Recent News in Heavy Flavor
Semileptonic Decays

Thomas Mannel

Theoretische Physik |
Universitat Siegen

e ol

Protoroz 2015, 7.4.2015

T. Mannel, Siegen University Recent News in Heavy Flavor Semileptonic Decays



Contents

o Advances in inclusive Vg,
e Decays into D** states
© Heavy Flavour Conserving Decays

e Ap — N form factors

T. Mannel, Siegen University Recent News in Heavy Flavor Semileptonic Decays



Why Semileptonics?

@ Important for Unitarity Triangle Fits

LHCb-preliminary

Inclusive ——

Exclusive —_—
[ B
P (1.0) LHCb —_—
LHCb [Vigp| 7 (CKM 2014)
0.0025 0.003 0.0035 0.004 0.0045 0.005
Inclusive [Vyp| B (HFAG 2014) V .|
o LHCb-PAPER-2015-013 ub

@ Provide insight into QCD:
Form Factors, HQE Matrix Elements

@ “Tensions” are taken as hints to “new physics”
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Advances in inclusive V,
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Advances in inclusive V,

Present state of the b — ¢ semileptonic Calculations

@ Tree level terms up to and including 1/m3 known

@ O(as) and full O(a?) for the partonic rate known

@ O(as) for the p2 /mz is known

@ QCD insprired modelling for the HQE matrix elements

@ New: Complete as/mz, including the pg terms
Alberti, Gambino, Nandi (arXiv:1311.7381)
ThM, Pivovarov, Rosenthal (arXiv:1405.5072)

@ This was the remaining parametrically largest
uncertainty
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Advances in inclusive V,

@ Alberti et al.: Phys.Rev.Lett. 114 (2015) 6, 061802
and JHEP 1401 (2014) 147
e Calculation of the differential rate including the charm
mass
e partially numerical calculation

@ ThM, Pivovarov, Rosenthal:
Phys.Lett. B741 (2015) 290-294
e Fully analytic calculation
@ limtm;—0
e Possibility to include m¢ in a Taylor series
@ Results do (not?) agree,
some more checks in progress
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Advances in inclusive V,

Perform the OPE for T =i [ d*x T [Hete(X)Herz(0)]
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Advances in inclusive V,

@ Structure of the result:

_cdbvp_ Y= ¢, 9
(1 T)/Bo = Go {BYb— 55 | + CuCrgoe

@ chromomagnetic moment operator

1

517, Cn(1)(B(Ps) Oc|B(ps)) = A

@ Total rate

2 3AM?
F(B — XCVK) = Fb] Vcb’2 {Co <1 -+ 7;2) + Cﬁ”TZB}
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Advances in inclusive V,

° We get (p = m2/m?)

Cin= -3+ AD(p) + %Ag)(l))
Qs 31 rn? 43 1972
*?{CA<Q—3)+CF<m— 36 >}

o A(GO)(p) is known

A0 (p) = 8p — 242 + 249> — 5p* —12p%Inp

o AW (p)is such that A%)(0) = 0
@ Numerically known from Alberti et al.
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Advances in inclusive V,

@ Numerically (in the m; — 0 case:
Cin = —3(1 + 1.56%)

This has a “normal” size
@ The corresponding shift in V, is

AlVer| _ , o0 30mG 1

~ +0.3%
| Ves| m 8my 2(1+ AY(p))
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Advances in inclusive V,

Perspectives

@ Fully analytic calculation underway

e for moments
e for the m; dependence in a Taylor series
@ including the full mass dependence

@ Complete comparison of the two results.
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Decays into D** states

Decays into D** states

R. Klein, ThM, F. Shahriaran, D. van Dyk,
arXiv:1503.00569
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Decays into D** states

Decays into D** states

@ B — D and B — D* exhaust about 75% of the
inclusive b — c rate

@ Aside from non-resonant B — Drr:
Decays into D** states

@ ... mainly the orbitally excited states
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Decays into D** states

Orbitally excited states

Make use of Heavy Quark Symmetry:

@ Spin Symmetry Doublets of orbitally excited states,
labelled by the total j of the light degrees of freedom:

D))\ D)\
(o) 1=tz e ([5iz) i=or
@ Masses in the m; — oo limit:

M(D(0%)) = M(D(17)) = me + A2
M(D*(1%)) = M(D"(27)) = Mo + Mgz

@ A3/ — A2 does not scale with mg!
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Decays into D** states

1/m. corrections

@ Kinetic energy and choromomagnetic moment:

1 _ . -
Hajm = 2m, * 2m,

@ Kinetic energy is spin independent and is absorbed
into the mass definition

n 2
Mj:mc+/\j+2—mcﬂ7r

Mass shift is independent of j
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Decays into D** states

@ Chromomagnetic moment depends on the spins:

: Orbital Angular Momentum
: Light Quark Spin

K =J+é = [+5+¢
: Heavy Quark Quark Spin

QL iy

@ Simple parametrization: The gyro-chromo-magnetic
factors of the orbital motion and of the light quark

spin are different:
B~ oL+ p5=ad+ 35
@ The Spin dependent part of the Hamiltonian becomes
(schematically)

Hajm = /d3)? 9 5. Bye=g(d-7)+g(E )
2m;
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Decays into D** states

@ |D*(2*%)) and |D(07")) are Eigenstates of H

HID'(2%)) = Mz + 30+ 30 ) ID'(2°)

HID(0*)) = <M1/2 394 19') D(0))

1977
@ There is a mixing between the two 17 states:
1 T V2 o
HIDE) = (Mye-+ 30— 150') 1D} + 2/ 1D°(17)

HID'(1) = (Mya - 59 15 )10°01%) + *2g/1D(7)
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Decays into D** states

@ Parametrically, the mixing is g’ ~ 1_/mc, klowever, it is
numerically of the same order as Az;» — Aq)2
@ Expect a significant mixing!

me = 00 m,. = finite
I o' || State | Mass [MeV] | Width [MeV]
j=3/2

— oy || DOY) | 2318+£29 | 267 +40

— o || DY) | 24214£0.6 | 27.4+25
C—— b9 || D*(1T) | 2427440 | 3844120
D*(2*) | 2462.6+0.6 | 49+1.3

@ Assignment of the states:
j=1/2 are wide, j = 3/2 are narrow.
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mass [MeV]

2470F

2460 F

2450

2440
2430 F-
2420F
2410

2400 F

Decays into D** states

|IDiy(17)) = cos @ |[D(11)) +sind |[D*(17))
|Do(1%)) = —sind|D(17)) +cosd|D*(17))

@ “Level Crossing”: The mixing angle is larger than 45°

Mass splitting Mixing angle 6

A®)=0 . v
.................................... N“
............................. -
¥_/_/—/_’_//_’_,_/—’—/' I
Ha0 =
=
120
‘ ‘ | | ‘ ‘ 0
0 10 15 20 30 35 50 10 -30 0 - ”
g Mev] ' [MeV]

g~g,0~60°
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Decays into D** states

*h ; Y% CC SGW
Channel H GI ‘ D ‘ CCCN ’ I ® Gl Godirey,
Me =+ 00 Isgur (1985);
B(B~ — D(0%)tw) (4.7-107%|1.8-107%|3.7-107°|1.0- 1073 @ VD: Veseli,
B(B~ — D(17)tw) |6.4-107*2.5-107*|4.9-1075|1.4-1073 Dunietz (1996);
B(B~ — D*(1*)tw) ||4.4-1073(2.9-1073(4.0-107%|4.7-10* @ CCCN: Cea,
B(B~ — D*(2%)tw) ||7.4-107%|4.9-107(6.7-1073(8.0- 1073 Colangelo,
B(B~ — D**(ir) 1.3% | 0.82% | 1.1% 1.5% Cosmai, Nardulli
BB~ = D*(1)w)| I @ 2 (1991);
B(B— — D(1+)tw) ) i @ ISGW: Isgur,
e finite Scora, Grinstein,
b Wise (1989
B(B~ — Dptw) ||3.0-107%|2.1-107*|3.0-107%(3.2. 1073 85— D*( 1+ é)
B(B~ — Dutw) |2.3-107%|1.3-1073]1.3-107%|3.1-1073 (B~ = D*(17)tw) ~22
B(B~ — Dp(D) B(B~ — D(1+)tv)
ol A e it ) 3 6 2.3 1.0
B(B— — Dyli) ! ! 2
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Heavy Flavour
Conserving Decays

S. Faller, ThM, arXiv:1503.06088
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Heavy Flavour Conserving Decays

Why Heavy Flavour Conserving Decays?

@ Weak decays of light quarks inside heavy hadrons
@ May be an interesting QCD lab:
Light quarks moving in the color-background field of
the heavy quark

@ Unfortunately heavily phase-space suppressed:

,:M2+m2—q2

w=vev oMm

and

<w< N \w=""
TS WS Wi 2Mm + 2Mm
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Heavy Flavour Conserving Decays

Decay Am [MeV] JP = JF st S, Quark Transition
Semi-electronic decays
D* — DVety 4.8 0" -0 1/2-1/2 d—u
D} — Detv 103.5 0" -0 1/2-1/2 s—u
B?—)B’e*v 87.5 0" -0 1/2—-1)2 s—ou
B?—>B"e+v 41.6 0" -1 1/2—-1)2 s—ou
E - Afev 184.4 1/2* - 1/2* 0—-0 s—u
> Trev 18.0 1/2* — 1/2* 0—-0 s—u
Ef - Xtrev 13.8 1/2% — 3/2* 0—1 s—u
Q0 - Ere v 2274 1/2* - 1/2* 1-0 s—u
Q0 — Etey 119.7 1/2* - 1/2* 1-1 s—u
Q0 — Etey 49.3 1/2* — 3/2* 1-1 s—u
E, 2 ANev 175.4 1/2* - 1/2F 0—-0 s—u
Q- Eev 255.7 1/2+ - 1/2* 1-0 s—u
Q= E;Oe’v 99.5 1/2* — 3/2* 1-1 s—ou
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Heavy Flavour Conserving Decays

Decay Am [MeV] JF = JF s¢ S, Quark Transition
Semi-muonic decays
= Ay 151.2 1/2* - 1/2* 0-0 s—u
Q- Eruy 201.4 1/2* - 1/2* 1-0 s—u
Q> Erey 56.1 1/2+ - 1/2* 1-1 s—u
5, —>A‘éu‘f/ 140.0 1/2%* - 1/2* 0—-0 s—u
Q, = Euv 232.8 1/2* - 1/2* 1-0 s—u
Pionic decays
B> Afn 184.4 1/2* - 1/2* 0-0 s—u
Ef > AA° 181.3 1/2* - 1/2* 0—-0 s—u
Q0 - =i 2274 1/2+ - 1/2* 1-0 s—>u
Q0 — =070 2243 1/2* - 1/2* 1-0 s—>u
= — A 175.4 1/2* —» 1/2% 0—-0 s> u
B, - Agno 173.6 1/2* - 1/2* 0-0 s—ou
Q — By 255.7 1/2* - 1/2* 1-0 s—ou
Q —)E;Iro 2539 172+ - 1/2* 1-0 s—u
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Heavy Flavour Conserving Decays

Mesonic Decays

@ We need the matrix elements close to v = v/

(H(P)1G.9IHi(p)) = VMm (v + V'), &, (W) + ...
(H; (P, €)|q",.159IHi(p)) = iV Mm(w + 1), ®a, (W) + ...,
@ Normalization statement from light quark flavor

symmetry
O (w=1)=1

@ No normalization for the axial current,
but we assume that ¢4, (1) is also close to unity
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Heavy Flavour Conserving Decays

@ Total rates for semi-electonic decays

0-—0"ev __ G% 2 5
r = 60’/T3 | VCKMl (M — m)
2
r07~>17617 — GF ’V |2(M_ m)S‘q) (1)‘2
20,3/ CKM A

@ Strong phase space supression (M — m)®/MP

Mode Decay Rate [GeV] Branching Ratio
Dt — D¢ty 172 x 102 271 x10° ™
Df — D°etv  4.40 x 10720 3.34 x 1078
B — B etv 1.90x 1072 437 x 1078
BY — B*~etvr 1.38x 107 3.17 x 1079
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Heavy Flavour Conserving Decays

Baryonic Decays

@ What are the form factors close to v = v/?
@ Heavy Quark Limit:

e Heavy Quark = “cannon ball”: Velocity is unchanged
e Heavy Quark spin decouples: Spin is unchanged

“A-like” Baryons: Light degrees of freedom are 0"

(ZH(v,8) |37,u| An(V', 8)) = b=(v, s)up(V', s)B(w)(V+ V'), + ...
(V. 8) [87u15Ul An(V', 87)) =0+ ...

@ B(w): Vector form factor of the 0 — 0 transition
@ B(w = 1) =1 from light quark symmetries
@ No axial vector form factors for the 0t — 0+ transition
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Heavy Flavour Conserving Decays

@ “Y-like” Baryons: Light degrees of freedom are 1"
@ Y — Atransition: 1t — 0+

(ZH(Vv, 8) |8y, 15Ul ZH(V', ) = Ti(v, s)ur(V'. 8" )e A(w) + ...
(ZH(V,8) |87,u| Zp(V',8) =0+ ...,

@ A(w): Axial vector form factor of 1+ — 0+
@ Vector form factor vanishes

@ Decompose 1/2® 1 into 1/2 and 3/2
/ v 1 /! v / / / /
o = &5 = S v v 9) = REYA(V ).

1 1
szdkm+%W%M$%>—

§w+0%ﬁWWﬂ)
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Heavy Flavour Conserving Decays

@ Finally: ¥ — ¥ transitions: 17 — 1+
(Qu(v, ) 87, = (V' 8)) =
ui(v, s)ug(v/, s)( )Vt v,)C(W) + ...,
<QH(V S) |S’)/#’75U| =y (W, s)> =0+....
@ C(w) Vector Form factor for the 1t — 17 transition
@ C(w = 1) =1 due to light quark symmetries

@ No axial vector form factor
.. Decompose into the 1/2 and 3/2 components ...

T. Mannel, Siegen University Recent News in Heavy Flavor Semileptonic Decays



Heavy Flavour Conserving Decays

@ Total rates for semi electronic decays

2
rzser _ GelVol s aqye

01 T T30
pl/2r2s 1|_1/2+—>3/2+
0ttt T plorot

2
1/2t—1/2% G2 ’VCKM‘

N2 = o(M—m))
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Heavy Flavour Conserving Decays

Mode Decay Rate [GeV] Branching Ratio
=0 s ANjew  791x10°™ 1.35 x 1077
=N syler 697x107% 1.19 x 10712
= —>Yife v 374x107% 1.26 x 10712
QA —~=te v 226x10°'® 2.36 x 1077
Q —=te v 363x1071 3.81 x 108
Q0 5 =rte v 149 x 1072 1.57 x 1018
=, - Ne 7 616x10° 1.46 x 10°°
Q, -=0e v 4.05x107'® 6.78 x 1076
Q, - ZPe v 327x10°2 5.47 x 10°1®
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Heavy Flavour Conserving Decays

Mode Decay Rate [GeV] Branching Ratio
=S A 1.3x10°1 23 x 1078
QA —=fp v 71x1071 7.4 %1078
Q= 1.0x10°2 1.1 x 1071
= = ANu 7 91x10°% 22 x 1077
Q, — Egu*D 1.7 x 10718 2.8 x 1078

@ There are also pionic decays possible
@ ... may as well be an interesting QCD lab.
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Heavy Flavour Conserving Decays

/\b — /\C
Form Factors

ThM, D. van Dyk, SI-HEP-2015-14

(all numbers preliminary)
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Ap — Ac form factors

Ap — A, form factors

@ Recent V,, determination from LHCb based on
Ap — plris normalized to A, — A v

@ Relies heavily on Lattice QCD Form Factors for both
Np — P and Ap — Ng (W Detmold, G. Lehner, S. Meinel (2015))

@ Can we say something using continuum methods?
@ — Zero Recoil Sum Rule for A, — A, form factors
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Ap — Ac form factors

Zero Recoil Sum Rule

@ Start from

— 1/d4X ei (v-X)w

(Mo(P)IT{by(x)7.75¢4(x) Tu(0)1"15b4(0) } [As(P))
1

@ compute the contour integral lh(x) = 5
™

T(e)de

le]=p
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Ap — Ac form factors

@ Inserting a complete set of states:
Lowest state is A,

@ Form factor definition: (. reigmann, m. vip @o11)
(el 157NV, 5)) = T (V' o | (W) M, + M) L5
o M (o, 0%
402 () (= 2, — 1)) uny (v,9)
@ Zero Recoil Sum Rule:
lo(em) = % [2]g.(1)[7+]g+(1)[?] + inelastic
= " (em, ) — Dyyme(em, 1) — Dqyp(em, p) + - -
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Ap — Ac form factors

@ Perturbative Contribution
(O(as), computed in Wilsonian Cut Off Scheme)

P (e = pu = 0.75GeV) = 0.970 + 0.02

@ Nonperturbative Contributions
2
1s(Ap) ( 1 1 2 )
Dyyme = —+ =+
1/m? 4 m " m2 " 3mym;,

PH(Ab) +P3b(/\b) (lJr 3 1 )

4m3 12mp, \mz m:  mpym;

A1/m3 =

@ Note 1 = prs = 0 and 1 (Ap) ~ 1i5(B)
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Ap — Ac form factors

@ ... or as an inequality

1
3 [21g: (M + g+ (] < & em, 1) =B e (e, 1) =Bt o (€ma, 1)+

@ Numerically we have (Preliminary)
1
3

@ ... to be compared to the lattice number

(W. Detmold, C. Lehner, S. Meinel (2015))

1
5 2190 (12 +19.(1)2] = 0.824 +0.020

[2lgL (1) +1g+(1)[°] <0.86
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Ap — Ac form factors

Conclusions

@ The V,, Problem seems to remain with us

e Scrutinize the inclusive methodology
e Can it be BSM physics?

@ There is also a “tension” in V,,, but not as severe
(personal view!)

@ A, semileptonic decays become important.
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