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Main motivation: Determination of |Vp| and | V|

Leptonic | Vyp|

2 2 I
[B o< |Vipl? 2 —m‘z]

B

» fg = B-meson decay constant

» helicity-suppression — difficult experimentally

Exclusive |Vp| Exclusive | Vp|

§—>7T£l_/g,/\b—>p&74 §—>(D, D*)Kl_/[,/\b—)/\c@g
future Bs — K¢w, future Bs — (Dg, D3 )¢vy

d
[ d—q‘i o [Vipl? 2(cP) ® dN(¢P)

» 2(g%) ® drn(g?) = form factors ® phase space

» exclusive = low background in experiment
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EFT for b > q£v,

... from previous results of i — eve v, and b — s cc follows in SM analogously:

q e
EFT for b > q4v, Vo
ab v
with g=u,c and ‘{=e,u,T b W vy
—_—>
4Gr B _
Lerr = Lacpxqep — %qu CVLQVL] Qy, = [GVu PO Pre]

in principle each Cy, Q,, — C@f” Qﬂf” should carry indices for q, ¢, v,
» show here also gauge interactions Lqcpxqep Of quarks and leptons

» in SM only a single operator QVL

» in SM the result Cﬁz"'(uw) = 1is lepton-flavor-universal

» no RGrunningunder QCD = CyM(up) = CM(uw) + O (ae)

» EW matching corrections and QED RG evolution from py — pp

e, Mz

“Sirlin correction”:  CSM(up) = 1+ <2 1n ~ 1.007
i T b

4/31



Leptonic CC and FCNC
AB =1 decays
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Leptonic decays and B,-decay constant

Matrix element at leading order in EW interactions:

7

= the notation (...| Lqocpxaep + 2 CiQ; |. . .) denotes a Green function / S-matrix element,

_ 4 —
[iAEFT = (U] ilerr |Bu) — <Wz| = /%qu CVLQVL|BU)]

where the path integral do not show explicitely £qcpxqeD

» is meant to be fully evaluated w.r.t. QCD — requires nonperturbative methods
» usually QED treated perturbatively, restricted to lowest order

(real radiation treatement left to experimentalists via generators/simulation)

» only single insertion of dim-6 operators: C;Q; = lowest order in EW interactions
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Leptonic decays and B,-decay constant

Matrix element at leading order in EW interactions:

7

= the notation (...| Lqocpxaep + 2 CiQ; |. . .) denotes a Green function / S-matrix element,

_ 4 —
[iAEFT = (U] ilerr |Bu) — <Wz| = /%qu CVLQVL|BU)]

where the path integral do not show explicitely £qcpxqeD

» is meant to be fully evaluated w.r.t. QCD — requires nonperturbative methods
» usually QED treated perturbatively, restricted to lowest order
(real radiation treatement left to experimentalists via generators/simulation)

» only single insertion of dim-6 operators: C;Q; = lowest order in EW interactions

For leptonic decay B, — (7,

IAgpT o (Z§€|QVL|EU) o< <€§g‘Z’YHPLVg|O) X <0|a’y‘uPLb|Eu(pB)> < only LO QED

o< [T(pe)vuPLV(Pv)] * fa, Pl « decay constant
o< fg, My [U(Pe)v5V(py)] < use pg = p¢ + py & EOM
Bg meson decay constant [ (0]gv*vs5 b|Bg(ps)) = ifg, pg]
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Leptonic CC decays B, — v,

Can calculate Branching Ratio () with hadronic matrix element (Zw|OVL|§U) — fg, My [€ys v¢]

m,
e = a8, m) - 7% [ () v 0u )

» short-distance V,;, < we like to determine (GF known from muon decay)
» long-distance fg, < nowadays from lattice = (189.4 + 1.4) MeV [FNAL/MILC 1712.09262]
» helicity-suppression m, <« makes it difficult for experiments Be=+/1- m%/mgu

> B, lifetime 75, = (1638 +4)-107"%s
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Leptonic CC decays B, — v,

Can calculate Branching Ratio () with hadronic matrix element (Z§g|OVL|§U) — fg, My [€ys v¢]

m,
T R I C L  (E| PRe

» short-distance V,;, < we like to determine (GF known from muon decay)
» long-distance fg, < nowadays from lattice = (189.4 + 1.4) MeV [FNAL/MILC 1712.09262]
» helicity-suppression m, <« makes it difficult for experiments Be=+/1- m%/mgu

> B, lifetime 75, = (1638 +4)-107"%s

SM predictions (neglecting uncertainties from my, mg,,, G): for |Vyp| = 3.615- 1073

871-1072 ¢=e
By = 2.551 (1 +0.002|,, + o.o15|fB) x|Vpl? x m282 = 372107 ¢=p
934.10°% (=71

= current hadronic uncertainty allow for §| V| ~ 1%, provided experimental uncertainty < 1%

Blp=(109+24)-107°, Bl €[29,1.1]-107@90%CL, B, <9.8-107" ©90% CL
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Leptonic FCNC decays B, — 2 (g=d,s)

In SM one-loop Matching [Inami/Lim Prog.Theor.Phys. 65 (1981) 297]
g Qe b s
— ————
F% |
SW - /\
LO | I

» at LO EW & all orders in QCD, only one operator has non-zero hadronic matrix element

4g Qe

F _ —
[ Lerr = LacpxQed + Wavtbvtg C10Qyo, Qi = [q7MPLb][£7”752]]

similar to b - qf,: [ (e e7|Qyo[Bg) — fa, (2my) [£s E]J

» other semileptonic operator Qg = [, PLb][€v"¢]

(£707|Qg|Ba(ps)) o fa, ply % [G(P)Yuv(PR)] o fa, [U(Pe) (P, + p)v(Pp)] T2 0

» Cig = Cio(my/my) + O (as, a2, ae) higher orders are known + no RG under QCD
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Bs 4 — £ — theory status

Branching ratio

2 2
2m 2 «
2 2 4 (0) e
Bge o< TBy gF o x e, X X +4ﬂ_
» helicity suppression
CKM to be determined
» Bg decay constant in pure QCD from lattice fgy = (189.421.4) MeV  fg = (230.7 +1.2) MeV

[FNAL/MILC 1712.09262]

» LO amplitude < Cyg at NNLO QCD & NLO EW
[Hermann/Misiak/Steinhauser 1311.1347, CB/Gorbahn/Stamou 1311.1348]

» NLO QED amplitude o< C?ffg Il restricted to £ = 1, assuming m,, ~ Aqcp
= power-enhanced my, /Aqcp from spectator-quark dynamics [Beneke/CB/Szafron 1708.09157]
= factorization in SCET4,» and resummation between . ~ mp, — 1~ my,, Aqcp
+ fég) sufficient for power-enhanced Ay o, beyond new fég) required

+ combination with soft real-radiation for AE < my,, Aqcp [Beneke/CB/Szafron 1908.07011]
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Bs — pji — uncertainty budget

Non-radiative rate time-integrated, use | Vp|ine [Beneke/CB/Szafron 1908.07011]

LCDA) ’ 109]

7—Nf =2+ 1+ 1 [FLAG 1902.08191]

+0.30,

()
non-pmr 70-5

+3.1%
s,

+1.1%
M

+0.6%
mg

+1.2%
pmr

o ¢ 7
[Bsu = 3.660 (1+1.1% o

» main parametric long-distance (fg,) and short-distance (CKM and m;)
» non-QED: parametric (g, as) and non-parametric (v, 15 and higher order)

» B-meson LCDA: )\ and o4 » entering power-enhanced QED crr'n

—(0
World average: Bréu) (2,69f8:g7) 1079 [LHCb+CMS+ATLAS, Run 1+2, LHCb-CONF-2020-002 + therein]

exp = 5
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Bs — pji — uncertainty budget

Non-radiative rate time-integrated, use | Vp|ine [Beneke/CB/Szafron 1908.07011]

LCDA) ’ 109]

7—Nf =2+ 1+ 1 [FLAG 1902.08191]

+0.30,

()
non-pmr 70-5

+3.1%
s,

+1.1%
M

+0.6%
mg

+1.2%
pmr

o7 7
[Bsu = 3.660 (1+1.1% o

» main parametric long-distance (fg,) and short-distance (CKM and m;)
» non-QED: parametric (g, as) and non-parametric (v, 15 and higher order)

» B-meson LCDA: )\ and o4 » entering power-enhanced QED crr'n

—(0
World average: Bréu) (2,69f8:g7) 1079 [LHCb+CMS+ATLAS, Run 1+2, LHCb-CONF-2020-002 + therein]

exp = 5

Sensitivity to [V, V|  with Ny =2+ 1+ 1 & assuming LHCb: 4% uncertainty with 300/fb

th " ts
[A. Puig @ LHCb Upgrade WS, LAPP, Annecy, 03/2018, LHCb 1208.3355]
—(0 =(0
B w24% o+ oBryY ~40% = 6|VpVE|~25%
theory LHCb 300/fb
for comparison from b — c/i,: 8] Veblinel = 1.5% [Gambino/Healey/Turczyk 1606.06174]

8| Vieplexcl = 2.2% [Bordone/Jung/van Dyk 1908.09398]
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Semileptonic CC decays
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| Vgo| from exclusive B - (P, V) {v,

Exclusive processes

b->u b-c
B-m B— D
Bs - K Bs — Dsg
B-pw B-D*
Bs - K* Bs— D}
As=p Ay~ A

experiment + theory: nonproblematic

» theory finite-width approximation

2
Vub

~1-1072
Vcb

b — u decays in SM suppressed by

» wv-reconstruction favors B-factories over LHC

» Bs decays at LHC suppressed by fs/fy (similar for Ap)
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| Vgo| from exclusive B - (P, V) {v,

Exclusive processes

b-u b-c >
B-m B—-D

Bs - K Bs — Dsg
Fi— s =l » b — udecays in SM suppressed by

experiment + theory: nonproblematic

» theory finite-width approximation

2
Vs

Vcb
Bs - K* Bs— Dg » v-reconstruction favors B-factories over LHC

Ao—p  Ap— AL

~1-1072

» Bs decays at LHC suppressed by fs/fy (similar for Ap)

Observables
Bﬁpe;[ B — V(—> P1P2)£;g /\b—>/\c(—> /\7\')832

el a‘r a'r
ag? dg? dcos 6, dcos 0y dx dg? dcos 0y dcos O dx

= angular distributions provide further observables F; (%), Ars(q?), ...

B(B > M(T,)

LFU rati R(My= ——— 2 7L)
ratios [ (M) BB = METp)

} hadronic uncertainties cancel (especially in SM)
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Form Factors (FF)

Matrix element at leading order in EW interactions:

. . = . 4Gr —
[/AEFT = (M|iLeer|B) — <54M|—1$qu CVLQVL|B)]

For semileptonic decay B — M (7,
iAger o< (7,M|Qy,|B) o (€T[lv,PLve|0) x (M|Gy* PLb|B) < only LOQED

o< [T(pe)vuPLV(pr)] x FF(¢?) « form factor
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Form Factors (FF)

Matrix element at leading order in EW interactions:

. . = . 4Gr —
[/AEFT = (M|iLeer|B) — <54M|—1$qu CVLQVL|B)]

For semileptonic decay B — M (7,
iAger o< (7,M|Qy,|B) o (€T[lv,PLve|0) x (M|Gy* PLb|B) < only LOQED

o< [T(pe)vuPLV(pr)] x FF(¢?) « form factor

B — Pseudoscalar FF’s — depend on momentum transfer [ g=p-k=p;+ p,,]

_ B B m2 - m3 _ B
(P(K)|Gvub|B(P)) = fr (P+K)p +[fo f+]—q2 G (P|gvuvsb|B) =0

g>-differential branching ratio

dB B B} m?
de o< 7’B|qu|2 55 ol [mzsplz (1 - 2‘72) (f+ ) (ms + mP) (fo) ]
= only . (g?) relevant if m;, « ¢° (¢ = e, u), fy important for £ = Be =+/T-m2/q?
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Form Factor definitions

B — Pseudoscalar FF’s

_ m2, - m2
(P(K)| G b|B(P)) = fr(p+ k) + [fo - f+]TCM
_ . ifr
(PUOIGo,rq” b|B(p)) = - [@P(p+ k) = (m — mB)
» 3 B — P form factors f. = vector FF fo = scalar FF fr = tensor FF

» kinematical constraint at g° = 0: f, = f

» in SM there is no b — g/, operator with tensor structure [G oy - . .
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Form Factor definitions

B — Pseudoscalar FF’s

_ m2 — m?2
(P(k)|QWub|B(P)):f+(P+k)u [fo—f+]TPC7u
ifr
(PUOI o bIB(P)) = - [¢?(p+ k) — (m - m)q,]
» 3 B — P form factors f. = vector FF fo = scalar FF fr = tensor FF

» kinematical constraint at g° = 0: f, = f
» in SM there is no b — q¢v, operator with tensor structure [§ o - .. b]

Approximate relations among FFs in the Heavy-Quark limit my, — oo valid up to Aqcp/mp
[Isgur/Wise PRD 42 (1990) 2388]

» different sets for a) Heavy-to-heavy (b — ¢) (heavy = “Aqcp < Me S Mp”)

b) Heavy-to-Light (b— u,d,s) (light="mg < Aqcp”)

» for heavy-to-light further “symmetries” in Large Recoil limit  Ep ~ % = ¢ -0

[Charles/Le Yaouanc/Oliver/Pene/Raynal hep-ph/9812358]
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Form Factor definitions

B — Vector FF’s

-
2V

mg + my

(V(k, m)|Gvu bIB(D)) = £ prapn™ p*k?

o
q]A1

_ X 2m q
(VIO Tvuvs b|B()) = in*™ {6 G —2L Ag + (mg + my) | gpur —
? ?

e
+ (mg —my) [qu =
mg - ms,
(V)| Gioyunq” b|B(P)) = € puapn™ Pk 2T,

(V(k, )| Giopnq”vs b|B(p)) = in*”{[gw(mé —miy) — (p+K) Gy ] Tz + [q“ -

q
2
m - ms,

qv
(P+k)u] ?AQ}

2

(p+ k)u:| qv TS}

J

|

» 7B VFFs: V = vector FF A1 » = axial-vector FFs
Ao = scalar FF Ty 2,3 =tensor FFs
mg+m mg—-m
» kinematical constraintat g> = 0:  Ag = B VA1 - B VA2
2my 2my

» in SM there is no b — g¢v, operators with tensor structure [q oy ...

and

b]

Ti=T,
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Form Factor definitions

B — Vector FF’s

(

2V
mg + my

(V(k, m)|Gvu bIB(D)) = £ prapn™ p*k?

_ ) 2m qtq”
<V(k)IQ’Yu’YSb|B(P))=’77*u{qMQVTz\/AO+(mB+mV)I:Q/u/— 2 ]A1

7 qv
+(mB—mv)[q“—m§_m2v<p+k)u L
(V)| Gioyunq” b|B(P)) = € puapn™ Pk 2T,

2
(V(k, )| Gioyu q” 75 b|B(P)) = in*”{[gw(mé —my) = (p+hK)uq T2 + [q“ - mz" 5 (p+ k)u] % Ts}
B~ My

J

|

» 7B VFFs: V = vector FF A1 » = axial-vector FFs
Ao = scalar FF Ty 2,3 =tensor FFs
_ mB+mVA B mg — my

» kinematical constraint at g2 = 0:  Ag = 1 A, and T1=T;
2my 2my

» in SM there is no b — g¢v, operators with tensor structure [q o, ... b]

Ap = A¢c FF’s 3xvector FFs 3xaxial-vector FFs and tensor FFs
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Form factor
determinations
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Determination of FF’s

FFs calculated with nonperturbative methods

Light-Cone Sum Rules (LCSR) 12 ~~~~~ R — M=n Lattice QCD (LQCD)
= S — M=D
> _ : ¥y N === M=u(inc) : 2 _ ;
» low g = large recoil 2 oo - M=o » high g~ = low recaoil
» two setup’s with: % oo » 1st principle for B - P
. ) o 0.05
a) light-meson LCDA’s = \ » some appr. for B > V
b) B-meson LCDA’s 0015 V S0 N 8 assume stable V
¢ [GeV?]
LCSR Lattice

» calculate hadronic corr-function via:
a) using unitarity = dispersive

representation involving form factor » numerical evaluation in discretized and
b) light-cone OPE at g2 where applicable finite space-time volume
(g% 5 0) = partons & perturbative » achieves nowadays uncertainties below

. . 10% for B — P
» sum rule obtained by maching both

results and using (semi-global)
quark-hadron duality
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Example for B - P of FFs

LQCD averaged by FLAG (Flavour Lattice Averaging Group)

B
FIAG2019

Jfo average
T+ average -
f4 HPQCD 06 +—=—
F+ FNAL/MILC 15 i—e—
F+ RBC/UKQCD 15 +—+—
Jo FNAL/MILC 15 +—o— _|
fo RBC/UKQCD 15 +—=—

o
T
toi
i

<
o
T

B@)oa*) [P (q?)
2 8
‘ ‘
L

02 -~ B

.
00
20, topt)

-03 03

» FLAG-averages provided in FF-parametrization:

http://flag.unibe.ch/2019/MainPage

B-D
T T T T T T T
fo average
T average
- /i HPQCD 15—
i J+ FNAL/MILC 15C +—o—
fo HPQCD 15 H&—
S = o FNAL/MILC 15C 6 |
L E ] 4
% o
|- o -
FTAG2019
L L Il 1 L L
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
2(q?, topt)

“constrained BCL with N = 3”

N (_1)n—N£zN ,
| i

N1
fo(q?) = Zoa?’zn

LQCD use £, (0) = f,(0)

1 N-1
f = ———— ay
&) 1-?/m2, %%
» mapping to
2 Vt+*q2*\/t+*topl
2(q topt) = —F—m—=— ———

Vt+_q2+\/t+_t0pt7

2
ty = (mg+mp)~,

[Bourrely/Caprini/Lellouch 0807.2722]

fopt = /I (/Mg — /Mp)?
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Example for B - P of FFs

LQCD averaged by FLAG (Flavour Lattice Averaging Group)

B
FIAG2019

T
fo BCL fit
7+ BCL it -

o

® £4 HPQCD 06
f1 FNAL/MILC 15
1 RBC/UKQCD 15
fo FNAL/MILC 15

fo RBC/UKQCD 15
BaBar untagged 12bin
BaBar untagged 6bin
Belle tagged 13bin
% % Belle untagged 13bin

.
0.0

2(q, topt)

<
o
T

Belle tagged 7bin

gi;; ﬁ%

0.2 03

<o
=
T

B@)o(e*) [P (a?)
s
‘

02 -~

-0.3 -0.1 0.1

» FLAG-averages provided in FF-parametrization:

http://flag.unibe.ch/2019/MainPage

B—-D
T T T T T T
fo BCL fit
J+ BCL fit
= J+ HPQCD 15 +—m—
i [+ FNAL/MILC 15C o—
fo HPQCD 15 H&—
I fo FNAL/MILC 15C —e—
BaBar 2009 +—k—f
E T Belle 2016 F—+—
S !
I ) ii
FIAG2019 i
L L Il 1 L
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

2(q?, topt)

“constrained BCL with N =

3"

&) = = B*nzoan[ - (1)

-n N]
N ]

fo(q%)

N-1
= > &z
n=0

LQCD use £, (0) = f,(0)

» mapping to
Vi - =/t — fopt
Vbr—‘72‘*'\/1‘+—1‘0pt7

2
z2(q°, fopt) =

» combined fit in SM-framework with Vg, =

2
= (mg+mp)*,

[Bourrely/Caprini/Lellouch 0807.2722]

lopt

= VL (Vg - Vmp)°

fitting FF shape from data
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B — V form factors

Much “less solid” calculations for B — V FFs:
(more appropriate for experimental detection via V — P; P, would be B — P; P> FFs)

» LQCD has to assume Vector meson to be stable (approx.)

» similar issues for LCSR

Experimentally B — D*¢v, favoured

= for V,, the B — D* FFs are important ; AP
» currently LQCD provides only A;
at Qrznax =(mg - mB)z ]
[FNAL/MILC 1403.0635, HPQCD 1711.11013]
0.6
» LCSR calculation done at =
@2 = (-15, -10, -5, 0) GeV?
0.41
for all V, A0’1,2, 7—1,273
» fitted to z-expansion: 0.2
LCSR only - e [GeVz:[l) Y
LCSR + LQCD

[Gubernari/Kokulu/van Dyk 1811.00983]

without [Khodjamirian/Mannel/Offen hep-ph/0611193] 18/31



z-Expansions
and unitarity bounds

Further reading: Textbook by

Irinel Caprini
“Functional Analysis and Optimization Methods in Hadron Physics”

[https:/doi.org/10.1007/978-3-030-18948-8]
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FFs & dispersion relation

Introduced FFs as B — M matrix element = by crossing symmetry same function F(g?)
(M|J"[B) = (.)"F(q?) (0]g4BM) = (.)“F(¢?)

with quark currents  J* = [gy, ... b] describes also B + M production/annihilation
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FFs & dispersion relation

Introduced FFs as B — M matrix element = by crossing symmetry same function F(g?)
(M|J=[B) = (.)"F(q?) (0]J#[BM) = (.)“F(¢?)
with quark currents  J* = [gy, ... b] describes also B + M production/annihilation
They are part of 2-point correlation function

M (@) = (G — PGu) (@) + G Mu(@?) = 7 [ d% F¥{OT(U (), JV(O)}IO)]

that fulfills a (n-subtracted, n =1 or 2 in practice) dispersion relation

> _ 1 dI‘IA(t) °° ImI'IA(t) _
Xa@) = g e = —f () (A=LT)

» dispersion relation allows to calculate x4(g®) at some g® from knowledge of Im I,
or vice versa

» can calculate x4(q?) perturbatively at g? far from where J,, can create resonances
for B -~ D) need (mp, + Me)Aqcp < (mMp + me)2 - g% = g2 = 0 sufficient

“Standard OPE” I'IA’opE(qz) =Y7r21 Cak (Ok) Wilson coeff’s Cy x depend on mp, 4
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Unitarity bounds on FFs

Hadronic representation:

Insert complete set of on-shell states |n) = {|§M), ...} with correct quantum numbers (unitarity)

|_|p,1/ = ifd4X QIQ'X iﬂd“n (0|J#(X)|N><N|JV(O)|0> Ju (%) :eiﬁ’xJ‘u(o)e—fo

i(2m)* ¥, dun (g - pn] (0[N} (NI [0)
if choose s = v, then on r.h.s | (0[J,[N) > 0 is positive, such that

Imn = @m)* Y dun 6™ [q-pn] |(0]Ju|N 2 « keep only first state [BM) in sum
i L u BM)

v

(2r)* fdMBM 5®[q - pau] |F(®) « remember (0" [BM) o< F(q?)

From dispersion relation obt4in a bound on |F(t)| in terms of perturbative result of x4(g®)

»> lower intergration boundary t =0 — t=p3,,
since dppuy o< 6[q° - pgy,]

» these bounds are on FF on the real axis % > p2,,

1 o 3(t) IF(DP
XA(q2>wfng"” -
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Mapping to unit disk
Considered B — M FFs F(g?) extended to complex plane
from semileptonic region m? < g> <t
>t =(mg-mMm)® = Ghax
> t. = (mg+my)? is threshold for [BM) production

» choose freely ty < ¢,

and transform to z-plane into unit-circle

[Z(HO) \/t_—tﬂ}

Vi —i+Vh - D

= “semileptonic” region mapped to |z| « 1
|z <0.035for B~ D and |z<0.29forB— 7
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Mapping to unit disk
Considered B — M FFs F(g?) extended to complex plane
from semileptonic region m? < g> <t
>t =(mg-mMm)® = Ghax
> t. = (mg+my)? is threshold for [BM) production

» choose freely ty < ¢,

and transform to z-plane into unit-circle

[z(t,to) = Vt“t_m}

Vi —i+Vh - D

= “semileptonic” region mapped to |z| « 1
|z <0.035for B~ D and |z<0.29forB— 7

Unitarity bound becomes > outer function ¢(z2) o</ $(2) / xa(G?)

» F(t) is mostly analytic. If there are known
subthreshold resonances at {- < t <, (stable

o= f Z 162 B Ff

2mi

IN
—_

under QCD, e.g. Bé*) etc.) they are removed with a

Blascke factor B(z) (sufficient to know positions zp)
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Z—-Parametrization

FF parametrization in z = z(t, fy) ansatz Ansatz into unitarity bound & z-integration

FD - Farem B

» B(z) x F(z) is analytic function Il constraint on coefficients as well

» ¢(z) has no zeros inside unit disc

Having in mind truncation in k after few terms, because |z| « 1 in “semileptonic region”,

+ unitarity bound on |ak| provides model-independent and powerful parametrization!
(There can be some caveates, depending on B — M, and issues with asymptotic limits)
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Z—-Parametrization

FF parametrization in z = z(t, t) ansatz Ansatz into unitarity bound & z-integration
2 2
F(Z) akx Z ax|” <1
[ B(z) 6(2) i Z o

» B(z) x F(z) is analytic function Il constraint on coefficients as well

» ¢(z) has no zeros inside unit disc

Having in mind truncation in k after few terms, because |z| « 1 in “semileptonic region”,

+ unitarity bound on |ak| provides model-independent and powerful parametrization!
(There can be some caveates, depending on B — M, and issues with asymptotic limits)

BGL = Boyd/Grinstein/Lebed [hep-ph/9412324, 9508211, 9705252]
» often used for B - D™*) FFs
» use ¢(z) and B(z) such that unitarity bound takes form ¥ |ax|* < 1

BCL = Bourrely/Caprini/Lellouch [0807.2722]

» used by FLAG and often LQCD collaborations for B(sy — w, K, D FFs

» replace ¢(z) — simple pole, e.g. 1 - g°/mp-, differently for each FF
» unitarity bound takes complicated form 3; , By (fo) a;(fo) @ (fo) < 1
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Heavy-to-heavy FFs
Constraints from HQET

Further reading:

Textbook by
Aneesh Manohar and Mark Wise
“Heavy Quark Physics” [Camb.Monogr.Part.Phys.Nucl.Phys.Cosmol. 10 (2000) 1-191]
Reviews/Lectures
M. Neubert [Phys. Rept. 245, 259 (1994)]
M. Wise [Les Houches Summer School 1997, hep-ph/9805468]
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Heavy-quark systems

Consider here bound state with single heavy quark H@ = (Q7)
» heavy means mg~ Aqcp < Mg, in practice mg = mp or me

» interaction of Q with light quarks and gluons (= brown muck) (in or close to it's restframe)
described with Heavy Quark Effective Theory (HQET)

» heavy mass implies that changes of velocity due to brown muck

e Spt A
V.U‘=L 5\//‘:L~@_>O for mq — oo
mq mq mq
= Q has constant velocity

» since QCD flavorblind all heavy quarks alike for mg — oo
= heavy-quark flavor symmetry, broken by (1/mp —1/mc)

» acts in restframe as static color source
= heavy-quark spin symmetry, broken at 1/mgq by chromo-magnetic interactions

» HQET Lagrangian is a series in

1 1
ﬁHQET=£0+_£1 +—2£2+... ]
[ Mg Mg

where only £y has spin-flavor symmetry
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Heavy quark field

Start by splitting QCD-field, where momentum p* = mqv* + k with k ~Agcp and v-v =1

[Q(X) _ e—imov-x [hV(X)+HV(X):|7 th = hv7 VHV = —Hv]

Insert into QCD-Lagrangian (full theory)
Laco = QUIP-mg)Q
= [hv +Hy] €M (i) - mg) e [hy + Hy]
[y +Hy] (iD - mg+mqV) [hv +Hy]
[hv +Hy] [iDhy + (iD - 2mq)Hy ]
= hy(iv-D)hy = Hy(iv-D+2m)Hy + hvild  Hy + HyiD, hy

Use EOM  (iv-D+2mgq)Hy = ip, h, to arrive at VE = VH (v V)vH

= - . 1 .
Lacp = hv(iv-D)hy + hy /mlm/ﬂh hy
Derivatives acting on hy(x) yield residual momentum D, hy(x) — kuuv(p) < 2mqghy(x)
1 1 1

2mq+iv-D ¥ 2m

= expansion _
P PR

(iv-D)+...
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HQET
The HQET Lagrangian (at tree-level)

_ 1 -
Luger = hv(iv-D)hy + mhvlzz)iltz)mv + 0((mg)7?)

- . 1 - . Os +
hv(iv-D)hy + hy (i, )2hy ¢ hvouw G* by
[ ~ hy( )hy 2mg v( LDL) v F4mQ vop v]
kinetic energy magnetic moment

» kinetic energy of heavy quark breaks flavor symmetry o« 1/mq
= reparametrization invariance shows that no «;s corrections to all orders

» magnetic moment interaction (uq - Bc) breaks heavy quark spin & flavor symmetry
= Wilson coefficient cg = 1+ O (as)
Normalization of hadron states in QCD

» inQCD  (H(p/,e")|H(p,e))

2E(p) (2m)%6® [~ p'16.cr

» INHQET (H, (K, )|Hy(k,2))

2v0 (27)36,/, 6 [k — k’]6..r (abelled by v and residual k)
> QCD < HQET  |H(p.e)) = /g [Hv(k,e)) + O ((mg)™")
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B -~ D™ FFs

. ms+m? . —q°
Useinsteadof g2 |w = —PBPD_ \ yr o T8 D™ T | ith1<w<16...
2mBmD(*) 2m5mD(*)
Consider B and D* as heavy: pg=mgv and pp =My v’

In the following convenient to use FFs F(w) relevant for B - D*) (5, are

(D(p")[c*b[B(p))

o (Dy[ey v by|By) = hi[v+V]*+h [v-V]#

(D" (¢, )[c+b[B(p))
NG

= (Di(e)[cv*bu|By) = hyie"*Pe vl vg

(D*(p', €)[cvusb|B(p))
N

\. J

= (D} (O)[Cu1ursbv[By) = ha, (W+1)eH —e-v[ha,v¥ + ha v'*]

6 FFs that describe B — D*) ¢, in terms of initial and final velocities
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Hadronic matrix elements

Technique of calculating matrix elements (ME) of operators with “hadronic fields”

» fields P=B,D and V = B*, D* in ground-state doublets (4 x 4 matrix, bispinor)
=V(v,e)  =P(v)

—
1+ +(Q "
[Hﬁo) = 2 y( Pv( )_'YSP\SO) )7] yH\EO) = Hvso)v v PV(Q) =0

= transforms under heavy-quark symmetry as H,ﬁo) - D(R)QH\EQ)

» quark currents replaced by field-products of B and D(*) that represent their MEs
= (O - 4(b) _ ’ ’
Cyr Fbv - Tr HV’ FH,, X where X = Xo + X1 V + sz + Xa VV

transform in same way under heavy-quark symmetry

» X and X; = Xj(w) contain dynamics due to light degrees of freedom
Siight = +1/2 = depends only on initial and final velocities v and v/, no Lorentz indices

» with yHD = HSD and yy =v2 =1 = | X > -&(w) |just a scalar function

Isgur-Wise function
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Form factor relations

Performing traces and comparing with definitions of FFs yields

[m(w) = (W) = ha, (W) = iag (W) = E(w), h (W) = ha (W) = 0]

Normalization of £(w) at zero-recoil w — 1 given by ME of b-number current in QCD

2pp = 2mgVv*= (B(p)|bv*b|B(p))
= mp(By|byy"by|By) = mg hy (1) [v + V]* =2mgvt £(1) =

Lukes theorem [Luke, PLB252 (1990) 247]

There are no 1/mgq corrections to form factor relations at zero recoil

QCD corrections to (cl'b) currents when matching on HQET:

) c 8
[s(n ~ a1+, | 5(1»] nA:u%(Mm@?)w(Qg)

mp—me Mg

at 2—Ioop nA = 0.960 + 0.007 [Czarnecki hep-ph/9603261 |
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Another FF parametrization

The combination of unitarity bounds with FF relations from HQET is due to

CNL

»

= Caprini/Lellouch/Neubert

combine all spin-parity cannels (J” = 0*,0~,1~,1*) and

include B poles in unitarity bounds

exploit spin symmetry of HQET in ground-state doublets of B(*) and D(*),

including subleading 1/mgq and as corrections

use z-expansion up to O (z%) for B — D vector-FF Vi (w), i.e. 3 parameters — p2, ¢y, d

= unitarity bounds lead to strong correlation between pf and ¢,

such that d; quasi-fixed

other B - D* and B* — D*) FFs expressed via HQET relations as
Fi(w)
Vi(w)

=A[1+B(w-1)+ Gw-1)2+ Dy(w-1)%+ .. ]

where A, B, C, D known from HQET (including uncertainties)
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