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The challenge of nonleptonic B ¢

e Nonleptonic decays are important probes of CP violation

- Direct CP violation due to different strong and weak phases
- Mixing-induced CP violation in neutral decays probe mixing phase ¢4,
- Sensitivity to NP in loops (penguins)

e CP violation in the SM is too small and peculiar!

- CKM CP violating effects only from flavour changing currents
- Flavour diagonal CP violation tiny in SM (EDMs)
- Large CP asymmetries with processes with tiny BRs and vice versa
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The challenge of nonleptonic B ¢

e Nonleptonic decays are important probes of CP violation

- Direct CP violation due to different strong and weak phases
- Mixing-induced CP violation in neutral decays probe mixing phase ¢4,
- Sensitivity to NP in loops (penguins)

e CP violation in the SM is too small and peculiar!

- CKM CP violating effects only from flavour changing currents
- Flavour diagonal CP violation tiny in SM (EDMs)
- Large CP asymmetries with processes with tiny BRs and vice versa

Challenge: Calculation of Hadronic matrix elements
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How to handle nonleptonic B dec

QCD FaCtOriZatiOn Beneke, Buchalla, Neubert, Sachrajda

e Disentangle perturbative (calculable) and non-perturbative dynamics using HQE

e Systematic expansion in as and 1/m (studied up to a2) Bell, Beneke, Huber, Li
(1B =T/ @ FF>" g0, +T'0d, 90,0

e Non-perturbative form factors and LCDAs
- from data, lattice or Light-Cone Sum Rules
e No systematic framework to compute power corrections (yet?)
e Strong phases suffer from large uncertainties
e Theoretical challenge: reliable computations of observables

e QEDxQCD factorization also explored! Bencke, Boer, Toelstede, KKV [2020]
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How to handle nonleptonic B deca

QCD Factorization Beneke, Buchalla, Neubert, Sachrajda

e Disentangle perturbative (calculable) and non-perturbative dynamics using HQE

e QEDxQCD factorization also explored! Bencke, Boer, Toelstede, KKV [2020]

Flavour symmetries (Isospin or SU(3))

e Many studies e.g. Fleischer, Jaarsma, KKV, Malami [2017,2018]

e Global SU(3) fit to B — PP decays Huber, Tetlalmatzi-Xolocotzi [2111.06418]

Light-cone sumrules

e Work in progress by Jung, Melic, Khodjamirian
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SM predictions for non-leptonic

. G, BM:-
Avymy = ITFE,néFO lfM2
Amplitude parametrization a la QCDF [Beneke, Neubert [2003]]

N ~Pp
Ag— ko = ArkQy ,

. 3 ¢
\/EAgfﬁﬂ.OK— = A7rK [(5,3“051 + CKZ] + AK7r |:5pua2 + 5pc§a3,EW:| )

Ago k- = Ark [Opuo + &4]

N 3 .
V2Ag0_sn0z0 = Ark [—85] + Ak |:5pua2 + Opc §a3,EW] )

e a1 and ay color-allowed and color-suppressed tree coefficients
e a4y and a3 ew penguin and electromagnetic penguin coefficients

e contain all perturbative effects up to NNLO (a?) e.g. [Bell, Beneke, Huber, Li]
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. G, BM:-
Avymy = ITFE,néFO lfM2
Amplitude parametrization a la QCDF [Beneke, Neubert [2003]]

o AP
Ag— ko = ArkQy ,

. 3 ¢
\/EAgfﬁﬂ.OK— = A7rK [(5,3“051 + CKZ] + AK7r |:5pua2 + 5pc§a3,EW:| )

Ago k- = Ark [Opuo + &4]

N 3 .
V2Ag0_sn0z0 = Ark [—85] + Ak |:5pua2 + Opc §a3,EW] )

e a1 and ay color-allowed and color-suppressed tree coefficients
e a4y and a3 ew penguin and electromagnetic penguin coefficients
e contain all perturbative effects up to NNLO (a?) e.g. [Bell, Beneke, Huber, Li]

o QED can be included! Beneke, Boer, Toelstede, KKV, JHEP 11 (2020) 081 [2008.10615]
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Different QED effects

. G BM
A(MMp) = i ZEmiy F o, ™ (0) Fa,

<M1M2|Q,‘|B> A(MlMQ)Oé,(MlMQ) == AMle( (M1M2) + (50&,(/\/’1/\/’2))

o Electroweak scale to mg: QED corrections to the Wilson coefficients

e mg to pc: QED corrections to the hard-scattering kernels, form factors and decay
constants

e below Aqcp: Ultrasoft QED effects (for the ratel)

Sai(MiMy) = 60YC (M M) + S (MuMR) + ok Y (MyMs) + Sl P (My M) .

— 6V = 0(1073%) [Huber, Lunghi, Misiak, Wyler [2006]]
— daf = 0(1073)

— (SaiF’V =77 [Beneke, Boer, Toelstede, KKV [2021]]
— al*P =77 but O(temas)
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Ultrasoft Contribution

e Ultrasoft effects dress braching ratio

e Key point: scale dependence cancels!!
( miy, iy
—“em | QZ+Qj [mn 21]+Q,2M [mn 22])
U(MuMs) = (ZAE) 1 M 2 m2
mp

e Recover the standard QED factor
e AFE is the window of the wK invariant mass around mg

Theory requires AE < Aqcp = 60 MeV
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Ultrasoft Contribution

e Ultrasoft effects dress braching ratio

e Key point: scale dependence cancels!!

2 2
_aem [ 024102 My 2 My
2AE P (QB+QM1 |:1+|n méq ] +QM2 |:1+In mlzg ])
mpg

U(My M) = (

e Recover the standard QED factor
e AFE is the window of the wK invariant mass around mg
e Theory requires AE < Aqcp = 60 MeV

e Large effects:

— U(r"K™) =0.914, U(r°K™) = U(K~7°) = 0.976 and U(x~ K°) = 0.954
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Ultrasoft Contribution

e Ultrasoft effects dress braching ratio

e Key point: scale dependence cancels!!

2 2
_aem [ 024102 My 2 My
2AE P (QB+QM1 |:1+|n méq ] +QM2 |:1+In mlzg ])
mpg

U(My M) = (

e Recover the standard QED factor
e AFE is the window of the 7K invariant mass around mg
e Theory requires AE < Aqcp = 60 MeV
e Large effects:
— U(r"K™) =0.914, U(r°K™) = U(K~7°) = 0.976 and U(x~ K°) = 0.954
e Experimentally usoft effects included using PHOTOS

e Challenging to compare theory with experiment! Work in progress!
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Ratios and isospin sumrules

Beneke, Boer, Toelstede, KKV, JHEP 11 (2020) 081 [2008.10615]

e QED gives sub-percent corrections to Branching ratios
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Ratios and isospin sumrules

Beneke, Boer, Toelstede, KKV, JHEP 11 (2020) 081 [2008.10615]

e Beneficial to consider ratios in which QCD is suppressed

_ 2Br(7°K®) + 2Br(7°K ")

R = = RRCP )
t Br(7=K°) + Br(7tK~) ot cosyRe dr + 0y

e new structure dependent QED corrections enter linearly, QCD only quadratically

o = (—1.1240.16/) - 10>
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Beneke, Boer, Toelstede, KKV, JHEP 11 (2020) 081 [2008.10615]

e Beneficial to consider ratios in which QCD is suppressed

_ 2Br(7°K®) + 2Br(7°K ")

R = = RRCP )
t Br(7=K°) + Br(7tK~) ot cosyRe dr + 0y

e new structure dependent QED corrections enter linearly, QCD only quadratically

o = (—1.1240.16/) - 10>

e Ultrasoft effects dominant

1+ U(r°K™)
U(r=K%) + U(r+K~)

5uE 71:5.8%
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Ratios and isospin sumrules

Beneke, Boer, Toelstede, KKV, JHEP 11 (2020) 081 [2008.10615]

e Beneficial to consider ratios in which QCD is suppressed

_ 2Br(7°K®) + 2Br(7°K ")

R = = RRCP )
t Br(7=K°) + Br(7tK~) ot cosyRe dr + 0y

e new structure dependent QED corrections enter linearly, QCD only quadratically

o = (—1.1240.16/) - 10>

e Ultrasoft effects dominant

1+ U(r°K™)
U(r=K%) + U(r+K~)

5uE 71:5.8%

e Combined QED effect larger than QCD uncertainty!
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B — wK puzzle J
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Why B — wK decays?

Tree topologies
&
&

K+

\\0
&° W

QCD penguin (P)

K0
4 d Colour-suppressed (C)*

e Tree topologies suppressed by Vi

Electroweak (EW) penguins . .
5 wd (EW) peng e QCD penguins dominant

. ® EW penguins at same level as tree
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Tree topologies
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e Tree topologies suppressed by Vi

Electroweak (EW) penguins

e QCD penguins dominant
w ® EW penguins at same level as tree

e Interesting probes of New Physics
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Why B — wK decays?

Tree topologies
&
&

K+

\\0
&° W

K0
4 d Colour-suppressed (C)*

e Tree topologies suppressed by Vi
e QCD penguins dominant

Electroweak (EW) penguins

e EW penguins at same level as tree

e Interesting probes of New Physics

- Search for tiny deviations of SM
predictions
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The B — K& Puzzle

e.g. Buras, Fleischer, Recksiegel, Schwab [2004, 2007];Fleischer, Jaeger, Pirjol, Zupan [2008]
Neubert, Rosner [1998]; Beaudry, Datta, London, Rashed, Roux [2018]; Fleischer, Jaarsma, KKV [2018]

(Longstanding) Puzzling patterns in B — 7K data

e First Example:
§(nK) = Acp(7°K ™) — Acp(nt K ™)
e Recent LHCb measurement for Acp (K~ 7°)
LHCb Collaboration, PRL 126, 091802 [2021]

e Confirms and enhances the observed difference

- O(rK)™P = (11.5+ 1.4)%
- 80 from 0
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(Longstanding) Puzzling patterns in B — 7K data

e First Example:
§(nK) = Acp(7°K ™) — Acp(nt K ™)
e Recent LHCb measurement for Acp (K~ 7°)
LHCb Collaboration, PRL 126, 091802 [2021]

e Confirms and enhances the observed difference

- O(rK)™P = (11.5+ 1.4)%
- 80 from 0

e Not clean!

- color-suppressed tree contributes
- §(mK)QCPF = (2.1728)% [Bell, Beneke, Huber, L]
- orvia 5U(3) [Fleischer, Jaarsma, Malami, KKV [2018]]
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The B — K& Puzzle

e.g. Buras, Fleischer, Recksiegel, Schwab [2004, 2007];Fleischer, Jaeger, Pirjol, Zupan [2008]
Neubert, Rosner [1998]; Beaudry, Datta, London, Rashed, Roux [2018]; Fleischer, Jaarsma, KKV [2018]

(Longstanding) Puzzling patterns in B — 7K data

e First Example:
§(rK) = Acp(7°K™) — Acp(nK™)
e Recent LHCb measurement for Acp (K~ 7°)
LHCb Collaboration, PRL 126, 091802 [2021] wd

e Confirms and enhances the observed difference

- O(rK)™P = (11.5+ 1.4)%
- 80 from 0

e Not clean!

- color-suppressed tree contributes
- §(mK)QCPF = (2.1728)% [Bell, Beneke, Huber, L]
- orvia 5U(3) [Fleischer, Jaarsma, Malami, KKV [2018]]

e Hint for NP in the EWP sector?
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Light-cone sumrules predictions

Work in progress Jung, Melic, Khodjamirian (see MITP workshop 2019)

Preliminary!
Decay mode | BR-exp (in 10°) | Acp=—Cep | BR-th | Agp-th
AS = -1
B™ - aVK- 12.7+0.6 0.040 +£0.021 | 13.74 | 0.050
B~ —» 7~ KY 23.340.8 —0.017 £ 0.016 | 24.56 | -0.012
BY = 7T K~ 20.0 £ 0.6 —0.082£0.006 | 20.10 | 0.057
B 5 20RO 10.1+0.5 ~0.014£010 | 887 |-0.021

e LCSR calculations (+some QCDF input)
e More reliable than for B — 7w
e Different sign for B — K™n~ (as in QCDF)
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Isospin sumrule

e.g. Gronau [2005]; Gronau, Rosner [2006]

F(TFRO)

2r(x°K ™)
M= K) i

A(mK) = Acp(m"K™) + T(rtK-)

Ace(m~ K°) Acp(°K™)

2r(7°K°)

_ mAcp(7r°k°) = A(rK)QP 4 5A(7K)

e Sensitive to new physics effects: A(7K)QCP = (0.5 £ 1.1)% [Bel, Beneke, Huber, L]
e Recent progress: QED effects: A(mK) = —0.42% [Beneke, Boer, Toelstede, KKV [2020]]

e Isospin sumrule also robust against QED effects!

Keri Vos (Maastricht) QCDF Quo Vadis? 21.06.2023 11 / 36



Isospin sumrule

e.g. Gronau [2005]; Gronau, Rosner [2006]

F(TFRO)

2r(7°K ™)
M(r+K-) B

A(mK) = Acp(m"K™) + T(rtK-)

Ace(m~ K°) Acp(°K™)
2r(7°K°)

_ mAcp(7r°k°) = A(nK)?P + 5A(7K)

e Sensitive to new physics effects: A(7K)QCP = (0.5 £ 1.1)% [Bel, Beneke, Huber, L]
e Recent progress: QED effects: A(mK) = —0.42% [Beneke, Boer, Toelstede, KKV [2020]]
e Isospin sumrule also robust against QED effects!

e Updates of modes with neutral pions necessary — Belle Il
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Isospin sumrule

e.g. Gronau [2005]; Gronau, Rosner [2006]

F(TFRO)

2r(7°K ™)
M(r+K-) B

A(mK) = Acp(m"K™) + T(rtK-)

Ace(m~ K°) Acp(°K™)

2r(7°K°)

_ mAcp(7r°k°) = A(nK)?P + 5A(7K)

e Sensitive to new physics effects: A(7K)QCP = (0.5 £ 1.1)% [Bel, Beneke, Huber, L]
e Recent progress: QED effects: A(mK) = —0.42% [Beneke, Boer, Toelstede, KKV [2020]]
e Isospin sumrule also robust against QED effects!

e Updates of modes with neutral pions necessary — Belle Il

e Or can be used to predict the direct CP in B — 7°K?°

e Mixing-induced CP asymmetry in B — 7°K® provides additional test Ficischer, Jaarsma,
Malami, KKV [2016,2018]
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QCDF: Quo Vadis?
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Next Islay workshop?

e Power corrections?
o New study with updated weak annihilation parametrization
SU(3) + QCDF analysis

Light-cone sum rules for suppressed effects

e charm-mass effects [Beneke, Finauri, KKV - in progress]

Keri Vos (Maastricht) QCDF Quo Vadis? 21.06.2023 13 / 36



Next Islay workshop?

e Power corrections?

o New study with updated weak annihilation parametrization
e SU(3) + QCDF analysis

e Light-cone sum rules for suppressed effects

e charm-mass effects [Beneke, Finauri, KKV - in progress]

e Improving PHOTOS 7!
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QCDF for three-body decays

Focus on B — 7 but can be adapted for B — hhh decays
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Multibody decays form a large part of the non-leptonic decays

e Rich structure of CP violation = T T 0.8_ %
2 sk LHCh ®) =
. - o F 0.6
e May contain non-perturbative strong Z ok 5.0 !
not suppressed by A/my, O, 201 0-4
% F 0.2
~E 15
e E 0
& 10F 02
B E 0.4
S5
E 0.6
= . . 08
0 5 10 15
mAwT)  [GeVZet]
Historic isobar model
e Sum of Breit-Wigner shapes and non-resonant background
1
g% — m% + iTrmg
Requires a QCD-based factorization approach [iwaenki, Mannel, Virto '15]
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Multibody decays form a large part ¢~

e Rich structure of CP violation

e May contain non-perturbative strong
not suppressed by A/my,

(= 1 1 -0.8

10 15
mAT)  [GeV?ed]

Impact beyond nonleptonics:
Vector mesons (p, K*) are not stable particles

e Form factor calculations are done in the narrow-width limit

e Naively finite-width effect scale as: W ~ 1 + coeff. [/M
where ['/M ~ 20%(p), 6%(K™)
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Dalitz distribution - Kinematics

] B+ — 7T+(k1)7T_(k2)7T+(k ) Symmetric Dalitz plot

(k1+k2) hlgh (ko+k3)?

e Kinematic variables sﬂfw = and s =
mpg
+
Region IlI
+ : :
1.0t
+ —
+
slow
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Factorization in three-body decay

Kraenkl, Mannel, Virto [2015]

(xt b |0)|B) = FBT / du dvT! (1, V) (1) (v)
+/du dvdzdwT!(u,v,z,0)P5(w)d, (1) (v)d(2)

e Hard kernels depend on momentum fractions
e At leading order all convolutions are finite
° 1/m§ and «as suppressed compared to the edge

Acp = O(as/m) + O(N/my)
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Factorization in three-body decay

Kraenkl, Mannel, Virto [2015]

(rtatr=|0;|B) = FB=™ / du dvT! (u, v) P, (u)r(v)
+/du dvdz dwT!(u,v,z,0)P5(w) 0, (1) (v)Pr(2)

Perturbatively calculable region might not exist for mg =5 GeV

e Interesting to study QCD factorization properties

e Study power-corrections/weak annihilation? Bediaga, Frederico, Magalhaes [2017]
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Factorization in three-body deca

Kraenkl, Mannel, Virto [2015]; Klein, Mannel, Virto, KKV [2018]
Breakdown of factorization at edges requires new input

e Resonances only close to the edges

e Three-body decays resemble two-body

g B

Leading contributions to hard kernels
Same operators as in two-body case, different final states

e Always an improvement over quasi-two-body decays

e Reduces to B — pm for p dominance and zero-width approximation
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Factorization in three-body decays

Kraenkl, Mannel, Virto [2015]

i

(rtrtn|QiB)s, «1 =T/ @FE>" @b +T/@FE>" ™ @¢..

New non-perturbative input — new strong phases

e Two-pion light-cone distribution amplitude Polyakov, Diehl, Gousset, Pire, Gozin, ...

+

- at this order: time-like pion form factor from e" e~ — hadrons data

e Generalized Form Factor Virto, Descotes-Genon, Feldmann, Khodjamirian, Faller, Mannel, van Dyk, ...

- P-wave B — 77 form factors studied using LCSRs [Cheng, Khodjamirian, Virto JHEP
05 (2017) 157 [1701.01633]] [Cheng, Khodjamirian, Virto Phys.Rev.D 96 (2017) 5, 051901 [ 1709.00173]]
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Study of CP violation in BT — 7#fn 7t

R. Klein, Th. Mannel, J. Virto, KKV; K. Olschewsky, Th. Mannel, KKV
JHEP 1710(2017) 117 [arXiv:1708.020407]; JHEP 06 (2020) 073 [arXiv:2003.12053]
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B — mnm decay amplitude

At leading order, leading twist

GF My ow
Alow<<1 = \/Esz |:f7-(rn2B()\ (31+a4)+A 34)Ft( 1 7<)

F (a2 — a) = Aca) (2 — DF(s2) (™) |

e a; as in two-body decay, contain perturbative strong phases O(as)
e A\, = |As|e"" weak phase (constant!)

Only 4 inputs that can be obtained from data
e B — m form factor fy

e Single pion DA gives the pion decay constant f,
e B — mw form factor F;
e 27 LCDA gives Fr
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B — mnm decay amplitude

At leading order, leading twist

GF My u Cc oW
A ca = S £ Olan + o) + Acaf) (£

V2 B
+(Au(a2 — a4) — Aea§)(2¢ — 1) Fr(s™)fo(s0™) ] ’

e a; as in two-body decay, contain perturbative strong phases O(«s)

e )\, = |\,]e”” weak phase (constant!)

Amplitude can always be expressed as resonances x(a"e®™ + a°)
e 2" and a° contain strong phases

e Preferred over experimental parametrization where strong and weak phase are
mixed: x £ ox + i(y £ dy)
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B — mnm decay amplitude

At leading order, leading twist

. GF 2 my u c low
Asi’w<<1 = ﬁms |:f7rn728(/\u(31 + 34) + )\ca4)Ft(5j: 7<)

+(/\u(32 — QZ) — )\Cai)(2( — ]_)Fﬂ(si)w)fb(S:lE)W) ] ’

e a; as in two-body decay, contain perturbative strong phases O(«s)

e )\, = |\,]e”” weak phase (constant!)

CP violation requires two strong phases F; # F

e Both isoscalar (S-wave) and isovector (P-wave) contribute

Fe=F=+F™
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B — 7w form factor: Isoscalar co

Daub, Hanhart, Kubis, Passemar, Cirigliano

F> scalar pion form factor (analogous to Fy)

(n~ (k)7 (ko) | myiiu + mydd|0) = m2F2(k?) .

e Dispersion theory, coupled Omnes-equations (only non-strange)
e Only reliable* up to about 1.3 GeV

04 o5 08 10 12 14 18 18

TR R PR VIR TRT]
V& Gon V& Gon

LCSR inspired model similar to Ft’zl: not necessary in future!

[ constant fit parameter

m2
FIZ) = 72 BFR ()
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B — 7w form factor: Isoscalar co

Daub, Hanhart, Kubis, Passemar, Cirigliano

F> scalar pion form factor (analogous to Fy)

(n~ (k)7 (ko) | myiiu + mydd|0) = m2F2(k?) .

e Dispersion theory, coupled Omnes-equations (only non-strange)
e Only reliable* up to about 1.3 GeV

04 o5 08 10 12 14 18 18

TR R PR VIR TRT]
V& Gon V& Gon

LCSR inspired model similar to Ft’zl: not necessary in futurel  UDI NOS sumus nos!

[ constant fit parameter

m2
FIZ) = 72 BFR ()
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Dalitz Distribution

c0s6<0

KKV, Virto, Mannel, Klein

c0s6>0

{ 1200
600 [
1000

800

o) ]
[ °©

= ~= 600
> >

400

200

Ok ' ' ' ' ' L 1 0

04 0.6 08 1.0 12 14 16 1.8 0.4 0.6 0.8 1.0 1.2 14 16
my2 (GeV) my, (GeV)

e Cannot be reproduced with our current = 2017 inputs

e Full Dalitz distribution preferred over projections
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A model ansatz
Olschewsky, Mannel, KKV [2020] |
osfk— ReT 6F
— T K 5

00

0 5 10 15 20 25 10 12 14 16 18 20
siz (GeVH) 512 (Gev?)

e Ac contains (Breit-Wigner-like) resonances, but also charm threshold effects
e Challenging to calculate: simple parametrization
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A model ansatz

Olschewsky, Mannel, KKV [2020]

osfk— ReT 6
— T 5
0.0
af
-05
sk
-10 of
15 "
o
0 5 10 15 20 25 10 12 14 16 18 20
siz (GeV?) 512 (Gev?)

e Ac contains (Breit-Wigner-like) resonances, but also charm threshold effects
e Challenging to calculate: simple parametrization

. . 1 .
e Modified propator Tg = =t [En(ers) —ReR(m)] with

1

Sthres __ 1+ ie
S12

Y r(512) = GRMRV/ Sthres — S128rCtan

e Could explain the large CP asymmetry at high invariant mass (to be implemented)
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A quick word on heavy-to-heavy t

KKV \irta Huher 19007 08881]

1o — §=0.15GeV
0.9¢ — 5=030 GeV
0.8f w
a
é& 07
0.6}
050 0.2} —— p model
04f, . . . : 0o} . . — Belle modcll
0.0 0.1 0.2 03 0.4 0.0 01 0.2 03 04
Iy (GeV) 5 (GeV)

e Only B — D form factor enters (as in two-body) for B — DMr°

e Give access to di-pion (or 7K) LCDAs: modeled here by single-resonance
Breit-Wigners

e Perturbative corrections known up to a2 Huber, Kraenkl
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A quick word on heavy-to-heavy t

KKV \irta Huher 19007 08881]

1o — §=0.15GeV
0.9¢ — 5=030 GeV
0.8f w
a
é& 07
0.6}
050 0.2} —— p model
04f, . . . : 0o} . . — Belle modcll
0.0 0.1 0.2 03 0.4 0.0 01 0.2 03 04
Iy (GeV) 5 (GeV)

e Only B — D form factor enters (as in two-body) for B — DMr°

e Give access to di-pion (or 7K) LCDAs: modeled here by single-resonance
Breit-Wigners

e Perturbative corrections known up to a2 Huber, Kraenkl

e ldentify ratios that test QCDF for three-body decays:- = cos0

z dZdF(BaDMTrU) fzzg dz|al|2

R 7 dzdk? 1
MM = [*d dr(B~DMx%) — [% 7|5 |2
z dzdk? 23
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Quo Vadis?
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Improved form factors

-q; 25 N
(a)

20 _/\ LHCb

\ Isobar
— B +

_ B
0.0 1 i i L 1
0.5 1.0 1.5 2.0 25 3.0

min T ) GeV/e?]

arg A 7]

=100

—150

LHCb-PAPER-2019-017

T T T T T
(b)

B LHCb B
| Isobar
i y —
_// b/(___ﬂ_“____;
’/T/ i

DI.S l.lCI 1?5 ZI.D 2.‘5 3.0

m(mtr ) [GeV/e?]
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Improved form factors

LHCb-PAPER-2019-017

~ — = T T T
< 25F = 150} i
- = ()
2ok LHCh g 100  LHCb B
ami ol aml i
=50 ;I_,ﬂ_ﬁ_lJJ 7
B+ | ~100 i
— B ~150 |
05 10 15 20 25 o5 To 15 20 25 3.0

m(rtn) [GeV/c?

m(rtn) [GeV/c?

Insights from data on form factors in Quasi-model independent approach?
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Scalar CP violation (example)

Example to show importance of perturbative phases

A = (are” + ape®)F>

As = (ae™ + ape"‘s)l-_;rg

e Include O(«) strong phases from QCD penguins

e Can give large CP violation in S-wave that agrees with data

0.014}
50
0.012f ]
0 f
0.010F ]
« 0008F ] -50F
z &
< 0.006F ] -100 -
0.004 [ 9 -150 |
0.002F 200
0.000F
. \ . . \ . -250 . . L
05 1.0 15 2.0 25 3.0 05 1.0 15
VK2 (Gev) V2 (GeV)
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Insights from light-cone sum rules

e Goal: Constrain B — Km form factors by imposing what we know from QCD

e Light-cone sum rule analysis

P-wave B — 7K form factors
[J. Virto, A. Khodjamirian, S. Descotes-Genon JHEP 1912, 083 (2019)] [arXiv:1908.02267]

e Improvement over assuming K™ is a stable state
e Finite width effects in P wave at 20% level for BR

e Higher resonances large impact — can be constrained by moment analysis

S-wave B — wK form factors [s. Descotes-Genon, A. Khodjamirian, J. Virto, KKV] [in progress. ]

e S wave even more challenging; generally broad resonances

e Requires coupled-channel analysis?
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What do LCSR tell us about
B — 7K form factors?
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LCSR for B — (K7)s

S0

2 -
ds e wo,i(s, ) Fs(s)Fs' (s, a°)

(my+maz)?

S((),c:rPE)(q27 S0, MZ)

Key points:
e No closed expression for the Féﬂzo)(s, q°)!
e Only information on a weighted integral over the K7 invariant mass

e Use sum rule to constrain parameters of your favourite Km P/S-wave model
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2 -
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(my+maz)?

S((),c:rPE)(q27 S0, MZ)

Key points:
e No closed expression for the Féﬂzo)(s, q°)!
e Only information on a weighted integral over the K7 invariant mass

e Use sum rule to constrain parameters of your favourite Km P/S-wave model
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LCSR for B — (K7)s

S0
/ ds efs/’\”zz.uo,t(s7 qz)Fs(s)Féf/fO)(S, q2) = ‘S‘(()f)tpE)(qz7 S0, M2)

(m+maz)?

Key points:
e No closed expression for the Féffo)(s, q°)!
e Only information on a weighted integral over the K7 invariant mass

e Use sum rule to constrain parameters of your favourite Km P/S-wave model

Inputs:
e Fs(s) from data

e sy from two-point sum rule using K7 form factor from data
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S wave 7K form factor

e Based on rescattering mK phase shifts using Omnes parametrization at low energies

Includes inelastic effects through higher resonances

wave)

Applied to 77 — Ks7~ v, data to fit resonance parameters (both for P and S

e Four different fit assumptions for source term give four scalar form factors

500
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Ifol

8(°%)

200

100

00 05 10 15 20 25 30 00 05
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LCSR for B — wK form factors

Kubis, Hanhart, von Detten Descotes-Genon, Khodjamirian, Virto, JHEP 1912 (2019) 083

Descotes-Genon, Khodjamirian, Virto, KKV, JHEP [2304.02973]

1ol

%(°)

00 05 10 15 20 25 30 00 05 10 15

V3 (Gev) V3 (GeV)

30

e Different high-energy behavior depending on which resonances are include

e For P-wave; Simple ansatz K7 states decays via set of Breit-Wigner-type

resonances

e For S-wave; link to K form factor w; kinematical factor

FO (s, ¢%) = wi(s, )p(¢?) Fs(s)

e p determined from sum rule
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What can data do for us?

LHCb [JHEP12(2016)065] [arXiV:1609.04736]; Virto, Khodjamirian, Descotes-Genon, KKV [2304.02973]

LHCb measured 41 moments depending on S, P, D waves

around mk, € [1.3,1.5] GeV with ¢° € [1.1,6] GeV?

2 combinations only depend on S-wave [Virto, Khodjamirian, Descotes-Genon JHEP 1912, 083 (2019)]

Current uncertainties too large to draw strong conclusions

e S-wave component in B — K* (¢ exhibits some strange behavior Stay tuned!

1200

Fslga

04

02

01}

=

0.0

T S

wes Model 1
=== Model 2
== Model 3
m— Model 4

—F—="
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What can data do for us?

LHCb [JHEP12(2016)065] [arXiV:1609.04736]; Virto, Khodjamirian, Descotes-Genon, KKV [2304.02973]

LHCb measured 41 moments depending on S, P, D waves
around mk, € [1.3,1.5] GeV with ¢° € [1.1,6] GeV?

2 combinations only depend on S-wave [Virto, Khodjamirian, Descotes-Genon JHEP 1912, 083 (2019)]

Current uncertainties too large to draw strong conclusions

e S-wave component in B — K* (¢ exhibits some strange behavior Stay tuned!

wes Model 1
=== Model 2
== Model 3
m— Model 4

- =

02}

0.0~

04f

1200

Fslga

ol L L L L
0 2 4 6 8

¢* (Gev?)
e Constrains S-wave contribution in B — K*¢¢ from QCD
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Measurements of angular moments of B — V// in bins across g°> and k° spectra
very useful!
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Measurements of angular moments of B — V// in bins across g°> and k° spectra
very useful!
To do list:

e Same approach for B — 7 form factors?

e test QCDF in B — DM~°

e QCDF predictions for B — 7KK /m ?

e Combined S and P-wave analysis of the differential rate and angular observables in
K*(1410) region

e Charm three body decays?
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Measurements of angular moments of B — V// in bins across g°> and k° spectra
very useful!
To do list:

e Same approach for B — 7 form factors?

e test QCDF in B — DM~°

e QCDF predictions for B — 7KK /m ?

e Combined S and P-wave analysis of the differential rate and angular observables in
K*(1410) region

e Charm three body decays?

Thank you for your attention!
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Backup
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B — D7 puzzle
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B? — D} and B — DYK  puz

see also Cai, Deng, Li, Yang [2103.04138], Endo, Iguro, Mishima [2109.10811], Gershon, Lenz, Rusov, Skidmore [2111.04478]

Discrepancies between data and theory for B — DS 7r~ and B — DMK~

e pure tree decays (no color-suppressed nor penguin contributions)
e NNLO predictions in QCDF Huber, Kraenkl [1606.02888]
e Same form factors as for exclusive Vi

e Updated and extended calculations give ~ 40 deviation Bordone, Gubernari, Huber, Jung and
van Dyk, [2007.10338]
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B? — D} and B — DYK  puz

see also Cai, Deng, Li, Yang [2103.04138], Endo, lguro, Mishima [2109.10811], Gershon, Lenz, Rusov, Skidmore [2111.04478]

Discrepancies between data and theory for B — DS 7r~ and B — DMK~

e pure tree decays (no color-suppressed nor penguin contributions)

e NNLO predictions in QCDF Huber, Kraenkl [1606.02888]

e Same form factors as for exclusive Vi

e Updated and extended calculations give ~ 40 deviation Bordone, Gubernari, Huber, Jung and
van Dyk, [2007.10338]

e QED corrections cannot explain the tension* Beneke, Boer, Finauri, KKV [2107.03519]

e Possible NP explanations have been studied Iguro, Kitahara [2008.01086], Bordone, Greljo,
Marzocca [2103.10332]

e Also puzzling patterns in Bs — DsK are revealed Fieischer, Malami [2110.04240]

Interesting puzzle that requires both experimental and theoretical attention!
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B — 7K S wave form factors

e Ansatz:
FI0(s,6%) = Vni(a)Fs(s)

e p parameters only depend on g° and are fixed by sum rule

S0
/ ds /™ wi(s, %) Fs(s)Ppi(a?) = SCTH(d2, 50, M?)

Sth

¢* = 1.0 GeV?

05 10 15 20 25 30
V5 (Gev)

e Next different > points and combined S and P wave
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P-wave example

e Sum rule allows to determine model parameters Gg i(G®) c., kinematical factors

Z Gr.i(°) cr,i(q°) Hr(s0, M?) = SPTF(q°, 50, M?)
R

2
Hg(so, M) =

1/2
1 /50 oo/ V2 _BRKx A (5) IFS()
1672 Jsgy, s (mf? —5)2+s r%?(s)
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P-wave example

e Sum rule allows to determine model parameters Gr ;(q”) cx ; kinematical factors

Z Gr.i(°) cr,i(q°) Hr(s0, M?) = SPTF(q°, 50, M?)
R

2
Hg(so, M) =

1/2
1 /50 oo/ V2 _BRKx A (5) IFS()
16 72 Sth s (mf? —5)2+s r%?(s)

Application: [Virto, Khodjamirian, Descotes-Genon JHEP 1912, 083 (2019)]
e Study finite-width effects for single K* resonance:

Width ratio W = -2~ =1+ 1.9 ~ 1.09 — 20% effect on BRs!

Glr—o

e Study effect of higher resonances beyond the K*(892) : G+ (1410) = Gk (s92)

80

08 1.0 12 14 16 18

Vs (Gev)
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What can data do for us?

LHCb [JHEP12(2016)065] [arXiV:1609.04736]

e LHCb measured 41 moments depending on S, P, D waves
around mk, € [1.3,1.5] GeV with ¢° € [1.1,6] GeV?

e 4 combinations only depend on P-wave |Virto, Khodjamirian, Descotes-Genon JHEP 1912, 083

(2019)]

300

200

Decays / (50 MeV/c?)

+ LHCb
1.1 < ¢* <60 GeV¥c*

h d
800 1000 1200 1400 1600
m(K*x") [MeV/c?]
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What can data do for us?

LHCb [JHEP12(2016)065] [arXiV:1609.04736]

e LHCb measured 41 moments depending on S, P, D waves
around mk, € [1.3,1.5] GeV with ¢° € [1.1,6] GeV?

e 4 combinations only depend on P-wave |Virto, Khodjamirian, Descotes-Genon JHEP 1912, 083
(2019)]

S

Fo10°M) in ¢* = [1.1,6) GeV? (GeV™") 2

i (GeV)
e Example of use of the data to constrain higher-partial waves

e Simultaneous analysis of S and P wave gives more information (in progress!)
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What can data do for us?

[Virto, Khodjamirian, Descotes-Genon JHEP 1912, 083 (2019)]

e Differential branching ratio also limits P- (and S-)wave

_dar_
dq2dk?

e Considering only P wave gives:

~
T

dB/dg? x 10 [c4/GeV?]
T
1 1

n

OOIIVV. TTTTTTT
NE
NE
ol

8
g [GeV¥ Y]

e Simultaneous analysis with S-wave in progress

LHCb 10° - (B>[0.wo,o.9a] =
# E 108 (B0 =
. (B)psoson =

(B)[u 00,6.00] =
- (B)e.ooso =

1.41+£027 - a <5
1.60£0.29 - a <6
137+£026 - a <5
1124026 - a S 4
098+023— <3

=1 =[S+ SR + |A[ P + | AR + | AL + AT 1P + |AG) + |AF P + . ..
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QCD to constrain S wave models

e Use light-cone sum rules to constrain B — (Kn)s parametrizations/models

e Simple sum of Breit-Wigners (used for P-wave case) does not suffice

Model requirements:
e appropriate analytical properties
e poles corresponding to known resonances
e cuts for the relevant open channels

e simple (linear) dependence on the parameters to be constrained by the sum rules
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Electromagnetic Effects

Beneke, Boer, Toelstede, KKV, JHEP 11 (2020) 081 [2008.10615]

r[é — MiMb](AE) = r[é — MiM + XSHEX <AE”

e IR finite observable (width) must include ultra-soft photon radiation
e X, are soft photons with total energy less than ultrasoft scale AE

e Factorizes in non-radiative amplitude and ultrasoft function
5 _ 5 2 &(Qp) T(Qumy) 1(Quy) 2
(B — MiM:](AE) = |A(B — MiMo)[> ~ [(X:[(559)S0, S, ™) [0) | O(AE — Ex,)
Xs

Simple classification:

e Ultra-soft photons: eikonal approximation, well understood
AE < Agep

e NEW: Non-universal, structure dependent corrections Beneke, Boer, Toelstede, KKV [2020]

e Both effects important: virtual photons can resolve the structure of the meson!
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Electromagnetic Effects

Beneke, Boer, Toelstede, KKV, JHEP 11 (2020) 081 [2008.10615]

M8 — MM(AE) = T[B — MMy + X[ s,

e IR finite observable (width) must include ultra-soft photon radiation
e X, are soft photons with total energy less than ultrasoft scale AE
e Factorizes in non-radiative amplitude and ultrasoft function
5 _ 5 2 &(Qg) T(Qumy) 1T(Qny) 2
M8 — MMa(AE) = [A(B — MM )RS (Xl (59 sl oy o(aE — Ex,)
Xs
Simple classification:

e Ultra-soft photons: eikonal approximation, well understood
AE < Ngep

e Often done: Assume pointlike approximation up to the scale mg [Baracchini, Isidori]

— fails to account for all large logarithms (and scales)!
— photons with energy 2 Aqcp probe the partonic structure of the mesons

Keri Vos (Maastricht) QCDF Quo Vadis? 21.06.2023 45 / 36



A brief dive into Light-Cone Sum Rules (LCSR)
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LCSR | [Analyticity +

e Example: Strange scalar current to interpolate the 7K state: js = (ms — mg)Sd

e Start with correlation function:
Sol(k,q) = i/d4x (0T {1(x),js(0) } 1B°(a + k).,

e S calculated using light-cone OPE in terms of B-meson LCDAs for k? < 0 and

q° < mj
e Use dispersion relation in the variable k*:
1 r ImS(s, ¢°)
SOPE (2 2y L ds )
(K q7) =~ T
sth=(mx+mxr)?

e Obtain spectral density by inserting a full set of states

2T (k > / drice (OLi% K (k) (ko))" (K (ko) (ko) el B°(q + &)
mS(s,q°) = ImS*(s,q?) +ImS"(s,¢*)0(s — sn).
o S™ a|l contributions above sy,
21.06.2023 47 / 36
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LCSR Il [Analyticity +

e Assume quark-hadron duality for the states above threshold

s — k2 s — k2 ’

/oo e ImS(h)(s, q2) B /oo e ImS(OPE)(S, q2)
Sh S0
e Perform Borel transformation in the variable k2

_7\'2
mg

s
l/ dse /™ ImS*™ (s, ¢%) = 1?dse_s/’v’2 ImS©FE) (s, ¢%)
(:K+m7r)2

= SOPE)(¢?, 50, M?)

e Borel trafo suppressed the effect of higher-order resonances

o SPE(g? sy, M?) OPE expression after subtracting the above-threshold
contribution from the dispersive integral

e sp and M? can be determined from two-point sum rule
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LCSR for B — (K7)s

S0
/ ds =" wo, (s, 4")Fs(s) RS (s, 4%) = ST (7, 50, M)

(my+mz)?

e 5 effective threshold

o wo,(s,q?) kinematic factors

o Fs(s) scalar form factor:(ms — my){(K ™ (ki) (k2)|3d|0) = Fs((ki + k2)?)
S((,,OtPE) pert. calculable in terms of B-LCDA parameters

e Analogous expressions for P wave [J. Virto, A. Khodjamirian, S. Descotes-Genon JHEP 1912, 083
(2019)] [arXiv:1908.02267]
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LCSR for B — (K7)s

S0

2 -
ds e wo,i(s, ) Fs(s)Fs' (s, a°)

(my+maz)?

S((),c:rPE)(q27 S0, MZ)

Key points:
e No closed expression for the Féﬂzo)(s, q°)!
e Only information on a weighted integral over the K7 invariant mass

e Use sum rule to constrain parameters of your favourite Km P/S-wave model
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LCSR for B — (K7)s

S0
/ ds efs/’\”zz.uo,t(s7 qz)Fs(s)Féf/fO)(S, q2) = ‘S‘(()f)tpE)(qz7 S0, M2)

(m+maz)?

Key points:
e No closed expression for the Féffo)(s, q°)!
e Only information on a weighted integral over the K7 invariant mass

e Use sum rule to constrain parameters of your favourite Km P/S-wave model

Inputs:
e Fs(s) from data

e sy from two-point sum rule using K7 form factor from data
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CP Distributions

Data from LHCb

Acp  Bsin~ysin¢cosf + (' sin ¢’ cos® 0 + 3" sin ¢ cos* 0

e Distinguish between region above and below mj» = 1.0 GeV

e Include higher-twist and O(«) corrections

cosf all
T T

‘I{ I “
i
[{{Iiliiillii ] 1tII{}}I] }11 |

Lo B l

-200 L L L L L L -200 L L L L L L
0.4 0.6 0.8 1.0 1.2 14 1.6 0.4 0.6 0.8 1.0 1.2 1.4 1.6

200+

100 -

TIT{{ Iy . 4.
P ‘

my2 (GeV) mi2 (GeV)
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Scalar CP violation (example)

Example to show importance of perturbative phases

A = (are” + ape®)F>

As = (ae™ + ape"‘s)l-_;rg

e Include O(«) strong phases from QCD penguins

e Can give large CP violation in S-wave that agrees with data

0.014}
50
0.012f ]
0 f
0.010F ]
« 0008F ] -50F
z &
< 0.006F ] -100 -
0.004 [ 9 -150 |
0.002F 200
0.000F
. \ . . \ . -250 . . L
05 1.0 15 2.0 25 3.0 05 1.0 15
VK2 (Gev) V2 (GeV)
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Dipion and K7 form factors
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2m LCDA

Polyakov, Diehl, Gousset, Pire, Teryaev
Reduces at leading order to the normalization

e Both isoscalar (/ = 0) and isovector (/ = 1) contribute
[dndiwcs) == DFls) [ duolPucs) =0

Time-like pion formfactor F,(s): Babar data on ete™ — 77 (v)
Hanhart, Kubis, Shekhovtsova, Roig, Was, Predzinski
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B — 7w form factor

On|y vector form faCtOF relevant [Faller, Feldmann, Khodjamirian, Mannel, van Dyk '14]

e Partial wave expansion: P wave always / =1 and S wave has [ =0

sy (7 (o)™ (k) Byl B (p)) = —/K2Fe(s.€)

Theory eﬂ:orts [Boér, Feldmann‘ van Dyk '17, Feldmann, van Dyk, KKV '18]

e B — 7w form factors factorize at large k>
e Relevant kinematics in regime of Light-Cone Sum Rules
e P-wave studied with B-meson and dipion LCSRS  (khodjamirian, Virto, Cheng '17]

° S-WaVe in progress! [Descotes-Genon, Khodjamirian, Virto, KKV [in progress]]]
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B — 7w form factor from B-meso

Correlation function with pseudoscalar heavy-light current
Fulko) = 1 [ d*xe* (0| Td(x),u(x). imsa(0)5b(0)| B%(q + K)

Light-cone OPE in terms of B-meson LCDA and dispersive relation:

FOPE k2 2\ 1 Ood
w ( ,q )_ S
m Sth

Un|tar|ty Relatlon [Kang, Kubis, Hanhart, Meissner '14, Khodjamirian, Virto, Cheng [2017]]

2ImF,
5— g2

2lmF, = mb/dT<0|5Wu|7r(k1)7r(k2)><m\m5b|éo(q + k) +...

o F;(S)Ftlzl(s, q2) + ...
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B — 7w form factor from B-meso

Correlation function with pseudoscalar heavy-light current
Fulko) = 1 [ d*xe* (0| Td(x),u(x). imsa(0)5b(0)| B%(q + K)

Light-cone OPE in terms of B-meson LCDA and dispersive relation:

FOPE k2 2\ 1 Ood
w ( ,q )_ S
m Sth

Un|tar|ty Relatlon [Kang, Kubis, Hanhart, Meissner '14, Khodjamirian, Virto, Cheng [2017]]

2ImF,
5— g2

2lmF, = mb/dT<0|5Wu|7r(k1)7r(k2)><m\m5b|éo(q + k) +...

o F;(S)Ftlzl(s, q2) + ...

‘ Phase F, = Phase F!/=1 ]
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B — Kx form factors

e Generated by the (axial-)vector and (pseudo)tensor b — s transition currents

J5=5y"()b, ji=350""q.(vs)b.

e Form factors Fi(k?,q%, q - k) defined as

(K™ (k)" (k2)|5v"b|B°(p
—i(K™ (k)7 (k2)|5v"*~s b| B°(p
(K~ (k) (ko) 50" g bl B

(

)
)
)
(K™ (k)" (k2)[50™" qu15b| B (p)

)
)
)
)

Fi okt
Fekt + Fo k' + Fy ki',
FIK,

Fo Ky + F ki*

e Isolate P or S-wave part via partial wave expansion:

Fo(k*,q",q-k) = ZV (k2 %) Péo)(COSHK),
£=0
2 2 7 - P,_go)(cos 0k)
Fiy(k®.q%,q-k) = ZV LH( q)w
=1
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Matching of the two approaches

Kraenkl, Mannel, Virto [2015]

T

2

Differential Branching Fraction (x10°)
o
2 -

Differential Branching Fraction (x10°)

mg=~5GeV 10t mg=~20GeV

3
8

Full 2rLCDA (reé_) and perturbative contribution (dashed)

Two approaches do not merge for realistic B meson mass

e Power-corrections not suppressed enough

e No part of the Dalitz plot is really center-like
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