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2-body operators 3-body operators

grb = Z/ ds CW(s) 0W(s) + Z/ dsidsy C'7)(s1,80) O (s1,82) + ...
; i

Matching QCD currents onto
SCET at 2-loop
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Heavy-to-light quark currents
O qrI;b with T; = {1,ys5, Y%, ysy* ic"'} play an important role in B physics:

> govern hadronic dynamics in inclusive B - Xy, B - X, v, B - X, £*{~;

1 . A 1 A H(n-p,p) o iz\ffJ\,’V\/C/
drmH-J®S+m—bZh-1®S +m—b2h-J DS +... /\

Py

> in the shape-function region (to suppress B — X_.?v,): hadronic final state has small

invariant mass but large energy ‘ SCET is the appropriate theoretical framework!

> for exclusive B decays, (M|ql;b|B) generally parametrized b T |
as B —» M FFs, also important for hadronic decays in QCDF; Qao?
2 2 2 2 qf q’
(|in"b|B) = |(p+p) mB;Qm“q”] fi(a”) + mBq;m”q”r%(qz) =) (®)

Feynman mechanism dominated
or pert. calculatable? % %

fild®) = Ciép(E) + P @ T, @ Op

O How to accurately represent qr;b in SCET is of particular interest! ()
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Heavy-to-lig ht curre nts O Some basics of HQET and SCET:

- _ 1
. o - i | — a/ o V) — Ya Y, L1
O A generic qTb is represented in SCET as: Lqop _Z; VP —my)t — 5 GG
2-body operators 3-body operators Q) = ¢ ™ (hy(x) + Ho(a)
A) A B with  hy(x) =™V ! ;f/Q(z)
glrb = Z / ds C( )O( ) + Z / ds ds, C( (s1,82) O( )(31,52) + ... and  H(2) = e % (@),
:,.:2__,___. :’=§“"“‘ £HQET = h w-D h, -I- ZJD ZJD h, + -

b-quark field in HQET
Y A Y B . - - P
| (,,-( ) and (.I-( - the matching coefficients and perturbatively calculable;
- l-lOOp result known; [Bauei;F leming, Pirjol, Stewart’00, Beneke,Kiyo, Yang 04, Becher. Hiﬂ’04]

- 2-loop result: known only for (V-A) current, Y =P + Prtp = & + o5

[Beff ‘08; Bonciani,Ferroglia 08, Asatrian, Greub,Pecjak 08, Benelke, Huber, Li’ 08 ] ﬁﬁ

P

é:n:P

- 2-loop result: now also known for other currents; | Bell, Beneke,Huber,Li '11] - ﬁ /l /
Pn = Ry = v

m For inclusive processes: (Of‘”) —J® S, (O,.(B )) — > Ji D s

il ) 5

collinear field in SCET
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m For exclusive processes: (O.(A)) —soft-overlap contribution, L=¢, (m D+ &lzh

1

((),.(B )) —hard spectator-scattering.




General procedure for matching

O At leading power and for 2-body operator:

B ~ — gauge-invariant SCET operator
(g T 5](0) ~ Z /ds C(s) [[ﬁth} (sny) T hv(O)]/
J

no_ nt nt
n, = (1,0,0,1) e + = (n b
O Adopt light-cone coordinate: ~|:nE =(1,00-1) mmp Pt ZM( & ”( ). s
= u u n-
g ) Y= SR ey ) v
O Matching coefficients C, for various Dirac structures:
Ll 1| s 0 V57" it
DL [ s [ [ v [ [ sy | s | s [ AUy | vy d | nBd |ty
C ; Cs|Cp | CH | C3 |G| C (3 3 C (% 3 7

O Example: with T} =y*(1-ys)

] =uy*(1 —vy=)b = [Ew sn )T*h,,
QCD )4 Vs ‘ Jscer [Sz hc]( +) j v rzu = vl(1 +y5s), [‘{‘ =nHt(1+ Vs)
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General procedure for matching

O At leading power and for 2-body operator: O Perform QCD — SCET matching in

[q L b] (0) = Z /dSl EY;(*S) I[gth} (Sﬂ_|_) F; hv(O) Jlomengm, spaces
J

Clnp) = [ ds 7478

» compute on-shell matrix element (q|--- |b) in both QCD and SCET;
q* = (pp — p)* = umy,

: - Fa 2=0
> parameterize QCD result in terms of 12 F(g?): b p

p* = umynt/2

(@®)[aTblb@y)) = ) Fi(a?) am)Tju;) e

j pb _mb’ pb?

> matching quite simplified in dimensional regularization with on-shell quarks, because

inematics

SCET loop diagrams scaleless and vanish; e 3 o
Z;: universal renormalization

(q| [Ewhc](sn+)rj,hv|b> :‘ Z ]\[Ewhc]rj,hv factor of the SCET currents.

> final result for matching coefficients: Cfl: & Zl_l Ffl:
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f\/)u‘ '75 /}/H

General procedure for matching [~

-~
-

n | sy [ Vs | nlys
cLla|a| | g G
O Note: due to chiral symmetry of QCD, not all ¢/ _ _
: : m) | c;=Cp, C,=C,
independent in NDR scheme;

O The 12 form factors F’l.' are UV finite after standard renormalization, but[IR divergent] F

. i
(q(p)|qTib|b(pp)) = z Fi(q*) u(p)Iju(pp)

canceled exactly by Z; factor,

O On the QCD side, 2-loop Feynman diagrams: making sure that C’l: are finite.

@ (0 1'% 06
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Calculation on QCD side

e Dimensional regularisation with D = 4 — 2¢ regulates UV and IR. Poles up to 1/¢%. thousands

of scalar
e Passarino-Veltman reduction of tensor integrals to scalar integrals  [passarino, vertman'79] integrals

e Reduction of scalar integrals to a small set of master integrals

reduce them to

— Integration-by-parts and Lorentz-invariance identities totally additional

[Tkachov'81; Chetyrkin, Tkachov'81; Gehrmann, Remiddi'99] 18 Mlsl
- SyStem Of equations SOIVed by I_a porta algorithm [Laporta’01;Anastasiou,lazopoulos'04;Smirnov’'08]
f / . R \\ / — /',3‘-’-—-:-?-1:\
o) “\ ) /’ i\ /,? . *-:;-1 / double lines: massive;
- T B \ ) ® - _
N TN N \_/ single lines: massless
- :‘f._\ o \ -
«C ) @ (1) )
\_/ L .
7N dots on tlnes. squared
(S NG ropagators
T N \ ) P
_ = (i \
» N 0
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Calculation on QCD side

e Applied techniques

— Hypergeometric functions, use HypExp or XSummer for e-expansion
[Moch, Uwer'05; Maitre, TH'05,'07]

B (m2)172¢ T2(1 — )T (e)T(2€ — 1)

N
N4
— Differential equations
a /
%ML

 (4m)d-2e (2 —¢)

(u) =

£, €) ML (u) + > g;(u, €) ML (u)
J#i

— Mellin-Barnes representation [smirmov'99; Tausk'99]

il /d: N
: x — z 4_1I %
(A1 + As) 27

x partially automated

1“(u -+ :)

®
[ ]
®
®

oF(6,26 —1;2—€;1—u)

[Kotikov'91; Remiddi’97]

¢
&)

* Numerical cross checks possible

[Czakon'05; Gluza,Kajda, Riemann'07]
2022/06/07
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requires Laporta
reduction result.

obtain boundary
condition in u =
0oru=1from
Mellin-Barnes
representation!

AMBRE.m
MB.m
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Example of MB representation

Tl Lo

O After the loop-momentum integration, we get:

i & 2
P ol |+ el tarel [ &)
\ e L \ \/ — - h = WS-
. A i J T “RE- TUr2)
> f B SR~y iy ) 7
o 4 { Sxic K M [ate)
00 ’ b W g B bt
&l \ f ; — < - =axx T
= | ox = ol 2 FLle+2)TE2)
) (&) L2IAL i L a4 Ll e
+ RO T A4
AP 2 ~e-2
—_— \ ” R ™/ - 4}_3 rr":\' r-‘ L—g __, ]
=1 TPT i \ ol 2 e =) T2 eau (NN 1 3
| (‘t‘ A ‘,_\OQ 5 ‘\——‘ }%‘\‘ ),k ‘-’C%;
C | ) "(1,";-1\‘. = =
v =2 4 % 10 (iﬁ-%‘
{.\\ Q42 R)
—_— ’ " R ["{'*\[)Q TS v ]‘G ’ =
- S% 151 : ol 2 g . — <
TGy AL 1D L.N = — Cé< ) E
- 2 &4+ 26+ ) ,
y i L, I« r( C \ [{(2 v, 3 F
T tr==4 ‘ BT
L 4-S« l"_\(?’ 4_2\
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penguin diagrams in QCDF

1
G(s,x) = —4/0 duwu(l —u)n[s — u(l — u)z]

, - 2(12s +bu—3ulns)  26(2s+u). £+1
G(s —ie.u) = — - In —
Yu Ju £E—1
with § = /1 - 4s/u
Lg | I=re) T
L Rt ‘J‘] . 3
Ce2
. ¥
5 =2 =
(CIAREIE S xd IEE
i1




Example of MB representation

The simplest possibility: i /2D (1 — €)

FP(QQa Tn’z; L1, d)

_n2\€
1 1 1 /—Hoo g (?T?,Z)Z 1—\(/\ N )F( ) , z( q )
: ; = Z— Z —Z - — o —
(m2 —k2)) 7 T(\) 271 J_ine (—k2)M= XL_ d- m‘ [le+2)I(=2)I'(1 —€e—2)
21 Jo —q? ['(2—2—2)
Example 1 _ o
['(e+2)I'(—=2) — a singularity in e
U c.orh 21111
I
e e M1 ¢ .
2 2. d ddk V % b ]; ¢ D_E 1 ’ Re z
Ff(q .M :a:]_', an, ) — (nl2 — k.Q)al(_(q — /?)2)0‘2 =_2 =_1 5 ¢1 ¢2=
Take a residue at » = —e:
-1
ddk . d/2 G(fl],ag) . 2 F(E)
- c = 1T r o - 17 PAYE 1 _
(—k2)n[—(q — k)2]e (—q2)mtaate=2 (m?)¢(1 —¢)
and shift the contour:
Glai, az) = (a1 + a2 —I—E—Q)P(Q—E—(ll)F(Q—E—ag) 1 ; m2 \ 2 [(2)T(—2)
['(ay)T(ag)l'(4 — a; — as — 2¢) 17 o . 2 7 -
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Example of MB representation

Example 2. The massless on-shell box diagram, i.e. with
p?=0,i=1,234

FP(S: t: ap,az,ag, a4, d)

b 1 b B d?k
2 4 u/ﬁ(kz)“lﬂﬁ)+-p1)]asz-+zn.+—pz)ﬂ“*Kﬁ-—-ps)J

P2 Pa where s = (p; + p2)? and t = (p; + p3)?

Fr(s,t;a1,a2,a3,a4,d)

d/2 F(a + € — Q)F(Q — € — 051 —_ QQ)F(Q — € — (1,3 _ (1,4) one-dlm- MB representatlon:

= (—1)%m (4 —2¢—a)[[T(a) T
a 1 az—1¢az—1 as—1 s _ _
(1= &)™ (1 = &)™ Fr(s,t;a1, a2, a3, a4,d) = —
= d&d I'4—2e—a)[[I'(q)(—s)ete2

/ / —55152 — 1 1—51)(1—52) iJete=? bz | oo N ( JHT (=)
where a = ay +ay +az +ay X% oo dz (E) Plate—2+2)0az +2)as + 2)0(==)
Apply the basic formula to separate xI(2—a;—as—a4—e—2)[(2—az —az —ag — € — 2)
—s&1& and —t(1 — &) (1 — &) in the denominator

Change the order of integration over =z and ¢-parameters,
evaluate parametric integrals in terms of gamma functions
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UV renormalization in QCD

O F’l.' are UV & IR divergent, with the UV part renormalized via standard QCD counter-terms;

e UV conterterms: Apply on-shell scheme for the heavy mass
as well as for the heavy (h) and light (1) quark field

— Z,, and Z;, are known

[Broadhurst, Gray, Grafe, Schilcher'90,'91; Melnikov,van Ritbergen’'00]

> adopt the standard
— 7 only starts at two loops. pt t thod:
Derive all-order representation: Z9* = 1 +2Cpt, %l ) =0 (D-VIE_5)0(-5) O v MElge
-4 BV T anD (D—5)(D—7)
— Renormalize o in the MS scheme ) 3 (;
— Non-vanishing anomalous dimension of scalar and tensor current: : - ' P
Add|t|0na| counterterms Zs and ZT [Nanopoulos, Ross'79; Tarrach'81; Broadhurst,Grozin'94] > ¥

e All UV renormalizations are simple multiplica-

tions except the one-loop mass counterterm

. y 40 Lo m 40
00 Renormalized on-shell |A'a = Avse + 502, A9,

2 L
matrix element: » 1w 4 Lo 1, me Lo e
A = A2+ o700 a0+ [Log —Lozop s o) awy £
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IR subtraction

0 k
O After UV renormalization, F, still IR divergent: |/ - > (O‘g5)) F® FPO =N~

1
P y(w) = 5Ch, o« 1/e

x 1/€3 = (o) (k) & (aY J.(k)
11 ZJ:1+Z o Zj Cf:Z T i,

FS(Z3(U) = C% (L — go(u)) + ZCACF —nTrCF, —1

[Bauer, Fleming, Pirjol, Stewart 00]

O To obtain finite ¢, = Z; ' F} via MS
Zf,z) from 2-loop calculation of jet and shape function [Becher, Neubert 05,06]
counter-term Z; of SCET current:

O Remember: QCD calculation is in

i i ] . 5-active quark flavors, while the
| | indeed IR finite 9 4
097(1) _ FJ7(1) Z(I)Fj’(o) y A 3 .
A Z; is given in 4-active flavors, so
(4) 4 - 2 o u2 7l 2 2 g2 2 4 i
. , s o1 T, M = o L = o T ZY 2 3
o = a1+ O;lﬂ sa) + O(a?) dag’ = Tp 3 In m2 + (3 In - + 0 )e + (0 In m2 + 5 In - QC.a)f + O(e )]
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CaICUIation Of Z] [Bauer, Fleming, Pirjol, Stewart, hep-ph/0011336]

O One-loop Feynman diagrams for ¢, ,Th,, :
. r Jyertex correctlon

: _ . .
7777777 . m collinear-quark propagator ) £ %
S A

W, A . :héo::@— _____ % - ﬂ . ﬂ _____

O Leading-power Feynman rules in SCET:

g — iy n,t  collinear-quark interaction
.8 > with one soft gluon b) seg energy Correctlon
0
£l b, o g T £ ﬁ @
D am e - ) L5 L& d L%d,

g T collinear-quark interaction i

P P with one collinear gluon O Use off-shell-ness p? = p? + 0 of collinear
= WL ol - Wby, B, ¢ By | quark to regulate IR divergences;
ig?TETA [ 1 1 vhpo - Pl — pip = = it , - Cros(p)C(p 1 2 [T P LT P 32
T ) [% T wp T Rp Tt R3 ﬁ-pf”n”v] 2 Fig. 6a = zfn,thvFTH —5 In (—pi—z’e) —21In® (—pi—fie) 1
collinear-quark interaction with two collinear gluons Fig. 6b = iv - 1 s Cr {_ 2_ 4 4ln( p )} ,
4T € —2v - k—1ie
v,k ; . . = Cras(u)C(p)[2 2 2 i 2 Vi
. ; . 1+ 6 — F 2,2, 2
i N o= = k2+ " Tﬁﬁji Fig. 6¢c = i&, I'h, i e e In <—I’i—f‘> +In (—])i—if)
s , WT
: +21 —) +4-—|,
Feynman rules in HQET % = —igutT4 n< -pi —16) 6
2
. ; Fig. 6d = ’;7’ ”Mp “&(i;)r(’F_L +1+1In ( pé"_“)].
O Explicit results for each diagram: | = =~ .
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CaICUIation Of Z] [Bauer, Fleming, Pirjol, Stewart, hep-ph/0011336]

O Renormalization factor Z; for SCET &, ,Th,, :

4
o (W Cy
41t

> Z; is independent of the spin structure

! e Eln L VLA b i of SCET currents, and hence universal!
2l DR\ L) e 2 e

O One-loop Feynman diagram of the full QCD heavy-to-light current qI'b:

6000 2 s I
éég m% + the wavefunction renormalization factors
S
S 2 .
P - 3 P+ the current renormalization factors

O Matching coefficients at one-loop:

1 _ 11 a2
e (LZ) Fl _OF{ 62 + c [f—l(u) L] 5 _I_Lf—l(u)"_f()(U)
e [—%3 + % L* for(u) + L fo(u) + fl(u)] =) | ) = z;1F;: finite
5

f_l(’lL) = an(U) - 5

e [_5_4 2 I fa(u) + 51 folw) + L ilu) + fz<u>] }
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Self-energy diagram in QCD and EFT

O One-loop diagram in QCD:

Yqcp(p) = —?:QQTQT&;f_D/ d”l 1 Yu(P + 1 + mg) "

(2m)P (12 + 2¢€) (p+ 1)? — -m% + 1€)
wave function renormalization of quark o1
- - - Zg=1-Cr—-

field in full QCD in MS scheme: 4T €

O One-loop diagram in HQET:

dPl 1
N — i 2para, 4—=D
K m K Blo-k) = —ig Ty /(2:¢)D(32+ie)(?}-k+v-£+ie)P+

- — C wave function renormalization of quark R e 7 4A<A+§E)m+n
v field in HQET in MS scheme: g 1
: : Zuqger = 1+ Cp ——
O One-loop diagram in SCET: 2 e

- o o d . Pt + Pl - pi Py
iXe(p) = g OFZ / (27)d {(n )ﬁ -p(p +1)21? + ’)-ﬁ,-p(p%— 1)212

N iy (pr+10)° pi \n-(p+1)
BN > D > ,@ - + 20 4>ﬁ--p(p+l}252 [@-2) ([ﬁ' (p+ D) ! ) }

n-pl?) (p+1)%2

2022/06/07
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| | exp —4 —3 -3
Exp. Method ABSP [1074] |Vup| [1079] [Vip| [1072]
- NLO NNLO
+0.48 +0.31 +0.33 +0.31
CLEO E > 2.1GeV 33+£02+07 35604074403 381 404349 3L
< y BABAR E; > 2.0GeV 57+04+05 39702274302 430+ 02470504028
u

O Inclusive B - Xu{’v and |Vub | extraction: BELLE  E > 1.9GeV 85+04+15 4.27+03970%025 4654 0.4300,27 4027
_ _ BELLE My <17GeV  123+£11+£12 355+£024 02202 387102602 4020
> experiments impose cuts to suppress background from B — X /¢v BABAR My < 1.55GeV 117400407 8674018702902 5061 0191020402

» measurements restricted to shape-function region: Ex ~ mp, mf( ~ mpNacp

» multi-scale OPE in terms of non-local light-cone operators [Korchemsky, Sterman 94] NNLO corrections shift |V bl upwards by
u

~ ’ o J(D2 w
v Z, An:p) -[d P2) S 10% compared to NLO. [Greub, Neubert, Pecjak 09]

O Heavy-to-light FFs in large-recoil regime: O Semi-inclusive B —» X ¢*¢:

) ) , cut __ 2 2 2
FE—~M(E) ~ C)((A)(E) en(E) + /dw/du b5(w) Tx(E.w, u) du(v) mx <m¢'=1.8...2.0GeV and 1GeV” < g < 6GeV

C(A) ) . . )
“’;5 -------------- o = ‘“shape function region df[o} — h_[”] xJ®S
09} X=F.

: Fo Zero point of A;5(q?):

0.8
. @ __ Re[CN(g)] ] (uo)
| | 2yl — p) | Re[CEN@)] h(w)
0.6 o’
— 7
_ 2K
0.0 - my,

g = [(3.34 ... 3.40)7)32] GeV” for m§¢t = (2.0...1.8) GeV
— . : . 0 .25 X
— “universal” corrections to heavy-to-light form factors
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0 = / i T' (D)0 (1) + / dids 0" (3, 5)0" (¢, 5)

Matching QCD operators onto
SCET at 2-loop
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QCD factorization [BBNS, '99-03]

O QCDF for (M, M,|0;|B): systematic framework to all orders in a,, but limited by 1/m, corrections.

& AtLOina,and 1/m,, reproduFes the naive

(M M,|Q;|B) = FBM, (0) / 1(11,[ T{ (u)®ar, (1) factorization result.
, | v € Higher-order pert. cprrections in a; could be
4 / dew / dudv T (w, 1, v) D(w)Br, (v) B, (1) calculated systematically.
0 0 # Factorization generally broken at higher-order

power in 1/my,

- T spectator-scattering term o
form-factor term

o)
oW ~— » Ofi() + T x B°
! +O(l/my)

reduces (M;M,|0;|B) to simpler (M|j,|B) (form factors), (0|j,|B), (M|j,|0) (decay constants &

light-cone distribution amplitudes), all can be obtained from exp. data, lattice-QCD, or LCSR.

2022/06/07 Zgmg  edhlfiik Matching QCD onto SCET at 2-loop 21




Soft-collinear factorization from SCET

O SCET diagrams reproduce precisely QCD diagrams in collinear and soft momentum region

mmm) | QCD - SCET = short-distance coefficients

O For hard kernel T': one-step matching, QCD — SCET;(hc,c, s)!

c c

c ¢
%/ QL
h
h\ /h B =
S - c — TZ_I S ¢

O For hard kernel T'': two-step matching, QCD — SCET;(hc, ¢, s) = SCETy(c,s)!

c c C c

h h
h
M / TII
S c S c n S c

5 "4 w2 Ly M= Hhe
he — M, he — H,®J

S C S C S (&

]}
Ol

O SCET result exactly the same as QCDF, but more apparent & efficient; [Beneke,1501.07374]
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Ay = VubVszd F 0(/13) B - T

A, = VoV ~ 0(3) tree-dominated!

General procedure

O QCDF/SCET for B - M1M2 decay amplitUdeS: a, 1S [Oop Suppressed VS @, I

d U d

b _) uﬂd p u u u
| ‘/L # A = Vuplis ~ O) T e
b b -- d b ’ u 1
Ac

7~ O(12) penguin-dominated!

colour-allowed tree a4 colour-suppressed tree as QCD penguins ag4

3 10
O Start with He = 4GF Z V*Dvpb (Cnglj + CLQ5 + Z CiQi + Cr Q7 + OSQQSQ)

p=u,c =3

O Hard kernels T!/! by QCD — SCET matching; Ti(w) = fdl’:eiuffl(l’:)

— /dETI(?)OI(t) —|—fcﬁd3~ﬁﬂ(?, H0"(r,5) T— | ) /d?d*s*e"(“”“—“)g) a3, %)

f _
0'(1) = (XWe2) () == (1 = ) (Whx) [@y (1 = 5)b) x\/ \/
0"(1,9) = — | (xWea) (1 )ﬁ—(l—m(wzx)} [(sw,:l)ﬁ Wi Lt Wer](sn ) (1 + )y | , E

decouple already
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General procedure ooy

» | 4
O NO LP interactions between collinear-2 and collinear-1 fields. fin > S R - - ¢
f_ ifm,mg (1 i %
(2] (W) () = (1 = 45 (Whr0 |0y = =272 fo du e Gy, (u)
Ay

fiy

(M1|(€_WC1)7

1 .
[leil}LCWd](snjL)(l + v5)hy|B) = —mme/O dr em[EMl (fr)} SCET,; form factor!

1 1
(M M| Q|B) = fmé{fi”"l (0) fo du T () fig, o, (1) — % | e 1" 0, 2) Ey (1= 2 oy (u>}

O Hard kernels T/ by SCET, —» SCET,; matching;  [Beneke, Jager 05]

m 1 . 1
Ep, (T) = 5 i dw/o dvJ) (7;v, w) fpdp+ (W) iy dmy (v) Tﬂ(w,u,v)=—%fdzﬂﬂ(u,z)1”(1—z;v,a))
0

4mb

O Final results for hard kernels T//! at leading power:

TII

L

(M{M3|Q|B) = T (111,) * e (pi1,) EW(O) +}{H(/$h) * Uj (i, fine) * J(/J’fhc)\*d)vr(ﬂh) * Or (Uhe) * OB+ (Mhe)
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D i u i

I right inseytion wraong inseytion
Hard kernel T'at NNLO . "7 B

b a\ /b D
O QCD — SCETI matching calculation: Ca o 2 b
@1 @
m For “right insertion™: m For “wrong insertion™: y
Oocp = g T_(l—'Ys)Q] [@#+(1 — vs5)b] = Cpr Cyq O

Qi) = T; (Oqcp) + > Hia(O4 (@i) = Ti (Oqcp) + Hi (01 — O1) + > Hia(O.)
Q) (Oqcp) § (0a) o e | ; factorized QCD operator, with (0ycp) =FF*LCDA

O Complete SCET operator basis; O On-shell matrix elements at NNLO: full QCD side
m Nonlocal SCET operator basis for RI:

ext

(Qi) = {A-(O) b= [A.(l) + 204 —|—Z.(.1)A.(0)}
01 = [x - 1 (€4, Puh] only physical operator and “o4mn LY “ g
P XA B 6o ctorizes into FFXLCDAL. (
+

Oy

47

2
,, ) 49 + 20040 + 2040 + 20 4D + 22 4D
0 =X T_Pij’ﬂfx] [£2 Prygaah] s

ia
SIE1S

. o +28 704D + 2040 + (i) amD A0 + o<a§>} (0a)
0 = [x prfﬂfﬁhx] (€4 L PLys vy vE o ]

= Nonlocal SCET operator basis for W O On-shell matrix elements at NNLO: SCET side

evanescent operators must A

0 = [~ Y == 5 Qs s
Or = [€72Px] [XPrra ] s e renormalized to zero. (Oq) = {5ab + [Ma(é) + Y5 Sup + ch;)] + <—> [Mi? + M)

&,
; S 4 4
0> = [E9T7 ¥ Pex] [XPrva v 75 ] » .

o ' +Y5 + ¥ MG + YD 60 + Y5 ¥ +Z0MG | + 0 | (00)®

ext

= ) - B O [ | N
03 = [¢ 731_7_[3'717_1_71PLX} [XPrYS Ve V3 Yy Y3 hy)
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Hard kernel T'at NNLO

O Master formula for T': right insertion

O Master formula for T/: wrong insertion

G

0) _ A©

T Azl’ (1 T (Dnf ) 7(0 Df F(0 (1 1)7 7(0
renormaljz d Ti( ) = A§1 + Zz‘(j A( )+ Aﬂ A;l) A@('l) - [Yl(l) - Yl(l)] A§1) .

7 = AP 4z A €d 2-loop Qcp . ~- - S ~ -

i 1 matrix EIement of O(e) O(e)
T = AP+ 2 AY + 20 AR + 20 AP + (=) gmD AR @) et Z”’) A 4 7@ A0 4 7 Fonr
M) Ly _ 707 D)
Dlcpr+ vy —z0) =Y HY v T (=) §m® A 4 20 A 4 70 F0)

b>1

fro ~
N SCET €vane - Tz’(l)[ F + Yll Z Hz(bl) bl
SC
ent OPeratOrs O b>1
2,3

+ AP AQTAD) + (i) om® (AP - AL AY)

21 21

from Fierz difference of factorizable QCD diagrams D e s~
(70 + Zen) (AL — AR AY)

7 2
Sy R - 22 A
w % |_ (01(71%‘ (1)) [Yl(ll) Yl(ll)] AE?) - [Y1(12) - Y1(12)] Ag?) .

J
|

\/ From renormalizing the 1- and 2-loop SCET

— 5 — matrix element of 0; — 0, to zero.
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Two-loop QCD diagrams LV VA VA

N B M

b

O Relevant Feynman

diagrams in QCD: éjjﬂé AM M M &A &

-totally70“nonfact” g@ﬁﬁg Q@ﬁﬂjﬁi M‘z M M%ﬁ m&%

T X M SAM X N

- one-loop counter-term  * 150

insertions; RV oA v v B A A A £ A

- evanescent operators QQ\/ QW \/Q % é A4 %%
at 1-loop; 70 40 168 178
o~ e
EV =ay"yyPT(1 — ys)bdy, ey, TO(1 — ys)u — 1601,
E}Y =iiy"y y? (1 = ys)bdy, vy, (1 — ys)u — 160y, i i i ;
EP =iy y y Py y T = ys)bdyu v, Yo vaT (1 — ys)u — 20E{" — 2560,
@) _ = v PG Ay y B oD
Ey" =uy"y "y y?y* (1 = ys)bdyuyvyp Ve va(1 — ys)u — 20E, " — 256Q>. ;;Q‘L A(é:g Xlég ;gr %‘_g jy?g
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Penguin topologies and various insertions

O Effective Hamiltonian including penguin operators: [BBL 96; CMM 98]

10
4G
F Z Dvpb (CIQI{’ + CQQ:S + Z C@Q@ + 07'7@7"’/ + CSQQSQ) + h.c.

p=u,c i=3
= (Dry"br) 3, (Fvu9);
Qs = (DLy"T L) 3, (v Tg),
Qs = (Dy"y"v°br) 32, (@ p4)s
current-current operators Q6 = (D" T4br) 3, (@ T a) -

—9s __

A
QY = (pry*Tbr) (DT pr), 553 M Doy (1+75) G,

Q5 = (pLy"br) (Dryupr),

QSg

chromo-magnetic
dipole operators

QCD penguin operators
O Various operator insertions but all featured by wrong insertion: JQ& ﬂbmg;

Qs 1 Qsg P ' %L %L QS;‘D L

tree topology penguin topology

(i) Dirac structure of @; (ii) color structure of Q; (iii) types of contraction, and (iv) quark mass in the fermion loop;
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Hard kernel T'at NNLO RN

O QCD — SCETI matching calculation: O Note: always T oo

_ Q*y
wrong insertion! s e -
— Z Hz'a (Oa ¢
a = Z [X —(1—v5)x ] (&g, (1 —~5)hy| , the only physical operator
2 and factorizes into FF*LCDA.

q=u,d,s

O Complete SCET operator basis: O.= > [ 2. A" xg] [Xe(1+78)VLaVLyzn s Vipzn s - - Vimho] »

q:u?d’s . .
n now up to 4, with 7 gamma matrices

01— Oy /2 is another evanescent operator

_ Q1) = { A0 4 % [30 4 20 FO 4 7O FO
O On-shell matrix elements at T = t |

NNLO: on the full QCD side ( ) S5 ”A(” + Z(2) A(O) B Al + 78 AN
+ 2020 A + 2P + (<) 5m AL + 0@ § G
O On-shell matrix elements at

2
m@:{%w+_¢ym+4gmw+gw ( ) M3 + ¥ OuS)
NNLO: SCET side }

Y@ 4D 0 4 y® 5,4y pM 4 50y

ext ab ext ext

+ 0(ad) } 0)®
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T' at NNLO

O Master formula for 7/:

~
I

=

O _{ O | A%

7 tree-level matching of Qiinvolves

b

q

=
=
| |

-~

B — DN =

71

i@)

AL Z0 19 4 AD7 Ag,}gf AQ Y

already evanescent SCET operators

-V AR DAY Yy

O(e)

b>1

2022/06/07

+ (i) sm DA Z0) (A + ZL) A

AR 2 A+ 20 A + 240 AP &/ pvd oty \ /A,

1 ~a 1 ~(1
o o [l o) ] L L

AR - AR A+

4+ (Z( ) Z(l)) [A(l)f A:())ll)f A’Eg)]

ext
(2 2)7 70
-y - MY AY
—(Chr - Y -1 AY - 7Y - v A

IS A0 - S A0 72

b>1 b>1

about 100 Feynman diagrams

Q16

Q3-6

Ql—ﬁo

Bl

Qi-s

Pl

Qs [Kim,Yoon'11]
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Some ingredients -

O Matching relation for 0y¢p:

(1—=5)g = Cq X %(1 —Y5)X 5

’ G+ (1 —v5)b = Crp E9f, (1 —5)hy .
Oqcp = [@7_(1 —75)q) (G (1 = 75)b] = Crr Cgy O

g 1),
O SCET renormalization kernel Y7 ': Zo(v,w) = 8(v — w) + ZL (v, w) + ...
v, CF 1 O(w — v (v —w
Y(l) Z((; j('U_._ w) = Sl — (v (v ) + vw ( v)
11 2me | ww w — v v—w |,
o) L s )+A(’“9( )+ o ))
—_— - U — w —\w — v —Gl\Uv —w .
Z 2 w w '
P P
1
+MC 2 +MC
yP (1-y)P yP (1-y)P yP (1-y)P
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Status of the NNLO calculation of 7! & T/

O For each Q; insertion, both tree & penguin topologies, and contribute to both 7/ & T"'.

(MiMo|Qi|B) ~ FEMi Tl @ oy, + T!'® ¢g @ dm, @ dm,

T' tree ‘ T' penguin T tree T" penguin
|
LO: L)(l) * T[:1—|—O(ars)_|_ TH:O(CIS)—|—
|
NLO: O(as) o P — =
y w
NNLO: O(a?) ‘ . Hon &\/
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Status of the NNLO calculation of 7! & T/

O Complete NNLO calculation for 7! & T!' at leading power in QCDF/SCET now complete;

O Soft-collinear factorization at 2-loop established via explicit calculations;

7 :
O For tree amplitudes, cancellation between T’/ & T/; T L %
b —— —u b -- d
(M Mol Qi1B) = FEM T’/ ® ¢M2 T T’u 8 ® ¢M1 ® ¢M2 coloumree ol colour-suppressed tree ap
ai(rm) = 1.009+ [0.023 + 0.0104]y ; + [0.026 + 0.028 i]x o a(rm) = 0.220 = [0.179 4 0.077 iy o — [0.031 + 0.050 ]y 0
. [ 02‘;5] {[0.014]%p +[0.034 + 0.027i ]y 0y + [o.oos]tw3} 4 [ 0225] {[O.l 14] 0, + [0.049 + 0.051i ]y 0, + [0.067]lw3}

0.217 0.115 -
= 10007000 + (0.0117005); = 0.2405755 + (—0.07755 o73)i

O For leading-power QCD penguin amplitudes, cancellation between Q’l’,2 & Q3_634

—2.87 — [0.09 4 0.09i]y, + [0.49 — 1.32i]p, — [0.32 + 0.711]e,. o, , + [0.33 + 0.381]e,., 0s_ »

P u ag(TTR)/‘IO_z =
,, Jm/é + [ ] {10.13]0 + 1014+ 0127wy — [0.01 ~ 0.051]r + [0.07]us }

QCD penguins a4 = (-212°5%) + (-156°3%)i.
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Summary

O Matching of heavy-to-light currents from QCD onto SCET plays an important role in B-

decay processes; NNLO matching coefficients now complete for various Dirac structures.

O NNLO QCD corrections to color-allowed, color-suppressed tree & leading-power penguin

amplitudes now complete.

O Individual contributions sizeable, but tend to cancel each other among them, and thus

NNLO shift in amplitudes is rather small.

O Updated phen. analyses including these NNLO corrections and progress from other sides

are work in progress.

Thank You for your attention!
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