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Fundamentals

Decay rates of B and Ay are proportional to

o |Vep|? in decays b — ¢
o |Vup|? in decays b — u

Single b-quark production rate also, but not as clean

Semileptonic decays (b — (¢, u)fv) = best theory control

Empirically [Vp|? ~ 102|V|?
= b — wlv “hides” under b — clv

Concentrate on B decays; for Ay see talk by Svende Braun
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Exclusive vs Inclusive

Exclusive:
o I'(B— Duv), I'(B — D*uv)
o Need form factors: HQET, lattice, z-expansion
o Large fractions: in small-velocity (SV) limit semileptonic
saturated by B — Duv + B — D* v

(Shifman & Voloshin, SINP 47(1988)511; Boyd et al PRD54(1996)2081)
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Exclusive vs Inclusive

Exclusive:
o I'(B— Duv), I'(B — D*uv)
o Need form factors: HQET, lattice, z-expansion
o Large fractions: in small-velocity (SV) limit semileptonic
saturated by B — Duv + B — D* v
(Shifman & Voloshin, SINP 47(1988)511; Boyd et al PRD54(1996)2081)

o I'(B — muv), I'(B — puv),. ..
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o I'(B — muv), I'(B — puv),. ..
o I'(B — Duv), I'(B — D*pv)
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e Small fractions
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Exclusive vs Inclusive

Exclusive:
o I'(B— Duv), I'(B — D*uv)
o Need form factors: HQET, lattice, z-expansion
o Large fractions: in small-velocity (SV) limit semileptonic
saturated by B — Duv + B — D* v
(Shifman & Voloshin, SINP 47(1988)511; Boyd et al PRD54(1996)2081)
o I'(B — muv), I'(B — puv),. ..
o I'(B — Duv), I'(B — D*pv)
o Need form factors: lattice, z-expansion
e Small fractions
Inclusive:
@ I'(B— X Av) =T(B — Duv) +I'(B — D*uv) + I'(B — Dmlv) + - - -
e Quark-hadron duality: T'(B — X.lv) ~ T'(b — clv)
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Exclusive vs Inclusive

Exclusive:
o I'(B— Duv), I'(B — D*uv)
o Need form factors: HQET, lattice, z-expansion
o Large fractions: in small-velocity (SV) limit semileptonic
saturated by B — Duv + B — D* v
(Shifman & Voloshin, SINP 47(1988)511; Boyd et al PRD54(1996)2081)
o I'(B — muv), I'(B — puv),. ..
o I'(B — Duv), I'(B — D*pv)
o Need form factors: lattice, z-expansion
e Small fractions
Inclusive:

@ I'(B— X Av) =T(B — Duv) +I'(B — D*uv) + I'(B — Dmlv) + - - -
e Quark-hadron duality: T'(B — X.lv) ~ T'(b — clv)
(almost) from 15* principles

integration over (some) phase space

holds for moments; characterize non-perturb effects
all analytic
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Exclusive vs Inclusive

Exclusive:
o I'(B— Duv), I'(B — D*uv)
o Need form factors: HQET, lattice, z-expansion
o Large fractions: in small-velocity (SV) limit semileptonic
saturated by B — Duv + B — D* v
(Shifman & Voloshin, SINP 47(1988)511; Boyd et al PRD54(1996)2081)
o I'(B — muv), I'(B — puv),. ..
o I'(B — Duv), I'(B — D*pv)
o Need form factors: lattice, z-expansion
e Small fractions
Inclusive:

@ I'(B— X Av) =T(B — Duv) +I'(B — D*uv) + I'(B — Dmlv) + - - -
e Quark-hadron duality: T'(B — X.lv) ~ T'(b — clv)
(almost) from 15* principles

integration over (some) phase space

holds for moments; characterize non-perturb effects
all analytic

@ u hides under ¢
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Inclusive b — clv

Chay, BG, Georgi, PLB247(1990)399
Bigi et al, PRL71(1993)496

o Combined OPE-HQET Menohar, Wise. PRD15(1994)1310
o Differential rate dr/ dz 11;:.:5; Sti??glg(;‘(l))(%%i())gomon
@ Need > 1 integrated kinematic variable
e Expansion in A/my,
e Corrections first at (A/mp)?
o Moments of the differential rate can kill

perturbative part: zero-in on non-perturb

terms
e Expansion also in a(myp)

r=ry +eri’ + (%) 1y
+ (1O 4 1) s+ (1 + %F(Gl)) fn—%
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Inclusive b — cfv

Chay, BG, Georgi, PLB247(1990)399
Bigi et al, PRL71(1993)496

o Combined OPE_HQET Bigi et al, PLB323(1994)408
Manohar, Wise, PRD49(1994)1310
. . Trott, PRD70(2004)073003
o Differential rate dr/dw Bauer et al, PRD70(2004) 094017

@ Need > 1 integrated kinematic variable
e Expansion in A/my,

e Corrections first at (A/mp)?

ua = —(Blb(GDL)%b|B)
o Moments of the differential rate can kill 4% = —(BIB(D" ) (iD¥ Yo, b|B)
perturbative part: zero-in on non-perturb
terms
e Expansion also in a(myp)
_ 1) (D) )2 (2)
=Ty + %Iy + (%) T
2 2
+@ﬂ+%w0%+@9+%ﬂv%
b b
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.
b
Recent fits: 3
o Six parameters: 2
2 3 g
Mb,es K > PD,LS
@ Includes corrections:
2 0
ozi at (my) ,
ag at (my)”
2 (3] munl AR RARNRARE RARELALY RARE RARE RARN RAF®
e Rate = |V, L1000
[Ver| 3 | Belle ALY
e Moments = non-pert = 800 o } ]
o
arameters v t
p | B .
@ Same parameters as in 8 ++
& 4001 B
o b— uly &5 1 .
. +
e Exclusive decays 20013 1
o Rare decays ok ! .
04 U!f’ U‘.R { ll.ﬂ l.ls! Il.ﬁ 18 ‘_I' 2I2 24

E.? (GeVic)
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Bauer et al, PRD70(2004) 094017

Gambino, Schwanda PRD89 (2014) 014022

48 47 48 49 6
LARAAL ARAM) MAARS ARAS]

48 47 48 49 6
LaARA SAAAS AAAM)

Fling, scheme (expand m,-m,)7}
with theory errors

Fiin,; scheme (kinetic m, mass)]
with theory errors

[ kingy scheme (expand m,-m,)}
without theory errors

Fiiny, scheme (kinetic m, mass)]
without theory errors

46 47 48 49 6

mit ome ol gp wE pls

BRes (%) | 10° |V

4541 0.987 0.414 0154 0340 -0.147
0.023 0.013 0.078 0.045 0.066 0.098

10.65
0.16

42.42
0.86

Alberti et al, PRL114(2015)061802

" m(3GeV) 4 pb ph pis BRew 10°|Va)
4.553  0.987  0.465 0.170 0.332 -0.150 10.65 42.21
0.020 0013  0.068 0.038 0.062 0.086 0.16 0.78

Benjamin Grinstein

46 47 48 49 5
mi (GeV)
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Exclusive: B — D*fv

(D*(p',€)| V* | B(p)) =ige"*Ves, pls py
(D*(¢',e)| A* |B(p)) = foe™ + (- p)[ay (p+ )" + a_(p — p')"]

ar GZ.mb
= F B|Vcb| vV w P new ))2

dw 4873

w = pp - pp+/mpmp-
P(w) from phase space

New = 1.007 ew-correction

HQS: F(1) =1 for my = oo; corrections from ,u%(, Qg
o No 1/my corrections to FF's
o Extrapolate to w = 1: see next slide

Lattice = F(w); talk by Ran Zhou (next)
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Exclusive: B — D*fv

z-expansion

= VTFI- 3
ff(w)zp(z)ganz, nz:%aigl, 2254——14—\/5

BGL:
o Uses: extrapolation, lattice fit Boyd, BG, Lebed, PLB353 (1995) 306;
Nuovo Cim. A109 (1996) 863;
. .. . NPB 461 (1996) 493;
o Ingredients: Analyticity, crossing PRD56 (1<997> %895-6911
symmetry, unitarity CLN:

Caprini, Neubert, PLB380 (1996) 376;

’P(z): computable (Blaschke, QCD) C, Lellouch, N, NPB530 (1998) 153

) ) FNAL/MILC:
Physical region: 0 < z < 0.056 PRDS9 (2014) 114504
Not just a “parametrization:” n > 2
terms give no more than 1%

HFAG: [Vip|F(1) = 35.90(45) x 10~3, FNAL/MILC: F(1) = 0.906(13)

(]

[Vip| = 39.04(49) exp (53)1a1 (19) qep x 1073
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Exclusive: B — D/lv

(DPHIVHIB®) = f+(p+p )+ (fo — f1) = q“ a=p—7, f=f(d*

5
ar _ GF""B
dw 4873
Story in pictures: (HPQCD — PRD92 (2015) 054510)

IVeo*(mp + mp)imb (Vw? = 1)° (newd(w))?
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MILC PRD92 (2015) 034506

MILC uses BGL for fit, else no control of theoretical errors.

1.4

7 .
13 ¢ fo EusEs ]
1.2 BaBar 2009 ~—~— |
A =0.40
5 11} p
Q .
& 1
g 0.9
& s} e N ]
. Seaal
L S -
0.7 \\\\?
0.6 +
0.5 b -
0 0.02 0.04 0.06
z
‘|||I||‘"‘"l'l‘"'[\llllll\\Illlll\lll
v

—v—

Fermilab/MILC ’15 + BaBar ’09,B =D, w=1
Fermilab/MILC °’15 + HFAG’14,B—=D,w=1

Fermilab/MILC ’14 + HFAG ’14,B—D ,w=1

Gambino & Schwanda ’13, B — X, inclusive

36 37 38 39 40 41 42 43 44

v, x 10°

Benjamin Grinstein Determination of V., and V,



P. Gambino at Beauty 2016

A global fit to B—Dlv

o |V |=40.62(0.98) 10~ preliminary (BGL,N=2)
o | Vs | =40.49(0.99) 103 preliminary (BGL,N=3,4)

* based on z-expansion with unitarity constraints using
Boyd,Grinstein,Lebed & Caprini,Lellouch,Neubert 1997

¢ assumes no correlation between FNAL and HPQCD, 3% syst
error on Babar data, correct treatment of last bin, no finite size bin
effect, updated Belle results 1510.03657

* CLN parameterization gives |V |=40.85(95)10- but terrible fit (p-
value < 107) when lattice resulls for fo are included.
We are getting too precise for CLN!!

» Non-zero recoil lattice results are crucial: only zero recoil leads to

| Vs | =39.6(2.1) 10 (BGL) 40.0(1.1) 10 (CLN)
¢ Very precise R(D)=0.302(3), 1.90 from HFAG average
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- B—D*) 1
“Rp) anomaly” in B — D gy Ry = B(B—DWri;)

=~ B(B=DMiD)
~ 05 . . T ]
* E = BaBar, PRL109,101802(2012) 2 3
g [ — Belle, PRD92,072014(2015) Ax*=10 A
¥ 045 LHCb, PRL115,111803(2015) —
- —— Belle, arXiv:1603.06711 e
[ — HFAG Average, P(X?) = 67% ]
0.4 — sM prediction =
0.35— T~ E
03c Q@—j =
025E - — E
[ R(D), PRD92,054510(2015) ]
F  R(D*), PRD85,094025(2012) 3
C Il Il Il .
032 0.3 0.4 0.5 06
R(D)
o FExcesses observed at more than 40
R(D) R(D*)
BaBar 0.440 £ 0.058 + 0.042 0.332 + 0.024 + 0.018 -
Belle 037570003 £0.026  0.20370-0%7 + 0.015
LHCb 0.336 & 0.027 &£ 0.030
Exp. average 0.388 + 0.047 0.321 + 0.021
SM expectation 0.300 + 0.010 0.252 + 0.005
Belle 11, 50 ab~* +0.010 +0.005

T. Freytsis et al. 1506.08896
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Inclusive: B — X, lv

The problem:
@ ¢%2 > (mp — mp)? less sensitive to shape function (SF); sensitive to my,

(A/my)3 corrs, low rate, missing E

@ mx < mp, sensitive to SF, higher rate

E;, > (mg — m%)/?mB sensitive to SF, low rate, simplest

1ar
Tdmi o,
(Gev?)

E/(GeV)

mi(GeV?)

3 (GeV?)

Lines of constant mx
(vq =E;+ EI/)
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. '\
b (mv—q)+k b = b b + O(k/m)
Illustrate problem: B — Xy
mv+k mv+k
mv+k my+k
@ Expand in k/my ~ Aqcep/myp but g/my, ~ 1.
= 7 ) — -
r= Pl — 7+

r - 5 -
myp — d + F + ie mg — 2myqo + i€

@ Series in poles go — mp/2; endpoint region is go &~ mp /2

@ = retain all orders; = 2¢qo/my, Imﬁ =7md(l —x)

dar A1+ 32, _ o
%OC <6(1—z)—2m§5 (1—3:)+~~-> =f(1—=x)

@ Non-perturbative SF 2mp f(w) = (B|hyd(w+in- D)hy|B), (n? = 0,n-v = 1)
(M. Neubert, PRD49(1994)4623, Bigi ct al., [IMP A9(1994)2467)

@ Endpoint spectra in B — X, fv given in terms of f(w) too

@ Some analysis eliminate f(w) from combined B — Xy and B — X, v
analysis; other model SF subject to moment constraints
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QCD & Phase Space Region Alueory (p57) [Vis|(10~)
Mx <1.55 GeV 4.17£0.15+ 012523
Mx <170 GV 2
Py €066 GeV :
BLNP Mx £1.70 GéV, ¢° > 8 GeV? 4.25+0.19+ 01302
Mx — g%, p; >1.0 GeV 4.28£0.15+ 018702
p; > 1.0 GeV 430+0.18=021% 51
p; > 13 GV 4.29+0.18 = 0.20% 519
My <155 GV 440 £0.16=0.12%0%
My <170 GV 416+£0.18=0.14*5%
Py <066 Gev 4100190175530
DGE Mx <170 GeV, q* > 8 GeV? 4.19£0.19+ 0127015
My - ¢, p; > 1.0 GeV 440+0.16= 0184512
p; > 1.0 GeV 442£0.19+ 023105
p; > 1.3GeV. 4.30£0.19= 020405
My <155 GV 408+£015=011°5%
My <170 GeV 394:0171014* “
Py €066 GeV 3.75 = 0. 17i015*”“
GGOoU My €1.70 GeV, ¢* > 8 GeV? 417 +0.: m:tnut“’2
Myx —¢%, p; >1.0 GV 43ai016i018*°°9
pi > 1.0 Gev 435i019i023*
pi > 1.3 GeV 4.33£0.18=0.20%
My <1.55 GeV 331:014:011*3;3
Mx €170 GeV 3.73£0.16=0.13%5 %
Py <066 GeV 3.56+0.16 = 0.15%p 15
ADFR Mx <170 GéV, ¢° > 8 GeV? 374£0.16 =011 15

Mx —¢°, pi >1.0 GeV
pi > 1.0 GeV
pi > 13 GeV

429i015i018*3:§

427:01&1019“’“

PDG:

Benjamin Grinstein

BaBar PRD86 (2012) 032004

BLNP: Bosch, et al PRD 72
(2005)073006

DGE: “dressed gluon exponenti-
ation” Andersen, Gardi, JHEP
0601 (2006)097

ADFR: Aglietti, et al Eur. Phys.
J. C 59(2009)831

GGOU: Gambino, et al JHEP

0710 (2007)058

|Vub|

(4.41 £ 0.15¢x5 70,15, ) x 1072

+0.15
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Exclusive |V|: B — wly

Much as in B — D/v 5
(m(@)IVHIB®)) = f4(p+ P ) + (fo — f+>37’”q“

dB/dq? x 108 [GeV?]

- i“;—’"f\vumpmf+<q2>\2
f+,0(¢%) from Lattice: next talk Ran Zhou

UKQCD PRD91(2015)074510; FNAL/MILC PRD92(2015)014024

Interpolation: z-fit

Boyd, BG, Lebed, PRL74(1995)4603; Bourrely, Caprini, Lellouch PRD79(2009)013008
Fit lattice and data to z-fit Arnesen et al, PRL95(2005)071802

T T T 5.0 T T T T
2 - Lattice N,=4 fit
BaBar untagged 6 bins (2011) = f
Belle untagged 13 bins (2011) 40 - (=N ]
sk BaBar untagged 12 bins (2012) —<— | 1 BCL z-fit (K=3 + constraints)
Belle tagged B 13 bins (2013) 30 [ 1 BGL z-fit (N=3 + constraints) b

Belle tagged B" 7 bins (2013)
Lat.+all expt. combined N,=4 fit Fmm

fao
HeE

20 y |
ol P
i i -3 =
0.0 TS L 1 L 1
0 5 10 15 20 25
@ 7 [GeV?]
FNAL/MILC UKQCD
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Figure cum Conclusions

Gambino, Beauty 2016

103V

B—D"

FNAL

Vo
inclusive

GGOU (HFAG)

Vub inclusive

B-D
global fit

B-oxw
FNAL/MILC

N

Ap—p/As—Ac

luTFiT(sm;

36

E]

103

0

Vo

@ |V incl. vs D*(FNAL/MILC) is ~ 8%(~ 30)
@ RH currents won’t do

[Veblinet = [Veu| (1 + £€2)
|Vcb|D* = |Vcb|(1 +6)
[VebIp = Ve |(1 — €)

@ More general NP dim-6 ops can’t either
Crivellin, Pokorski 1407.1320

@ Tension decreased on |Vp| Bernlochner, Ligeti,
Turczyk, PRD90(2014)094003

T T
HFAG BLNP
HFA(
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