = (57, Pre)(ey" Prb)

Ayt



How are we doing it?




New Operators (Part 1) [JHEP 1709 158 (2017)]11/25

Four-quark (g # s):

O = (3 Pryub) (@"q) 03" = (5 Pry, T*b) (7" T"q) ,
O3 = (3 Pryunb) (@*4) O = (8 Pr o T0) (@7 T0),
O = (5 Prb)(7q), O = (5 PrT*b)(GT"q) ,

O;bqq (3Prc" b)(qouwq), quq = (S Pra"™ Tb)(qo, T"q),
O3 = (5 PR Yyupor b) (@"7%a) O™ = (5 PR Yo T*0) (@777 T*q)


https://arxiv.org/pdf/1704.06639

New Operators (Part 1)

[JHEP 1709 158 (2017)]11/25

Four-quark (g # s):
0 = (5 Pryd) (@a).

O3 = (3 Pryup b) (@/"°q)
0 = (3 Prb)(qq).

03" = (5 Pr o™ b)(T oy q)
O = (5 PR Yurpo b) (@77 q) |

K 05— (5 P T (@ ).

Oquq s Pr ')’quTAb) (@"PT"q),

sbqq

= (
(s

O = (5 PRT*b)(qT"q) ,
= (3 Pro" T"0)(Gou T"q)
= (

s qq — SPRP}/'LLI/po'T b) ( uvpo TA )
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New Operators (Part 1) [JHEP 1709 158 (2017)]11/25

Four-quark (g # s):

O = (5 Py Pryub) (@y"q) , O3 = (3 Pry, T*b) (" Tq)
O3 = (3 Pryunb) (@*4) O = (8 Pr o T0) (@7 T0),
O = (5 Prb)(7q), O = (5 PrT*b)(GT"q) ,

O;bqq (3Prc" b)(qouwq), quq = (S Pra"™ Tb)(qo, T"q),
O3 = (5 PR Yyupor b) (@"7%a) O™ = (5 PR Yo T*0) (@777 T*q)


https://arxiv.org/pdf/1704.06639

New Operators (Part 2) 12/25

Four-quark (¢ = s):

N O35 = (54, PLb) (374 5), ~ O = (57, Prb) (31" 5),
O = (39up PLb) (5775) O** = (3 Yyup Prb) (39"°s),
O™ = (5 PLb)(55), O35 = (3 Ppb)(5s) .
03555 = (50 PLb) (5o 8), 03055 = (50" Prb) (5o, 8),
O3 = (5Yyuwpo PLY) (57"77s) O3 = (5%uwpo PrD) (577777s)..
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» Reduce number of integrals that need to be computed

» Simplify integral process



Reduce number of infegrals 14/25

» Reduce to scalar integrals (Passarino-Veltman or
projector method))




Reduce number of infegrals 14/25

» Reduce to scalar integrals (Passarino-Veltman or
projector method))

» Reduce to minimum number of master integrals (Laporta
algorithm)



Laporta Algorithm [hep-ph 1705.05610]15/25

» Write all intfegrals as a linear combination of master integrals
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Laporta Algorithm [hep-ph 1705.05610]15/25

» Write all intfegrals as a linear combination of master integrals

» Write complex integrals in terms of simpler ones

» For example, integrals with higher propagator powers are more
complex


https://arxiv.org/pdf/1705.05610

Symmetry Relations 16/25

For example

1
(@ =Ry ((+ Py — M)

T(d, 01,02) = /ddg



Symmetry Relations 16/25

For example

1
(@ =Ry ((+ Py — M)

T(d, 01,02) = /ddg

obeys
T(dv O] ) 02) - T(d7 027 a])
under

{——(—p



Lorentz Invariant [dentities 17/25

Our integrals are invariant under Lorentz transformations, so under

p! — p" +6pt = p* + delip” with del) = —de;,
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Our integrals are invariant under Lorentz transformations, so under
p! — p" +6pt = p* + delip” with del) = —de;,

we geft

a )
- I(p1,...,pPn) =0
Z( 8P/u p/ aply) (p1 P )

=]l



Lorentz Invariant [dentities 17/25

Our integrals are invariant under Lorentz transformations, so under
p! — p" +6pt = p* + delip” with del) = —de;,

we geft

E
o 0 )
;’ — 't I ge ey n :O
E :(,O 8pi,u p/ apiw (p1 P )

i=1

which we contract with all antisymmetric combinations of

pfvupsw o psyuphv
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Integration By Parfs [dentities 19/25

/Hd%ae“ KP qﬁPNN)] =0

Withf=1,... Land/=1,... L+E



Integration By Parfs [dentities 19/25

/Hd%ae“ (e )| P

With(f)=1,....L ondO_ 1. L+E
giving L(L + E) identities for fixed a
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» Compare to known integrals



Simplify the integral process 20/25

» Compare to known integrals
or

» Differential equations and canonical form



Canonical Form [hep-ph 1611.01087]21/25

For a vector of master integrals M(e, {x}). the aim is to get it in a form
OM(e, {x}) = ca(x)M(e. {x})

which allows us fo solve for M order by order in «.


https://arxiv.org/abs/1611.01087

Canonical Form [hep-ph 1611.01087]21/25

For a vector of master integrals M(e, {x}). the aim is to get it in a form
OM(e, {x}) = ca(x)M(e. {x})

which allows us fo solve for M order by order in ¢. Even better, is to
get it in dlog form

OM(e, {x}) = eAdlog(Li({x}))M(e, {x})


https://arxiv.org/abs/1611.01087

Example 22/25

Assume the only master integral M has no poles (or multiply by ")

M=>"eM"  and M =cAX)M



Example 22/25

Assume the only master integral M has no poles (or multiply by ")

N
M=>"eM"  and M =cAX)M

n=0
—

Then we have
aM©® =0,  soMO =C
~———
adM = CA(x), so M) = C/dxA(x) (etc.)



Conclusions
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What are we doing (again)? 23/25

» For the 40 + 40 operators, all integrals reduced to master integrals

» For one family in the first 10 + 10 operators, we have integrals in
dlog form

» For remaining families, we have compared to known integrals
using Laporta algorithm
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» Compare one loop reducible integrals of sbcc operators to
literature
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What are we doing next? 24/25

» Compare one loop reducible integrals of sbcc operators to
literature

» Get all remaining (i.e. non-sbcc) operators intfo canonical form

» Express the full amplitude in terms of polylogs of invariants



Conclusions 25725

» B decays are an important and interesting area of work

» The mulfi-loop toolkit is invaluable (Laporta algorithm and
canonical form)

» |'m looking at 2 loop calculations (where SM is not assumed)
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Laporta Complexity

Let our infegral be The most complicated integrals have
1 1. Largest n
D'D3? ... Dy 2. Largest )", a
with 3. Largest ), b;
4. Largest iy, largest iy, ..., largest i,
o = { g"’ o = 8’ 5. Largest ay, largest a», . . ., largest a,
G4 B 6. Largest —by, largest —b,, .. ., largest —bj,



Explain Py

(a) Ok and 6, definitions for the BY decay

BO SN K*OM+M_



Py and P

The angular distribution of B — K*9ut~ decay is given by

1 At (I'+ 1)
d(I+I)dg  dg2ds

9 13
= — | =(1 — F1.)sin® fxc + FL. cos® A
. 327:{4( L) sin® 0k + Fi cos™ Bk

+—(1— F1) sin® @ cos 20 — Fp, cos® A cos 26; + Sy sin® O sin® By cos 20

1
1

4
4.5, sin 26y sin 26 cos @ + Sy, sin 20 sin #; cos ¢ + EAFB sin? By cos by

+87 sin 26 sin 8 sin ¢ + Sa sin 20 sin 26, sin ¢ + Sy sin® O sin® §; sin 2(&}

F, is a fraction of longitudinal polarization of K*C;

Ss 2 Ar
Pi———— and Py=5—F
*VE( - F) 27 3(01-F)



sb{~, ¢¢} basis

J7 = 2impq, [Sc" PrD]
Jo =(g"q" — G*g"")[s7.PLb]



sbcc operators

OF° = [59,19P.C][Cy"19Pb] O = [Bv,u,1°Pb][Cy**19C]

07 = [swPClley*Pb] O = [57,Pb]Qc[Cy C]
O = [sy.Pb][Cy c] 0P = [s7,1°Pb]Qc[Cy*19¢]
O = [snt?Pbl[cytc] 0P =[5y, PLb]Qc[Cy" C]

OFC = [nupPbICY™Cl O = [, PLOIQe[a 7194,






» Local P,(M(k)|sr*b|B(k + q))



» Non-local iP, [ a*xe @ (M(k)|T{ e e Bk + g) )



Weak Effective Theory Sectors

Sector:.  Complete set of operators so that at leading order in G¢
they can only mix info each other



Weak Effective Theory Sectors

Sector:.  Complete set of operators so that at leading order in G¢
they can only mix info each other

e.g. cbuv,. c



sbgqg mixes into sb/l through non-local operator.

/ddxeiq.x T{ ’C/sbcc O,Sbco()/)}



sbgqg mixes into sb/l through non-local operator.
/ddxeiq.x T{ ’C/sbcc O,Sbcc()/)}

for example:

> = Qcé’)/“c

.
% WV
C C
> 0% = [py,PLCl[cy Pib]
b y S



Operator Product Expansion

Technical point: Pertubation constraints: |g? — 4mZ| > A2 onic



Operator Product Expansion

Technical point: Pertubation constraints: |g? — 4mZ| > A2 onic

/ d4xeiq.x T{ 7C/‘sbcc O/'Sbcc}

= FjCeee [5rtb]



Fa €% STt

2

2
12ms (2+§+3|0g K ) + 3DiscB(g?, me, me)
€

2 —7\e

x (9’9" — "q")[s7.PLb]

(2mé +9°)
g2

2
mg



(o2 — A2
DiscB(g?, me, me) = va (qq2 4mC)+Iog<

2me — q* +v/9*(9° — 4mg)
2m2
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