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Reminders

e For B decays: 5GeV ~ my, > Aqcp ~ 0.5 GeV
Observables expandable in Aqcp/mp ~ 0.1

Gil Paz (Wayne State University) B — X, | U theory



Reminders
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e If we could measure total I'(B — X, /) we could use a local OPE
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Reminders
e For B decays: 5GeV ~ my, > Aqcp ~ 0.5 GeV
Observables expandable in Aqcp/mp ~ 0.1

e If we could measure total I'(B — X, /) we could use a local OPE

dr ~> " cs <2”>

n
- b

¢y perturbative, (O,) non-perturbative numbers

e Since (B — X, I7) > (B — X, I 7) total rate cannot be measured
Need to cut the charm background: e.g. I\/l)2< < I\/I% ~ mpN\Qcp
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Reminders

e For B decays: 5GeV ~ my, > Aqcp ~ 0.5 GeV
Observables expandable in Aqcp/mp ~ 0.1

e If we could measure total I'(B — X, /) we could use a local OPE

(On)
dr ~> " cs -

n b

¢, perturbative, (O,) non-perturbative numbers

e Since (B — X, I7) > (B — X, I 7) total rate cannot be measured
Need to cut the charm background: e.g. I\/l)2< < I\/I% ~ mpN\Qcp

e Not inclusive enough for local OPE, but non-local OPE still possible

M% ~ m? local OPE (“OPE region”)
M% ~ mpAqcp Non local OPE (“end point region”)
Mz ~ Nacp No inclusive description (“resonance region”)
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Reminders

Need to cut the charm background: e.g. I\/l)2< < I\/IL% ~ mpN\Qcp

Not inclusive enough for local OPE, but non-local OPE still possible

drNch@

o My

Cn perturbative
- (Op) non-perturbative functions, called shape functions
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Reminders

Need to cut the charm background: e.g. I\/l)2< < I\/IL% ~ mpN\Qcp

Not inclusive enough for local OPE, but non-local OPE still possible

(On)
dr ~ Z o

n b

Cn perturbative

(Op) non-perturbative functions, called shape functions

Shape functions moments are related to HQET parameters:
E.g. leading shape function: 15t moment <+ mj, 2" moment <> u2
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Reminders
e Need to cut the charm background: e.g. I\/l)2< < I\/IL% ~ mpN\Qcp
e Not inclusive enough for local OPE, but non-local OPE still possible
(On)
dr ~ > o
n b

- ¢, perturbative
- (Op) non-perturbative functions, called shape functions

e Shape functions moments are related to HQET parameters:

2nd

E.g. leading shape function: 1°* moment <> my, moment ¢ 12

e At leading power in Aqcp/mp: only one universal shape function
needed (“B-meson pdf")
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Reminders

e Need to cut the charm background: e.g. I\/l)2< < I\/IL% ~ mpN\Qcp
e Not inclusive enough for local OPE, but non-local OPE still possible
(On)
dr ~ > o
n b

- ¢, perturbative
- (Op) non-perturbative functions, called shape functions

e Shape functions moments are related to HQET parameters:
E.g. leading shape function: 15t moment <+ mj, 2" moment <> u2

e At leading power in Aqcp/mp: only one universal shape function
needed (“B-meson pdf")

e The same shape function appears at leading power for B — X~
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Lessons from hard QCD
e Situation familiar from hard QCD
do=c®f+0(Nyep/Q@%)

c perturbative, f non-perturbative parton distribution function (PDF)
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Lessons from hard QCD
e Situation familiar from hard QCD
do=c®f+0 (Nyen/Q?)
c perturbative, f non-perturbative parton distribution function (PDF)

e Extract the PDF from Deep Inelastic Scattering (DIS) and use it for
proton-(anti) proton collisions at the Tevatron and the LHC
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Lessons from hard QCD
e Situation familiar from hard QCD
do=c®f+0(Nyep/Q@%)

c perturbative, f non-perturbative parton distribution function (PDF)

e Extract the PDF from Deep Inelastic Scattering (DIS) and use it for
proton-(anti) proton collisions at the Tevatron and the LHC

e Can extract leading power shape function from B — X
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Lessons from hard QCD

Situation familiar from hard QCD

do=c®f+0 (Nycp/Q)

¢ perturbative, f non-perturbative parton distribution function (PDF)

Extract the PDF from Deep Inelastic Scattering (DIS) and use it for
proton-(anti) proton collisions at the Tevatron and the LHC

Can extract leading power shape function from B — Xy

Unlike hadron colliders where AéCD < @2, we have Q% = mtz,
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Lessons from hard QCD
e Situation familiar from hard QCD
do=c®f+0(Nyep/Q@%)

¢ perturbative, f non-perturbative parton distribution function (PDF)

e Extract the PDF from Deep Inelastic Scattering (DIS) and use it for
proton-(anti) proton collisions at the Tevatron and the LHC

e Can extract leading power shape function from B — Xy

e Unlike hadron colliders where AéCD < @2, we have Q% = mtz,
e At subleading power in Aqcp/mp:

- Several subleading shape functions (SSF) appear

- Different linear combinations for B — X, /7 and B — Xsy
B — X<~ has unique SSF (“resolved photon contributions”)
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Lessons from hard QCD

e Situation familiar from hard QCD
do=c®f+0 (Nyen/Q?)

¢ perturbative, f non-perturbative parton distribution function (PDF)

e Extract the PDF from Deep Inelastic Scattering (DIS) and use it for
proton-(anti) proton collisions at the Tevatron and the LHC

e Can extract leading power shape function from B — X, v

e Unlike hadron colliders where AéCD < @2, we have Q% = mtz,

e At subleading power in Aqcp/mp:

- Several subleading shape functions (SSF) appear

- Different linear combinations for B — X, /7 and B — Xsy

- B — X5 has unique SSF (“resolved photon contributions")
What are these unique SSF?
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Reminder: resolved photon contributions

e At subleading power in Aqcp/mp:
- B — Xy has unique SSF (“resolved photon contributions")
What are these unique SSF?
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Reminder: resolved photon contributions

e At subleading power in Aqcp/mp:

- B — Xy has unique SSF (“resolved photon contributions")
What are these unique SSF?

e For B — X~y need Effective Hamiltonian

p=u,c i=3,..., 10

G
Hegr = 7; > (clof + QA+ > GQit Gy Qry ngosg) +he

- At leading power only Q7 — Q74 contribute
- At higher orders need other Q; — Q; contributions
e Most important: (7, Qgg, and Q1

—e _ v

Q7'Y = mesguy(l + 75)F'u b
Qsg = STgmbSUW(l +75)G""b
Q7 = (gb)v-a(39)v-a (g=u,c)
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Reminder: resolved photon contributions

° A_t subleading power in Aqcp/mp:
- B — X5~ has unique SSF (“resolved photon contributions”)
What are these unique SSF?
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Reminder: resolved photon contributions

e At subleading power in Aqcp/mp:

- B — X5 has unique SSF (“resolved photon contributions")
What are these unique SSF?

e Systematic analysis at Aqcp/mp [Benzke, Lee, Neubert, GP "10]:

Top line: Q7 — Qgg
Bottom left: Qgg — Qsg
Bottom right: Q1 — Q74

o Q1 — Qgg and Q1 — Qy give /\éCD/m%J effects
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Reminder: resolved photon contributions

e Systematic analysis at Aqcp/mp [Benzke, Lee, Neubert, GP "10]:

Top line: Q7 — Qg = g78
Bottom left: Qsg — Qsg = gss
Bottom right: Q1 — Q7 = g17
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Reminder: resolved photon contributions

e Systematic analysis at Aqcp/mp [Benzke, Lee, Neubert, GP "10]:

Top line: Q7 — Qg = g78
Bottom left: Qsg — Qsg = gss
Bottom right: Q1 — Q7 = g17

e Functions have non-localities in two light-cone directions
- Horizontal: E, Vertical: unobservable
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Reminder: resolved photon contributions

e Systematic analysis at Aqcp/mp [Benzke, Lee, Neubert, GP "10]:

Top line: Q7 — Qg = g78
Bottom left: Qsg — Qsg = gss
Bottom right: Q1 — Q7 = g17

e Functions have non-localities in two light-cone directions
- Horizontal: E, Vertical: unobservable
e 2010 analyses focused on integrated rate and CP asymmetry
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Reminder: resolved photon contributions

e Systematic analysis at Aqcp/mp [Benzke, Lee, Neubert, GP "10]:

Top line: Q7y — Qgg = &738
Bottom left: gy — WPsg = g8
Bottom right: Q1 — Q7 = g17

e Functions have non-localities in two light-cone directions

- Horizontal: E, Vertical: unobservable

e 2010 analyses focused on integrated rate and CP asymmetry

Moments of g17 <> HQET parameters. Can we improve those?
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Recent progress
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Power corrections

e Dimension 7 and 8 HQET operators contribution to B — XA,
[Mannel, Turczyk, Uraltsev JHEP 1011, 109 (2010)]
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Power corrections

e Dimension 7 and 8 HQET operators contribution to B — XA,
[Mannel, Turczyk, Uraltsev JHEP 1011, 109 (2010)]
Dimension 7 and 8 HQET operators extracted from inclusive B decays
[Gambino, Healey, Turczyk PLB 763, 60 (2016)]
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Power corrections

e Dimension 7 and 8 HQET operators contribution to B — XA,
[Mannel, Turczyk, Uraltsev JHEP 1011, 109 (2010)]
Dimension 7 and 8 HQET operators extracted from inclusive B decays
[Gambino, Healey, Turczyk PLB 763, 60 (2016)]

Table 2
Default fit results: the second and third columns give the central values and stan-
dard deviations.

mkin 4.546 0.021 r 0.032 0.024
M (3 GeV) 0.987 0.013 r —0.063 0.037
uz 0.432 0.068 r3 —0.017 0.025
ue 0.355 0.060 ra —0.002 0.025
o 0.145 0.061 s 0.001 0.025
Pis —0.169 0.097 s 0.016 0.025
m 0.084 0.059 r7 0.002 0.025
) -0.019 0.036 rs —0.026 0.025
3 -0.011 0.045 ro 0.072 0.044
Tls 0.048 0.043 ro 0.043 0.030
s 0.072 0.045 m 0.003 0.025
Mg 0.015 0.041 2 0.018 0.025
7 —0.059 0.043 3 —0.052 0.031
Mg —0.178 0.073 ra 0.003 0.025
il —0.035 0.044 rs 0.001 0.025
x2/dof 0.46 6 0.001 0.025
BR(%) 10.652 0.156 7 —0.028 0.025
10°|Vey| 42.11 0.74 ris —0.001 0.025
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Moments of shape functions and HQET parameters

e How to express moments of shape function(s)

in terms of my,...mg and ry,...r1g7
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Moments of shape functions and HQET parameters

e How to express moments of shape function(s)

in terms of my,...mg and ry,...r1g?7

e Answer given in [Gunawardana, GP, JHEP 1707 137 (2017)]
(See also appendix A of [Heinonen, Mannel, arXiv:1609.01334])

Gil Paz (Wayne State University) B — X, | U theory

13



Moments of shape functions and HQET parameters

How to express moments of shape function(s)

in terms of my,...mg and ry,...r1g7

Answer given in [Gunawardana, GP, JHEP 1707 137 (2017)]
(See also appendix A of [Heinonen, Mannel, arXiv:1609.01334])

Method of [Gunawardana, GP, JHEP 1707 137 (2017)] allows to
Find such relations

List HQET parameters, in principle, to arbitrary dimension
Construct NRQED and NRQCD bilinear operators,

in principle, to arbitrary dimension
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e Example: Spin-dependent dimension 8 HQET operators
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e Example: Spin-dependent dimension 8 HQET operators

1 _
v (H|hiDM1iDH2 iDH3 ipH4 iDM5 g h|HY = i@ 12 13 Ha PELEEN vp
H

"5(12) (vugnu1u2€pu4u5>\vp _ Vu3nu4usepuzu1>\vp) + ,-ggi) (Vu3 nu1u4€pu2u5>\‘,p _ vu3nu5uzeﬁu4u1>\vp) +

+,-5§35)vu3|-|u1u56/w2u4>\vp +ia~g§)vu3|—|uzu4€pu1u5%‘,p +
+,-[,g) (v“2 nu1u3€pu4u5>\vp _ Vu4nu5u3€puzu1>\vp) + iggi) (vuznu1u4€pu3u5>\vp _ Vu4nu5uz€pu3u1>\vp) +
+,-[,§§) (Vuz |—|u1u5€pu3u4*‘,p _ ,,u4|-|u1u5€pu3uz>\vp) + ,-[,gi) (vuzn%wepuws)\‘,p _ Vu4|-|u3uzepu5u1>\,,p) n

+i5§? (Vuz |—|u3u5€pu1u4%‘/p _  MapH3sL epu5uz)\vp) + ,-[,‘(‘2) (Vuznu4u5€pu1u3kvp _ yMapH2K epu5u3)\vp) .
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e Example: Spin-dependent dimension 8 HQET operators
/\IA (H|hiDM1iDH2 iDH3 ipH4 iDM5 g h|HY = i@ 12 13 Vu4epuw5%vp
H

,§(§) (vugnu1u2€pu4u5>\vp _ VH3|'|H4M5€PM2#1>\VP) + ,-ggi) (Vu3 nu1u4€pu2u5>\‘,p _ vu3nu5uzeﬁu4u1>\vp) +

+,-5§35)vu3|-|u1u56/w2u4>\vp +ia~g§)vu3|—|uzu4€pu1u5%‘/p +

+,-[,(8) (v“2 nu1u3€pu4u5>\vp _ Vu4nu5u3€puzu1>\vp) + ”;(8) (vuznu1u4€pu3u5>\vp _ Vu4nu5uz€pu3u1>\vp) +

+:b( ) (Vuzn;q%epuwuvp _ HAQHLIES (PR3H2N ) + :b ( H2[H3 14 PRLIKEN vp — vHANH3R2 ¢ PHSHTA p) n

+i5§? (Vuz |—|u3u5€pu1u4%‘/p _  MapH3sL epu5uz)\vp) + ib‘(‘? (Vuznu4u5€pu1u3kvp _ yMapH2K epu5u3)\vp) .
e Relation to rg — g

o =620, ry =~ [BD 1 KD 59— KD 350], no =6 [350 + 5D — 50 + 50— 5D)],

=6 [ 5@ >+3b<i) + Eg) + Béi) _ Bﬁ?] L ra=6 [ ( >+ bg) + bgA) +31,(8) + b( )]

ns = —6 [B — BY — 35 — B + 5|, na =6 [BS + BY + 357 + BY + B |, ns =6 [353 — 5 +355)] .

rne =6 [ (8) + 2354) + 3355)] , n7 =26 [23(12) + 23(1 ) + 3354)} , g =26 {33( ) + 355) + a( )} .
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e Example: Spin-dependent dimension 8 HQET operators
1 _
v (H|hiDM1iDH2 iDH3 ipH4 iDM5 g h|HY = i@ 12 13 Vu45mbws%vp
H
,5(82) (vl—bgnu1u2€pu4u5>\vp _ Vu3nu4u5€puzu1>\vp) + i5® (Vu3 nu1u4€puzu5>\vp _ vugnusuzepu4u1>\vp) +

14
+,-5§35)vu3|-|u1u56/w2u4>\vp +ia~g§)vu3|—|u2u4€pu1u5%‘/p +
+,-[,(8) (vuz |-|u1u3£pu4u5>\vp _ Vu4nu5u3€puzu1>\vp) + ”;(8) (vuznu1u4€pu3u5>\vp _ Vu4nu5u2€pu3u1>\vp) +
+,b( ) (Vﬂznu1u5€pu3u4k‘,p _ HAQHLIES (PR3H2N )+,b ( K2 [H3H4 PHIMSN |, vy — vHAnHBH2 e pusHIA p) +
+i5§? (Vuz |—|u3u5€pu1u4%‘/p _  MapH3sL 69#5#2)\,,9) + ib‘(‘? (Vuznu4u5€pu1u3kvp _ yMapH2K epu5u3)\vp) .
e Relation to rg — g

o =66®, ro = —6 [BY + BY — B — B — 35Q] , ro = 6 [3b(3) + By — BE) + By — BY] ,
1 =6 (B + 353 + ) + 5 — BY) |, o =6 [~BY) + B + 5 + 358 + 5] ,

58 _ 5@ £(8) ”(8) 58 1 5@ . p(8) 5(8) _ 4(8) | 34(8)
ns = —6 [B — BY — 35 — B + 5|, na =6 [BS + BY + 357 + BY + B |, ns =6 [353 — 5 +355)] .
re =6 253 + 25 +380) |, ny =6 [253) + 25 + 385, me =6 [357) + 57 + 7] .

e Moments in w and w; are related to HQET parameters

(w/wk )y = A dw w' > dwq wk (w,w ) = (ivps At — )(—l)k
van) = [ _ . deret (e pra | A 8a | A
1 _
x W(Bw(m D) [iA- D, [iA-D,---[ifi- D, [iD*,ifi- D] - --]]sh|B).
——
k times
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Numerical Results: moments of gy7
e Moments in w and w; are related to HQET parameters

A o
(W' wk g17) = / dw w’/ dwy Wk gr7(w, w1, ) = (VPeppa  AA" — g 2) (1)
— 00 — 00

x i(éuﬁ(m.D)’[fﬁ~D,[iﬁ~D,.~~[fﬁ~D,[iDa,iﬁ.D]-.~}]s*h|é).
2Mg

k times
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Numerical Results: moments of gy7

e Moments in w and w; are related to HQET parameters

A o
(W' wk g17) = / dw w’/ dwy Wk gr7(w, w1, ) = (VPeppa  AA" — g 2) (1)
— 00 — 00

x i(éuﬁ(m.D)’[fﬁ~D,[iﬁ~D,.~~[fﬁ~D,[iDa,iﬁ.D]uj]s*hué).
2Mg

k times

e 2010 analysis only had 2 non-zero moments
[Benzke, Lee, Neubert, GP, JHEP 1008, 099 (2010)]

(W W g17) = 0.237 +0.040 GeV?, (w!w? g17) = 0.056 & 0.032 GeV?
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Numerical Results: moments of gy7

e Moments in w and w; are related to HQET parameters

A o

(W' wk g17) = / dw w’/ dwy Wk gr7(w, w1, ) = (VPeppa  AA" — g 2) (1)
— 00 — 00

1

2Mg

x (Blh(in- D) [iA-D,[iA-D,---[iA- D, [iD*,if- D] ---]]sh|B).

k times

e 2010 analysis only had 2 non-zero moments
[Benzke, Lee, Neubert, GP, JHEP 1008, 099 (2010)]

(W W g17) = 0.237 +0.040 GeV?, (w!w? g17) = 0.056 & 0.032 GeV?

e 2019 analysis added 6 non-zero moments
[Ayesh Gunawardna, GP JHEP 11 141 (2019)]

(WP w? g17) = 0.15£0.12 GeV*,  (w?w? g17) = 0.015 4 0.021 GeV*
(w?w? g17) = 0.008 £ 0.011 GeV°, (w'w! g17) = 0.073 £ 0.059 GeV*
(w? wi g17) = —0.034 +0.016 GeV>, (w'w? g17) = 0.027 +0.014 GeV>.
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Results: Reducing non-perturbative uncertainties

e 2010 analysis only had 2 non-zero moments
[Benzke, Lee, Neubert, GP, JHEP 1008, 099 (2010)]
(w® W g17) = 0.237 £ 0.040 GeV?,  (w'w? g17) = 0.056 + 0.032 GeV?

e 2019 analysis added 6 non-zero moments
[Ayesh Gunawardna, GP JHEP 11 141 (2019)]
(WPw? g17) = 0.154+0.12 GeV*,  (w?w? g17) = 0.015 + 0.021 GeV*
(ww? g17) = 0.008 £ 0.011 GeV°, (w'w! g17) = 0.073 £ 0.059 GeV*
(w? wi g17) = —0.034 £+ 0.016 GeV°, (w'w? g17) = 0.027 +0.014 GeV°.
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Results: Reducing non-perturbative uncertainties

e 2010 analysis only had 2 non-zero moments
[Benzke, Lee, Neubert, GP, JHEP 1008, 099 (2010)]
(w® W g17) = 0.237 £ 0.040 GeV?,  (w'w? g17) = 0.056 + 0.032 GeV?

e 2019 analysis added 6 non-zero moments
[Ayesh Gunawardna, GP JHEP 11 141 (2019)]
(WPw? g17) = 0.154+0.12 GeV*,  (w?w? g17) = 0.015 + 0.021 GeV*
(ww? g17) = 0.008 £ 0.011 GeV°, (w'w! g17) = 0.073 £ 0.059 GeV*

(w? wi g17) = —0.034 £+ 0.016 GeV°, (w'w? g17) = 0.027 +0.014 GeV°.
e Using moments we can model these soft functions with an

orthonormal basis functions as first suggested in
[Ligeti, Stewart, Tackmann, PRD 78 114014 (2008)]
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Results: Reducing non-perturbative uncertainties

2010 analysis only had 2 non-zero moments
[Benzke, Lee, Neubert, GP, JHEP 1008, 099 (2010)]
(w® W g17) = 0.237 £ 0.040 GeV?,  (w'w? g17) = 0.056 + 0.032 GeV?

2019 analysis added 6 non-zero moments

[Ayesh Gunawardna, GP JHEP 11 141 (2019)]

(WPw? g17) = 0.154+0.12 GeV*,  (w?w? g17) = 0.015 + 0.021 GeV*
(ww? g17) = 0.008 £ 0.011 GeV°, (w'w! g17) = 0.073 £ 0.059 GeV*

(w? wi g17) = —0.034 £+ 0.016 GeV°, (w'w? g17) = 0.027 +0.014 GeV°.
Using moments we can model these soft functions with an
orthonormal basis functions as first suggested in

[Ligeti, Stewart, Tackmann, PRD 78 114014 (2008)]

New estimate of uncertainty: Total rate | 50%, CP asymmetry 1 33%
[Ayesh Gunawardna, GP JHEP 11 141 (2019)]
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Results: Reducing non-perturbative uncertainties

2010 analysis only had 2 non-zero moments
[Benzke, Lee, Neubert, GP, JHEP 1008, 099 (2010)]
(w® W g17) = 0.237 £ 0.040 GeV?,  (w'w? g17) = 0.056 + 0.032 GeV?

2019 analysis added 6 non-zero moments
[Ayesh Gunawardna, GP JHEP 11 141 (2019)]

(WPw? g17) = 0.154+0.12 GeV*,  (w?w? g17) = 0.015 + 0.021 GeV*
(ww? g17) = 0.008 £ 0.011 GeV°, (w'w! g17) = 0.073 £ 0.059 GeV*

(w? wi g17) = —0.034 £+ 0.016 GeV°, (w'w? g17) = 0.027 +0.014 GeV°.
Using moments we can model these soft functions with an

orthonormal basis functions as first suggested in

[Ligeti, Stewart, Tackmann, PRD 78 114014 (2008)]

New estimate of uncertainty: Total rate | 50%, CP asymmetry 1 33%
[Ayesh Gunawardna, GP JHEP 11 141 (2019)]

Using different models, including some A%,/ mj, corrections and
larger m¢ range, a smaller reduction was found in

[Benzke, Hurth PRD 102 114024 (2020)]
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What about V7

e Above information not applied yet to the photon spectrum

but it can be done
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What about V7

e Above information not applied yet to the photon spectrum

but it can be done

e Moments of g7g and ggg are not related to to these HQET parameters.

Very little is known about them, in particular, their E, dependence

e It is not clear if such modeling of g7g and ggsg is better than assuming
a Aqcp/mp uncertainty on the extraction of the leading shape
function from B — X~

Gil Paz (Wayne State University) B — X, | 7 theory 17



Critical review of current approaches
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Reminders

e We need to distinguish between

incorrect statements and differences in what is “reasonable”
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Reminders

e We need to distinguish between

incorrect statements and differences in what is “reasonable”

e Example: Version 1 of [Gunawardana, GP, JHEP 1707 137 (2017)]

did not include possible multiple color structures for dimension > 7
HQET operators (irrelevant for current level of |V | precision)
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Reminders

e We need to distinguish between

incorrect statements and differences in what is “reasonable”

e Example: Version 1 of [Gunawardana, GP, JHEP 1707 137 (2017)]

did not include possible multiple color structures for dimension > 7
HQET operators (irrelevant for current level of |V | precision)

e | think it is not “reasonable” to include some /\éCD/mi corrections
and not others for estimating the non-perturbative uncertainty for
B — Xsv
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Reminders

e We need to distinguish between

incorrect statements and differences in what is “reasonable”

e Example: Version 1 of [Gunawardana, GP, JHEP 1707 137 (2017)]

did not include possible multiple color structures for dimension > 7
HQET operators (irrelevant for current level of |V | precision)

e | think it is not “reasonable” to include some /\éCD/mi corrections
and not others for estimating the non-perturbative uncertainty for
B — Xsv

e I'll try to distinguish the two in the following

Gil Paz (Wayne State University) B — X, | 7 theory
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BLNP

e Approach in [Lange, Neubert, Paz PRD 72 073006 (2005)]
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BLNP

e Approach in [Lange, Neubert, Paz PRD 72 073006 (2005)]

e Based on 1
dlr ~ H - S+ — H - P+
J® +mbzi: J®s +
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BLNP

Approach in [Lange, Neubert, Paz PRD 72 073006 (2005)]

Based on 1
dlr ~ H - S+ — H - P+
J® +mbzi: J®s +

Leading power H-J ® S at O(as)
Subleading shape functions: H - J ® s; at O(a?)
2}

as/m[{)l’ and 1/m? incorporated as naive convolution with LO SF
S extracted from B — X7y, s; modeled (~ 700 models)
Smoothly merges to local OPE when integrated over phase space

Hard, Jet, and Soft scale separated with NLO resummation

Gil Paz (Wayne State University) B — X, | 7 theory

20



BLNP: possible issues
1
dr ~ H-J®S+mbzi:H-J®s,-—|—...

1) s; modeled using normalization and first moment with second
moment taken to be (0.3GeV)3
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BLNP: possible issues

1
dr ~ H - — N H. L
J®S+mbzi: JQsi+

1) s; modeled using normalization and first moment with second
moment taken to be (0.3GeV)3

Incorrect: two of the subleading shape functions, v and v, have zero
second moment [Bauer, Luke, Mannel PLB 543 261 (2002)]
Can affect SSF uncertainty
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BLNP: possible issues

1
dr ~ H - — N H. L
J®S+mbzi: JQsi+

1) s; modeled using normalization and first moment with second
moment taken to be (0.3GeV)3

Incorrect: two of the subleading shape functions, v and v, have zero
second moment [Bauer, Luke, Mannel PLB 543 261 (2002)]
Can affect SSF uncertainty

2) Resummation: 2009 Study of implication of O(a?2) on |V,|
[Greub, Neubert, Pecjak, EPJC 65 501 (2010)]

“factorization ... perturbative coefficient...into jet and hard functions
is not strictly necessary: using ... fixed-order... does not lead to large
scale uncertainties ... nor to a poor convergence ..."
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BLNP: possible issues

1
dTr~H - JoS+—S H. S
J® +mbzi: J®s +

3) S has a negative radiative tail for large w that is “glued":

not very elegant
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BLNP: possible issues

1
dTr~H - JoS+—S H. S
J® +mbzi: J®s +

3) S has a negative radiative tail for large w that is “glued":

not very elegant

4) Uses the shape function mass scheme,

not easy to switch to other schemes. e.g. kinetic

Gil Paz (Wayne State University) B — X, | 7 theory
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SIMBA

e Approach in [Ligeti, Stewart, Tackmann PRD 78 114014 (2008)]

Gil Paz (Wayne State University) B — X, | 0 theory

23



SIMBA

e Approach in [Ligeti, Stewart, Tackmann PRD 78 114014 (2008)]

e Zoltan gives a talk about SIMBA, so | will limit myself to some
comments
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SIMBA

e Approach in [Ligeti, Stewart, Tackmann PRD 78 114014 (2008)]

e Zoltan gives a talk about SIMBA, so | will limit myself to some
comments

e A major difference from BLNP is the treatment of the leading shape
function using

S(w, un) = /dk Co(w — k, ua)F (k)

“where Co(w, 1) is the b quark matrix element of the shape function
operator calculated in perturbation theory, and F(k) is a
nonperturbative function that can be extracted from data.”

[Ligeti, Stewart, Tackmann PRD 78 114014 (2008)]
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SIMBA

e Approach in [Ligeti, Stewart, Tackmann PRD 78 114014 (2008)]

e Zoltan gives a talk about SIMBA, so | will limit myself to some
comments

e A major difference from BLNP is the treatment of the leading shape
function using

S(w, un) = /dk Co(w — k, ua)F (k)

“where Co(w, 1) is the b quark matrix element of the shape function
operator calculated in perturbation theory, and F(k) is a
nonperturbative function that can be extracted from data.”

[Ligeti, Stewart, Tackmann PRD 78 114014 (2008)]

e In other words, this is a different factorization scheme from BLNP
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SIMBA

e |n other words, this is a different factorization scheme from BLNP

e "The advantage of our construction [...] is that the tail automatically
turns on in a smooth manner when it dominates over the
nonperturbative function F(k) and provides the proper 1 dependence
for S(w, p) at any w.”

[Ligeti, Stewart, Tackmann PRD 78 114014 (2008)]

e The same paper also suggested to use orthonormal basis functions

Among other things it allows to better fit B — X~ photon spectrum
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SIMBA: Possible issues: Positivity

1) The same paper also introduced
S(w) = /dk Colw — K)F(K) = /dk Colw — k) E(K)

- "“... the moments of F(k) are given by renormalon-free parameters...”
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1) The same paper also introduced
S(w) = /dk Colw — K)F (k) = /dk Colw — K) F(K)
- "... the moments of l/-_\(k) are given by renormalon-free parameters..."

e "“We expect on physical grounds that l?(k) is positive...”
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SIMBA: Possible issues: Positivity

1) The same paper also introduced
S(w) = /dk Colw — K)F (k) = /dk Colw — K) F(K)
- "... the moments of l/-_\(k) are given by renormalon-free parameters..."

e "“We expect on physical grounds that l?(k) is positive...”

e From [Gunawardana, GP '17] and [Gambino, Healey, Turczyk '16)]
/dw Sw)=1, /dww S(w) =0, /dw w® S(w) = p2/3 = 0.144 £ 0.023 GeV?,
/dw W’ S(w) = —pp/3 = —0.048 4 0.020 GeV°,

/dw w* S(w) = m1/5 — my/3 = 0.023 + 0.017 GeV*,

/dw WP S(w) = (=8n +2m +2r+2n + s+ 15 + r7) /15 = —0.027 £ 0.015 GeV®

e Starting with the third, the moments are not positive
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SIMBA: Possible issues: Multiplicity

2) “We expect on physical grounds that F(k) is positive, so we can
expand its square root..”

Fmod (k {ch n< )}

e Because the equations are quadratic, there can be multiple solutions
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SIMBA: Possible issues: Multiplicity

2) “We expect on physical grounds that F(k) is positive, so we can
expand its square root..”

Fmod (k {ch n< )}

e Because the equations are quadratic, there can be multiple solutions
“... With {m},s, A1} we have {¢, c1, co} = {0.949, —0.309, 0.064}"
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SIMBA: Possible issues: Multiplicity

“We expect on physical grounds that F(k) is positive, so we can
expand its square root..”

Fmod (k {ch n< )}

e Because the equations are quadratic, there can be multiple solutions

‘.. With {ml%, A1} we have {co, c1, ¢} = {0.949, —0.309, 0.064}"

20+

1 i 27 = 3 4 5
Figure 1: The variation of F' against k; red curve represent combination {c0 — 0.949031,c1 —
—0.308648, c2 — 0.0638516}

[Image by A. Gunawardana, private communication]
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SIMBA: Possible issues: Multiplicity

2) “We expect on physical grounds that F(k) is positive, so we can
expand its square root..”

Fmod (k {ch n< )}

e Because the equations are quadratic, there can be multiple solutions
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SIMBA: Possible issues: Multiplicity

2) “We expect on physical grounds that F(k) is positive, so we can
expand its square root..”

Fmod (k {ch n< )}

e Because the equations are quadratic, there can be multiple solutions
e “.. and for {m" A1} we have
{co, c1, &} = {0.988, —0.120, —0.095}."
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SIMBA: Possible issues: Multiplicity
2) “We expect on physical grounds that F(k) is positive, so we can
expand its square root..”

Fmod (k {ch n< )}

e Because the equations are quadratic, there can be multiple solutions

e “.. and for {mf" A} we have
{Co, C1, CQ} = {0.988, —0.120, —0.095}.”

2.0

0.5

1 2 3 4 5

Figure 2: The variation of F against k; blue curve represent combination {c0 —
0.988539, c1 — —0.115211,¢2 — —0.0975604 }

[Image by A. Gunawardana, private communication]
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SIMBA: Possible issues: Small momentum behavior

3) "Due to the short distance subtractions ... to ensure that S(w, p)
goes to zero at w = 0, we need F(k) to go to zero at least as k3 for
k — 0"
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SIMBA: Possible issues: Small momentum behavior

3) "Due to the short distance subtractions ... to ensure that S(w, p)
goes to zero at w = 0, we need F(k) to go to zero at least as k3 for

k — 0"

e If we want to include higher moments, we might need to increase the
power of k [B. Lange, private communication]
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GGOU

Based on

VV,' ~ Fi ® VVipert

W; structure functions that give dIl
- WP known perturbative quantities

- Fi(ky, g%, 1) OPE-constrained non-perturbative distribution functions

uses kinetic scheme, Wilsonian cutoff p ~ 1 GeV
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GGOU

e Based on
VV,' ~ Fi ® VVipert
- W, structure functions that give dI'
- WP known perturbative quantities
- Fi(ky, g%, 1) OPE-constrained non-perturbative distribution functions

- uses kinetic scheme, Wilsonian cutoff y ~ 1 GeV

e F; moments are constrained by OPE
About 100 forms considered in GGOU
Each parameterized by simple 2-parameter functional forms
[Gambino, CKM 2016 talk]
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GGOU: Possible issues: Factorization

Based on

V‘/" ~ FI ® VVipert
W; structure functions that give dI

- WP known perturbative quantities
- Fi(ky, g%, 1) OPE-constrained non-perturbative distribution functions
uses kinetic scheme, Wilsonian cutoff y ~ 1 GeV
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e Based on
V‘/" ~ FI ® Vvipert

- W; structure functions that give dI

- WP known perturbative quantities

- Fi(ky, g%, 1) OPE-constrained non-perturbative distribution functions
- uses kinetic scheme, Wilsonian cutoff y ~ 1 GeV

e The formula
V‘/l' ~ FI ® V‘/ipel’t

only holds at leading power
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- W; structure functions that give dI

- WP known perturbative quantities

- Fi(ky, g%, 1) OPE-constrained non-perturbative distribution functions
- uses kinetic scheme, Wilsonian cutoff y ~ 1 GeV

e The formula
V‘/l' ~ FI ® V‘/ipel’t

only holds at leading power

e Power corrections appear with different WP
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GGOU: Possible issues: Factorization

e Based on
V‘/" ~ FI ® Vvipert

- W; structure functions that give dI

- WP known perturbative quantities

- Fi(ky, g%, 1) OPE-constrained non-perturbative distribution functions
- uses kinetic scheme, Wilsonian cutoff y ~ 1 GeV

e The formula
V‘/l' ~ FI ® V‘/ipel’t

only holds at leading power

e Power corrections appear with different WP

e | am not familiar with factorization formula that shows such a
symmetry for all power corrections
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Open problems and Future progress

Gil Paz (Wayne State University) B — X, | 7 theory

31



Open problems and Future progress
e Problem: New calculations in last 10+ go beyond NLO analyses of

the 2000's
Future progress: Implement these in existing or new formalisms
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Open problems and Future progress
Problem: New calculations in last 10+ go beyond NLO analyses of

the 2000's
Future progress: Implement these in existing or new formalisms

Breaking News: Such work is in progress
[Gunawardana, Lange, Mannel, Olschewsky, Vos, GP]
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Open problems and Future progress

e Problem: New calculations in last 10+ go beyond NLO analyses of
the 2000's

Future progress: Implement these in existing or new formalisms

e Breaking News: Such work is in progress
[Gunawardana, Lange, Mannel, Olschewsky, Vos, GP]

e Problem: (Too) simple parameterization of non-perturbative
functions?
Future progress: Use better methods to fit to data
Discussion question: Can all such information be obtained from data?
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Open problems and Future progress

e Problem: New calculations in last 10+ go beyond NLO analyses of
the 2000's

Future progress: Implement these in existing or new formalisms

e Breaking News: Such work is in progress
[Gunawardana, Lange, Mannel, Olschewsky, Vos, GP]

e Problem: (Too) simple parameterization of non-perturbative
functions?
Future progress: Use better methods to fit to data
Discussion question: Can all such information be obtained from data?

e Future progress: Belle Il will improve B — X, and inclusive V,;,

The future looks promising for B — X, /7 and inclusive | V]!
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