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B-anomalies: b —» s £7¢~

& lepton universality parameters / K* = K*(892)°

F(B(:I:,O) N K(:I:,*U)M-I-M—)
['(B*0) — K(Fx0)ete—)

Ri g =

® SM prediction: Ryx = Rg+ = 1+0(m./m,)
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B-anomalies: b —» s £7¢~

& lepton universality parameters

N(BEO - KE0) +,7)
['(B*0) — K(Fx0)ete—)

Ri g =

¢ SM prediction: Rr = Rg+~ =1

¢ latest LHCb measurement from 2022
» agrees with SM prediction [LHCb 2022]
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https://arxiv.org/abs/2212.09153

B-anomalies: b —» s £7¢~

& angular distribution in B® - K*%u*u~

® branching fraction of B - ¢ u*u~
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B-anomalies: b —» s £7¢~

& angular distribution in B® - K*%u*u~

® branching fraction of B - ¢ u*u~

& LHCDb measurements

> > 20 deviation [LHCb 2020]

> > 30 deviation [LHCb 2021]
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https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/2105.14007

B-anomalies: b —» s £7¢~

& angular distribution in B® - K*%u*u~

® branching fraction of B - ¢ u*u~

& LHCDb measurements

> > 20 deviation [LHCb 2020]

> > 30 deviation [LHCb 2021]

& possible explanation: shift in Wilson coefficient Cqy,
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https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/2105.14007

B-anomalies: b > cfv

& branching fractions of semitauonic decays

I'(B — DYru,)
I'(B— DWuy,)

R(DW™) =
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B-anomalies: b > cfv

& branching fractions of semitauonic decays

I'(B — DM+ P L WL N BN BN B BLELELELE B B
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https://hflav-eos.web.cern.ch/hflav-eos/semi/summer23/html/RDsDsstar/RDRDs.html

Weak 6ff€CtiV€ Hamiltonian [Buchalla er al. 1995]

& 1ntegrate out “heavy” physics at scale u ~ My,

& obtain effective operators describing low-energy physics

AQCD -
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https://arxiv.org/abs/hep-ph/9512380

Weak 6ff€CtiV€ Hamiltonian [Buchalla er al. 1995]

& 1ntegrate out “heavy” physics at scale u ~ My,
& obtain effective operators describing low-energy physics

¢ Example: AB =1

Ci(/-L) Qi)
Gy 10 /
He = E Z Vi Via [O1 Q7 + Co Q3 +ZCiQi + C7y Qry
q=u,c 1=3
+ Cgy Qg + Cov Qov + Clroa QlOA] + h.c.

Gr
- = V CS 9 h. .
T \/5 Z qb sl Qsl 1 h.c AQCD —

qg=u,c
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https://arxiv.org/abs/hep-ph/9512380

Weak 6ff€CtiV€ Hamiltonian [Buchalla er al. 1995]

& 1ntegrate out “heavy” physics at scale u ~ My,
& obtain effective operators describing low-energy physics

¢ Example: AB =1
00

G
Hop = —— Z Vi Via [O1 Q7 + O Qq-l‘zc Qi + Cer @7

quc

Gr
+ — V. T T h.c. weak annihilation A
2 QCD =

q=u,c
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https://arxiv.org/abs/hep-ph/9512380

QCD Factorization ssxs oo

¢ amplitude factorization for B - M; M, with M, M, both light

(My M| Q3| B) = 3 FE (12) / dx T (2) By ()

J

+ (Ml <> Mg)

calculable in PT theory

MPA Summer School 2023 Michel Stillger September 14, 2023 6


https://arxiv.org/abs/hep-ph/0006124

QCD Factorization ssxs oo

¢ amplitude factorization for B - M; M, with M, M, both light

(MMIQUB) = 30 FP M () [ do Th () B, ()
J \

+ (Ml <> Mg)

form factor

e

independent of M, \
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https://arxiv.org/abs/hep-ph/0006124

T

QCD Factorization ssxs oo

¢ amplitude factorization for B - M; M, with M, M, both light .
process independent

1
(M1 Ms5|Q;|B) = ZFJB_)Ml (m%)/ dx T{;(QZ‘) D, () /
j 0 \
+ (Ml e Mg) LCDA 17\[2
B
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https://arxiv.org/abs/hep-ph/0006124

QCD Factorization ssxs oo

¢ amplitude factorization for B - M; M, with M, M, both light

(My My|Qs|B) = 37 FEM (12) / dx T/ (x) B, ()

J
+ (M; <> Ms)
1
n / dé de dy T (€, 2,y) D5 () Par, (y) Pas, ()
0

/ M,

LCDASs
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https://arxiv.org/abs/hep-ph/0006124

QCD Factorization ssxs oo

¢ amplitude factorization for B - M; M, with M, M, both light

(My My|Qs|B) = 37 FEM (12) / dx T/ (x) B, ()

J
+ (M; <> Ms)
1
n / dé de dy T (€, 2,y) D5 () Par, (y) Pas, ()
0

e /

leading power in Aqcp/mp LCDAs
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https://arxiv.org/abs/hep-ph/0006124

Weak Annihilation [BBNS 2001]

& effective Hamiltonian

6
eff — \/7 Z qu [Cl Q(f + C2 Qg + Z Cq, Qz + ng Qgg:| + h.c.

q=u,c 1=3

¢ contains contributions that are subleading in 1 = Agcp/my,
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https://arxiv.org/abs/hep-ph/0104110

Weak Annihilation [BBNS 2001]

& effective Hamiltonian

e 6
Her = 7; Z Vb qtl [ClQ%+CQQg+ZC¢Qi+ngQgg} + h.c.

q=u,c 1=3

¢ contains contributions that are subleading in 1 = Agcp/my,

¢ not included in previous factorization formula
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https://arxiv.org/abs/hep-ph/0104110

Weak Annihilation [BBNS 2001]

¢ leading order contribution

Ag:msfoldscdy{qwl(y)q)%(m)[ -

MPA Summer School 2023 Michel Stillger September 14, 2023 8


https://arxiv.org/abs/hep-ph/0104110

Weak Annihilation [BBNS 2001]

¢ leading order contribution Ppp, () ~ 627

Al = may /Olda:‘dy {(I)Ml () @A}g/(m) [y(lixg) '

& endpoint divergent integral for x — 1
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https://arxiv.org/abs/hep-ph/0104110

Weak Annihilation [BBNS 2001]

¢ leading order contribution P, (x) ~ 62
1 / _
AT = ﬂ'OdS/ dx dy { Par, (y) Pas, (x [ _ 4+ 1i7Ms - } i

& endpoint divergent integral for x — 1

& similar contribution divergent for y = 0

¢ How to deal with these endpoint divergences?
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https://arxiv.org/abs/hep-ph/0104110

Soft-Collinear Effective Theory (SCET)

¢ momenta in B-Meson CMS
My =
nt =(1,0,0,1) n-n=~2 PDk— =MmpBn
" = (1,0,0,—1) n*=n°=0 D+ =mph
v =(1,0,0,0) n+n=2uv PB = MBYU 110 —

Aqep =
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Soft-Collinear Effective Theory (SCET)

¢ momenta in B-Meson CMS

nt =(1,0,0,1) n-n=~2 PDk— =MmpBn
" = (1,0,0,—1) n*=n°=0 D+ =mph
v = (1,0,0,0) n+n=2v pB =mpuv
¢ decompose momenta
nt - nt " _
pl=(n-p) 5 +m-p) o +p| p~(n-p,n-ppi)
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Soft-Collinear Effective Theory (SCET)

¢ momenta in B-Meson CMS

nt =(1,0,0,1) n-n=~2 PDk— =MmpBn
" = (1,0,0,—1) n*=n°=0 P+ =mph
v = (1,0,0,0) n+n=2v pB =mpuv
¢ decompose momenta
nt nt
pt=(n-p) 5 +{0-p) 5 +p p~(n-p,n-ppi)
& relevant momentum regions
P~ my (1,1,1) Phe ~ my (N, 1,\1/2) De ~ my (A, 1,0)
P ~ my (1, X, AY/?) pe ~ my (1,22, )

Ps ~ My ()\7 )\7 /\)
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Matching onto SCET-1

& split fields according to momentum scaling: ¢ — ¢y + Pre + Ps

,CSCET_I — £}u: + E}{c + Es + Ehc—}—s + E}{C+3
~ [HQET | £QCD

vVmyAqep =

AQCD -
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Matching onto SCET-1

& split fields according to momentum scaling: ¢ — ¢y + Pre + Ps

ESCET_I — Ehc + Eh_c + »C.s + £hc—}—8 + 'Ch,_c—i—s
™~ LHQET | £QCD

¢ match weak effective Hamiltonian onto SCET-1

M= Hy(p) @ (KK~ [0,(1)|B%)
- N vVmyAqep =

integrate over momentum fractions

Aqep =

MPA Summer School 2023 Michel Stillger September 14, 2023 10



Matching onto SCET-1

® match weak effective Hamiltonian onto SCET-1

M= Ho() @ (K+K~[0n(1)| B%)

Vv My Agep =

Aqep =
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Matching onto SCET-2

& split fields further: ¢p. = ¢, + s and ¢z = Pz + P

[SCET=2 _ L.+ Lz+ L, +—— no s— cinteractions at leading power in A

vVmyAqep =

Aqep =
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Matching onto SCET-2

& split fields further: ¢p. = ¢, + s and ¢z = Pz + P

[SCET=2 _ L.+ Lz+ L, +—— no s— cinteractions at leading power in A

¢ match SCET-1 operators onto SCET-2

M= J,() H, (1) @ J, (1) @ (KTK~|Q,,(1)| B
Zﬂ; (1) (1) (1) @ ( |1 (1) B) e

(n)

o (1) @) () @ ()

so far unknown (LC)DAs ~
Aqcp =
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Matching onto SCET-2

¢ match SCET-1 operators onto SCET-2

M= Jn(p) @ Hy(p) @ Jo(p1) @ (KT K™ [Qy ()| BY)

MPA Summer School 2023 Michel Stillger

BBNS type

September 14, 2023

13



Matching onto SCET-2

¢ match SCET-1 operators onto SCET-2

M= Jn(p) @ Hy(p) @ Jo(p1) @ (KT K™ [Qy ()| BY)
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Conclusion

& B-anomalies — precise theoretical predictions needed
& leading power factorization understood since 20 years
¢ NLP factorization more complicated — endpoint divergences
& systematic study of weak annihilation amplitudes using SCET

» new universal (LC)DAs

» need to study endpoint behavior
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