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Outline

» Inclusive B - X (v,

» Remarks on Heavy Quark Expansion
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Main motivation: Determination of |Vp| and | V|

Inclusive |Vp| Inclusive |V p|

E d Xu(ﬁg § g Xceljg

1
Br o< |Vgy[? [I’(b — qliy) + +as...] ]
[ m e

» [(b— qlp,) = free quark decay
» 1/my ¢ = subleading HQE corrections
» higher background in experiment
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Main motivation: Determination of |Vp| and | V|

Inclusive |Vp| Inclusive |V p|

o B— Xulvy B- Xcly

1
Br o< |Vgy[? [I’(b — qliy) + +as...] ]
[ m e

» [(b— qlp,) = free quark decay
» 1/my ¢ = subleading HQE corrections
» higher background in experiment

w- o

0

... as alternative with different theoretical and experimental systematics to

Leptonic |Vp| Exclusive | Vyp| Exclusive | Vp|

y o P B - wliy, Ny — pling B — (D, D*) ey, Ny - Neliy
Br o< |Vl fg = future Bs — K¢, future Bs — Dslg
B

[ Br e |Vaof? £2(¢®) @ a(?) |

» fg = B-meson decay
constant

» 2(q?) ® dn(q?) = form factors & phase space
» low background in experiment
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Inclusive b - cfv
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Inclusive semileptonic decays
Final hadronic Xg contains quark with flavor g, focus here on g = ¢ = X¢ = D, Dn, Dnm, D™, . ..

B(pg) — Xe(px) +£(pe) + Te(py) q=ps-Px = Pe+Py

aer
9 S5 |(Xetwe|Cerr|B
dq? dE; dE, 8mB o Spms| ot7e|LerT[B )| [Ps - q - Px]

- M[M G+ Wa (REE, - 6%[2) + W G (E, - E,)] 6 -
23 4F,

= used here factorization at LO in QED into hadronic W,, 3 and leptonic L, g tensors

“ 2r
2GR Vep* WopL®P = (@m)” ) > ’ Xc£Ve|EEFT|B)‘ [P~ a-px]
2mB c spins
where
L># = 4[.0?!75 +py P - 9*’peps _iaaﬂpaplppué]
G BlJ! | Xo) (Xe|Js|B Ju=[CruPLb
Wop = > 6*[ps - q - px] (B|JL| Xe) {Xc|J5[B) i = [C7uPLb]
2mB Xo
[ = —0ap W1 + Va Vg Wg —isaﬁm,v”q” W3 +3aqp W4 + (VQQ5 - Vﬁqa) Ws]
with scalar functions W; = I/Vj(qz7 v-q) W 5 do not contribute since ¢* L, 5 = ¢° L5 = 0 5,20



W,,; from B - B

Hadronic tensor W, g parametrizes strong dynamics for B — X, transition = can be related to

-~ (B| T{JL(x), J5(0)} |B
iTogs :/d4xeiqu( | {a(x), Jsl )}| ) « insert complete set of states

2mg
—igx
:fd4x °
2m5

| in Brest frame pfy = mgv* = mg(1,0)" and used J,, (x) = e

{H[XO] 2 (B 001X} (Xel3 (0)[B) + O1-x°] 32 (BIJB(O)IchbMchbIJL(x)|B>}

g Xebb

X ,,(0)6™ P and write J,, = J, (0)

(B|J3|Xzpn) (Xapn |2 | B)
Exy ~Me = q° — e

— Clpx+dl- Y

_ i2m)° [ (B Xe)(Xel S5 B)) 5.
N Xo mpg — E}% - qO + ie A

8% [px - ?J]}

resembles W,z
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Wos from B - B
Hadronic tensor W, g parametrizes strong dynamics for B — X, transition = can be related to

_ (B| T{JL(x), J3(0)} |B
’TaB =‘/d4xefqu( | { ()2(2’"3/8( )}| )

<« insert complete set of states

fatxg {em 3 (BML 0OV} (Xl O)[B) + 1471 3 <B|J5<o>|xcbb><xcbbwz<x>|s>}

Xebb

iPx —iPx

| in Brest frame p; = mgv"* = mg(1,0)" and used J,, (x) = €, (0)e”""* and write J,, = J,, (0)
i(97)3 B|JL|Xc)(Xo|s|B BlJs| X5 JIB) 5.
_i(2m) (B|J&|Xe)( c|05|.>5a Z (Bl a0 0"‘;,' | g0 8°[px - ]
2[775 Xe mB*Exch +1e Ebb EXEbbimB q

resembles W,z

» at fixed § cuts along real axis in plane of g° = v - q (B rest frame)

—c0o<q® <mg- +m§(0mm and ,/a2+m§(cbbymin—m5<q°<oo

where intermediate states go on-shell

» even for G2 = 0, the two cuts are well-separated: (X, ¢,min = D-meson)
from (mg — mp) to (mg+ mp) = 2mp > Agcp
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W,,; from B - B

Now integrate along semileptonic region = cut
(blue line), using

1
! — =P Fird(w-w')
w-w'+ie w-w'

i.e. calculate T,.5(¢°) = [dq°T.s(%.q%)

1 = 2r)® 4 =t - (2n)® 4
—ImT,5 = - ) -g- B|JL [ Xc)(Xc|dp|B) — ) -
M Tas = = omg 0 1Pe = = PIBIL ) (Xels[B) -~ 5 %b [Pe +q - px]
Note: the [dq® ... implies
= §*[pg + g — px] of Xgp, vanishes if g i 1 Jdq P

Was = -—Im Tag a®r a?r
™

i il i ion for physical X N
in semileptonic region for physical X¢ JPdE,dE, ~ dgPdE,
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W,,; from B - B

Now integrate along semileptonic region = cut
(blue line), using

1 1
— =P Fird(w-w')
w-w'+ie w-w'

1

!
I\

\

\\ ’
ie. calculate T,.5(¢°) = [dg®T.5(q%, ") Xocut™ — <=~

1 = 2r)3 = — 2m)3
—Im Taﬁ = —(2 ) 2(54[[)5—q—px]<B|Jl‘Xc><Xc|J@|B> = ( ) Z (54[p5+q—px]...
iy mpg Xo 2an ot
Note: the [dqP® ... implies
= §*[pg + g — px] of Xgp, vanishes if g i 1 Jda.. impli

Was = -—Im Tag a®r a?r
™

in semileptonic region for physical X, N
P 9 physical Ae dRdE,dE, _ dePdE,

» have related W, s to imagingary part of B — B matrix elements T, (optical theorem at work)

» can not calculate T, 5 close to resonances along cut, BUT

[ “blue + red” contour = “black” contour ]

» on black contour mostly far (> Aqcp) away from resonances = use OPE for T,
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OPE for b — b at tree-level

OPE expresses T, g in terms of matrix elements of local operators

R ’

a,/ \q ‘Z/
[— i [ xe T, 050} » Tz o,] /+\ A
i
At parton level and lowest order in QCD
Py~ 4+ me = mpy — g + K
—_— b = bya
(pp—q)2 - m2+la’m t 7 (mpv—q+k)2—m2+ie

lag = E’YaPL VB P.b

| expandin k/mp <1 & use Chisholmidentity & A= (mpv— q)2 - mi +ie

_'Y5b
2

—b[(Mpv - @)avs + (MpV = @) gYa — Japs(MpY — @) — ieasw (MpV — @) v 5] 1

b
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OPE for b — b at tree-level

OPE expresses T, g in terms of matrix elements of local operators

“na % SR
—if d*xe" T (x),Jp(0)} ~ 2 z0; N, X / “u
S SR NTAN
At parton level and lowest order in QCD b b b b

pb—¢7+mc
(Po—q)2 - m2 +ie

lag = B'yaPL vgPLb = b

2

| expandin k/mp <1 & use Chisholmidentity & A R (mpv— q)2 —mg +

1-9%,
2

1= i v
~ Kb[(me* @avg + (MpV — Q) gYa — Gap —igapu (Mpv — @)H7" 5]

Then this corresponds to local dim-3 operators [O.( ~ 57“(1,75)ib] with
[(§|B'y”‘b|§> = Zpg = 2m5v“,] <§|E’y”’y5b|§) = 0 <« here exact, no transition to HQET needed

and find

_ (§|ta5|§> _ 1 : I NV
Tag = " = =—[-Gap(Mp— Q) + 2MpVa Vg — ieapuw V" q” = (VaQs + V3Ga)

2mp 2A

= —0apT1 +VaVTo —leapuV*q" T3+ qaqp Ts + (Vaqs + V3Qa) Ts /20



Can read off that

— 2 1

Remember A = (mpVv — q)% — m2 + ic and vq = q°

2 4 a? — 2
A= —2mb[q0 M9 e =
2”%

—_—

=q?
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Can read off that

= 2 1
T‘I:mb Vq: Ty = mb: T3=_7
2A 2A 2A

Remember A = (mpVv — q)% — m2 + ic and vq = q°

M+ — m? ; 0_ 0
A= -2my qO _ b q c _ie - l N ’7r5[q qx—]
2mb A —2mb
[ ———
=0
Then find structure functions via W; = —% Im T;
M — v 51q° - q° 51q° - ¢ 5[q° - ¢°
Wy = Mo Y9510 — g0, W2:M, Ws:M, W,=0, Ws-=- (9" - a:]
4mb 2 2mb 2mb
» with W; can perform q°, or equivalently E, integration in L
i p q, q y Ev J dg2dE, dE,

» have found that [Ieading order result is given by decay of free b—quark]

» know how to improve systematically for higher orders in Aqcp/mp and as

9/20



Aaqcp/Mmp corrections

Starting again with tree-level expression

- b me-?Hk

“(mpv-q+k)2-—m+ie

mpy — ¢ + K
A_2gk+ K2

tap vgPLb = B’ya sPLb

| keep 1storderin k/mp <1 & (A -2kqg+k?)™" ~1/A +2qk/ A%

© < [BrakiPb] + 2 [Bra(me¥ - g)vsPL ]

1) go to HQET by b — hy: given by dim-4 operators [(9,.(4) =hvva(1,75),iDs hV]

2) treat Dirac-algebra again with Chisholm identity and go to Tz by taking (By|...|Bv)

» (Bv|hvyasiDghy|By) = 0 vanishes by parity
> fromyhy=h, = ByvaiDshy = vahyiDshy
> then parametrize (By|hyiDahv|By) = X vo and contract with v

X = (By|hviv - Dhy|By) = 0, because of EOM from Lq = hy (iv - D)hy

[There are no Aqgp/mp corrections to B — XCKFJ

[Chay/Georgi/Grinstein PLB247 (1990) 399]
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The problem with m,,

Have seen that the decay of free b-quark provides first terms Me= —

— g,g‘|vcb|2 A2 ~6 A8 A4 AD >
M8~ Xotw] = 232 (1- 8% + 8 - Ml - 12/ In i) + O (1/mf, as )
iy

depends on 5th power of m, = which value should be used?

pole mass mZ"'e not well defined = renormalon issue (=“series in as not well behaved”)

closer investigation shows: also I'[B — X¢¢v] has renormalon issue (in as)

vV v.v Vv

“both issues cure each other”

One needs other observables that depend on mg"'e

» higher moments in lepton energy (E;), (El?),

» higher moments in invariant mass of hadronic states (M2, - m5), ((m% - m5)?2), ...

[ In practice | V.| determination from B — X¢v requires simultaneous fit of I and moments ]
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Status of B - X v
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Status of B - X ¢v, prediction

Decay width and moments in lepton energy and hadronic mass

= double expansion in as = as(p) /7 and Aqep/Mp

-
M; = M + asM™D + 2MP

L (M < a0 (@0, g (@0)) Lo

EihS

3 3 )
1 1
+ MO D, S LLs +o(a§, % 2 )
my my

[see refs. in review Gambino arXiv:1501.00314]
> M,.(j) depend on m¢, mp, Ecy and p (renormalization schemes: “kinetic” or “1S”)

» dim-5: 12 o< (B|by(D)2by|B), 13 (1) o< (Bl|byoy, GH¥ by|B)

» dim-6: p3, Darwin term, p? ¢

» dim-7,8: (’)(1/m‘35) contributions estimated 1.3% effect to I', less on moments
[Mannel/Turzeyk/Uraltsev 1009.4622, Heinonen/Mannel 1407.4384]
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Combined fit of Vg, with

Latest fits

2 3
Mpe:  Mra  PpLs

» use data on (total + partial) width + moments from Babar, Belle, CLEO, DELPHI, CDF

» include effects of higher-dim matrix elements (dim-7: 9 MEs, dim-8: 18 MEs) with some
assumptions

» renormalization m&™ in kinetic scheme

» use external input on ml’;"is(s GeV), hyperfine splitting (Mgs — Mp) for g, ...

Vool mg" mifs 12 I ) s

x103 [GeV] [GeV] [GeV?] [GeV?] [GeV®] [GeV®]
w/o dim-7,8 | 42.21(78) | 4.553(20) 0.987(13) | 0.465(68) 0.332(62) | 0.170(39) -0.150(96)
wdim-7,8 | 42.11(74) | 4.546(21) 0.987(13) | 0.432(68) 0.355(60) | 0.145(61) -0.169(97)

Authors scrutinize stability of fits, using also external input for my,

[Vebline = (42.00 + 0.64) x 1073

only 2% uncertainty from combination of exp. and th. uncertainties
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General remarks
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Heavy Quark Expansion (HQE)

When focusing on total inclusive decay width, optical theorem

MNH-X] = mi Im (H| i/ a*x T{L:EFT(X),EEFT(O)} |H) « insert complete set of states

= g 2@ 1y~ o] | (| et )|

relates to H — H scattering (For B — X7 the derivation was carried out at level of differential decay width)

Assuming large energy release from H to intermediate on-shell states X allows local OPE

with
» dim-3: bb
» dim-4: bilPb — mpbb via EOM back to dim-3
» dim-5: bgso,., G*b

H LG b|H
F[H— X;] o (H|bb|H)+25<|nga’:n2—Gb|>+

b

= eventually systematic expansion in 1/my, by transition to HQET fields H — H, and b — hy
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Applications of HQE
Semileptonic CC and FCNC decays

» semileptonic CC decays: B — Xo,ulv  forl=e,pu,7

» semileptonic FCNC decays: B — Xg s, B— Xsgll and B - Xgqvv
When calculating total width, the integration over ¢z, ~ or ¢/ phase spaces provides a
“smearing” over m;"( of final state (averaging over bound-state effects of individual hadrons)

= hypotheses of global quark-hadron duality

Nonleptonic decays
Here “smearing” works only if sum includes sufficiently many hadronic states
= hypotheses of local quark-hadron duality

» lifetime ratios of b-hadrons: 7(By)/7(By), 7(Bs)/7(By) and 7(Ap)/7(Byg)
» lifetime differences for neutral By s mesons:  Aly s

» hadronic B(B - X5) etc.
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Limitations from Phase space cuts ...

... usually required by experiment to suppress backgrounds (bkg):

» B — X,lv, complicated due to huge charm-bkg, shape functions from B — Xsy moments
» B— Xclvy E, lepton energy
» B— Xsvy E, €[1.7,2.0] GeV (photon energy in B-meson restframe)

» B X<l My, < [1.8, 2.0] GeV to remove double semileptonic bkg
practically irrelevant at high g2, but not at low g?

Il extrapolations beyond cuts introduce model-dependent uncertainties in measurements

OR...

... introduce new scales in theory
= rate less inclusive = additional non-perturbative effects (shape functions etc.)

... so far extrapolation beyond cuts mostly left to experimentalists
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Status of B - X~ theory

» I'(b— gv), = perturbatively calculable part @ NNLO
F(B—Xqv) = T(b—>qy)p+dnp » Oyp = non-perturbative part

around 5% uncertainty @ E, > 1.6 GeV
o (IG?+|G%)
7 [Benzke/Lee/Neubert/Paz arXiv:1003.5012]

O 71y o My [8041 Priy b] F1 » b — dutry sizeable in b — dvy
[Asatrian/Greub et al. arXiv:1305.6464]
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Status of B - X~ theory

» [(b— gv)p = perturbatively calculable part @ NNLO

» ol = non-perturbative part
around 5% uncertainty @ E- > 1.6 GeV
2 /12 Y
o< (|C7| w |C7| ) [Benzke/Lee/Neubert/Paz arXiv:1003.5012]

F(B— Xgv) = T(b—>qy)p+dlnp

07 (71y o< Mp [8o s Preyb] FH » b — dutiy sizeable in b — dvy
[Asatrian/Greub et al. arXiv:1305.6464]

Latest SM updates @ NNLO QCD for E, > 1.6 GeV [Misiak et al. arXiv:1503.01789]

uncertainty budget due to:
5% non-perturbative
3% higher order
3% interpolation of mc-dep. in NNLO corr.

B(B— Xsv)lsm = (3.36+0.23)-107*

B(B - Xgy)lsw = (1.737312)-107°

2% parametric

Better adopted for actual measurement without strange tagging = Xs.q4:

B(B - Xsv) + B(B - Xy7)

= (3.31:£0.22) x107°
B(B — X«liy) (3:31+022)

R’Y
Current world averages
B(B = XsY)|exp = (3.43+0.22)- 1074 = bound on charged Higgs mass in

B(B = XgY)|exp = (1.41£0.57)- 107° 2HDM (type-Il) my= > 480 GeV @ 95% CL
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Status of B - Xy s £¢ theory

3 angular observables in differential decay width B o< (H + Hr) and Agg o< Hp

8 dr
[EW = (1 +c05295)HT(q2)+2(1 —coszeg) HL(q2)+2c0502HA(q2)]

different dependence on short-distance C7 g 19 — complementary to B — K®)2¢ at low g2
5 (8=q*/mp)
Hrec8(1-82[ICa+ 2O +100F| Moo (1-8)%[Co+2C/% +[Cuol?]

Hp oc —43(1 —§)2Re[(Cg + %cy)cro]
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Status of B - Xy s £¢ theory

3 angular observables in differential decay width B o< (H + Hr) and Agg o< Hp

8 d°r 5 ) ) .
[g—qudcosal = (1+cos6,) Hr(q?) +2(1 - cos®0, ) Hi(q?) + 2cos B, Ha(q?)

different dependence on short-distance C7 g 19 — complementary to B — K®)2¢ at low g2

5 (8= ¢°/mp)

Hrec8(1-82[ICa+ 2O +100F| Moo (1-8)%[Co+2C/% +[Cuol?]
A N 2
Ha o< ~43(1 - 8)°Re [(cg N 507)%]

SM predictions @ NNLO QCD and NLO QED [Huber/Hurth/Lunghi 1503.04849]
theory unc. for B and H, 7: 6 -9% in g? € [1, 3.5], [3.5, 6], [1, 6] GeV?
theory unc. for Hy,: from 5 — 70 %, depend strongly on g3-binning around zero-crossing
zero-crossing of Hy predicted with <4 %

QED corrections lead to pronounced differences for ¢ = eand ¢ =

vV V. v v Vv

at high-g® uncertainties larger: B about 30 %

Effects of My, -cuts analysed in SCET at level of subleading shape functions
= require combination of B - Xs7y, B - Xs2¢ and B — X,{i,

[Lee et al. hep-ph/0511334, 0512191, 0812.0001, Bernlocher et al.1101.3310, Bell et al. 1007.3758]
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