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Hadronic matrix elements

Effective Hamiltonian yields A(B — H) = > \; Ci(1)(H|O;|B) (1)
@ above my, perturbative Wilson coefficients C;(1.)
@ below my, operators yielding matrix elements (H|O;|B) (1)

How to compute (H|O;|B) ?
@ Model building
@ Lattice simulations
@ Sum rules
@ Light flavour symmetries
(isospin, SU(3)...)
@ Heavy flavour symmetries

Strong interaction (HQET...)
in nonperturbative regime
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Isospin symmmetry

Froton Neutron
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=7 bh=-%
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Isospin symmetry

QCD interactions are flavour blind : increase symmetry when m, = my
(very good approximation, since my, mg < A)

. o i, l=1)2 u d
=—Notion of isospin I=1/2: L= —1/2 (d)’( —D>
I=0Ds I=1/2(By,B") I=1(zt,7%77)

Useful due to Wigner-Eckart theorem, to reduce matrix elements
matrix element = spin projections x reduced matrix element

(jm|Og|f'm'y = (jm|j'm’; kq) x {j|| O¥|}")
@ K is rank of operator O (scalar, vector, tensor. . .), g its component

@ (jm|j'm’; kq) Clebsch-Gordan coefficient
@ (j|| TX||j") reduced matrix element (independent of m’s)

—possible to analyse all processes with isospin amplitude
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Tree

Penguin

A(B® — 7t 77) = Vg Vit ™™ + VigVipp™ -
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Penguin pollutionin B — ntx—

b

Tree Penguin
AB® — ntr™) = Vg Viptt = + Vig Vot~

Time-dependent asymmetry
A(t) = S, +,-sin(Amt) — Crir— cos(Amt)

= /1—C2 __sin2a.4sin(Amt) — Crir_ cos(Amt)

Combining CKM for t+~ and B-B mixing: S, . = sin(2a) + O(’;T—:)
=Penguin pollution: handle on p™~ and {*~ to extract sin(2a) ?
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Isospin analysis for B — 7w

In terms of isospin quantities Q(I)

@ Two operators for b — tud: O (3/2) and ol!/?) (adding 3 1=1/2)

1/2 1/2
@ Two inital states: |B*) = ]B1}éz)> and |B%) = |B" 11//22>
@ Three final states: [/ = 1 forbidden by Bose symmetry]

_ 1 2
(ntn0 = (7T7T(12)] (ntr| = \/;<7T7r(§)\ + \/;<7r7r 0)|
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Isospin analysis for B — 7w

In terms of isospin quantities Q(I)

@ Two operators for b — tud: O (3/2) and ol!/?) (adding 3 1=1/2)

1/2 1/2
@ Two inital states: |B*) = ]B1}éz)> and |B%) = |B" 11//22>
@ Three final states: [/ = 1 forbidden by Bose symmetry]

_ 1 2
(ntn0 = (7r7r(12)] (ntn™| = \/;<7r7r(§)\ + \/;<7r7r 0)|
2, @ T, (0
(w0 = \/;<7T7T(o)‘ - §<7”T(o)|

From B(1/2), 0(3/2) can only yield / = 2 final states,
and 0(1/2) only / = 0, so two reduced amplitudes

1
As = m<7T7r(2)Ho(3/2)‘|5(1/2)> Ay = —
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Trapping the penguin in B — 7t7~

BY,BY : AT0=3A, AT =V2(A—A) A¥=24,+A
B, B® . AT0— 3;\2 AT = \@(/_42 — /2\0) A% — 2/2\2 + /2\0

Im

Two triangular relations

ATT +V2A% = V2A10
AT +V2AY = V2A™0

allowing one to build two triangles from Br and CP-asymmetries
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Trapping the penguin in B — 7t7~

At0is | = 2 final state, only from tree and / = 3/2 penguins

@ Electroweak penguins / =1/2,3/2

(Z,~ emit I = 0,1 pairs Ty, u + dv,d, Uy,u — dv,d)

—only / = 3/2 contributes to A™® penguin

@ Gluon penguins / = 1/2 (gluon emits / = 0 pairs Uy, u + a'yud)
—do not contribute to A*° penguin

Neglecting / = 3/2 electroweak penguin, A*? is pure tree

Sébastien Descotes-Genon (LPT-Orsay)
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Introducing P and T including CKM moduli

A0 = @(TO 4 TH)
V2ATT = eNTt —pe P
V2AY = T4 peh
AtO

e (TO + TT7)
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a from B — 7

Introducing P and T including CKM moduli

Im
A+0 _ eiy(TOO + T+7)
eNTt — pe '8
V2A® = N T4 pe’F

N

N
T
i

A0 = (T 4 TH)

Introducing A7 = exp(—2i3)A,
20 between A0 and A*O, 20 between At~ and At
@ Reconstruct 2 independent triangles from BR and direct asym
@ Measure mixed CP-asymmetry in 777~ as sin(2aef)
@ Up to discrete ambiguity, determine sin(2«)

Gronau, London
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Current application of the method

NONVA --- B —nx (BABAR)
fitter

Summer 08 --- B—=uan (Be”e) e CKM fit
3 B — an (WA)

1.0 ‘“"H‘“H_H,_HP‘H‘.‘HW,\H“.w

1-CL

L v b v

80 100 120 140 160 180
o (deg)
4.4
a = (89.0133)° (7w, pm, pp)

So accurate that isospin-breaking effects should be taken into.account
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SU(3) symmetry

OO0~ [oSe)
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u

My=Mg=mMs=m Lo=VigV —my¥ V= d
s

Lgq inv. under SU(3) flavour rotations ¥ — V¥ VTV =1

detV =1
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u
My=Myg=Msg=m: Lo=VigV —my¥ V= d
s

Lgq inv. under SU(3) flavour rotations ¥ — V¥ VIV =1 detV =1
Two axes of quantisation: isospin I, and hypercharge Y = 2(Q — I,)

A AO Y A A
§=0 et —p

s=-1

s=-2

s=-3

decuplet 10



SU(3) decomposition

@ Representations arenot / =0,1/2,1...but x=1,3,8,10...
3:(B*,By,Bs),(D°,D~,D5)  8+1:(m,K,n,1), (p, K, b,w)

@ A particular composant is not only given by I, butby v = Y,/ [,

@ Clesbch-Gordan are replaced by composition symbols, actually
Clebsch-Gordan x isoscalar symbol

H1 H2 43 _ . A K2 K3
( v s U3 > - <I1 /1ZI2/22vI3I32> X ( /1 Y1 /2Y2 /3Y3 >

Wigner-Eckart theorem can be used again to express a given process
with (tabulated) composition symbols & (unknown) reduced amplitudes

((My M)W || 0] BBy
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Diagrammatic representation
Exactly like for isospin, .
possible to use a .
diagrammatic representation 'A\r\\< ) SRS S
(but overcomplete)

q

(a)
5
q
@ T : (colour-favoured)
tree ©
B
q

(@ EE’

@ C : colour-suppressed
tree

@ P : penguin

@ E : exchange

@ A : annihilation

T.T
h
PP’
s

1
q q
A a

q u

@ PA: penguin annihilation

(penguin with Vip Vi,
tree with V,p V) q
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SU(3) symmetry illustrated

In addition to isospin symmetry (embedded by definition)
@ among AS = 1 processes:
AB’ - K") = ABs— KK )—A(Bs — n'n")
—(T'=Pe") = —(T'-Pe " +E+PA)+(E + PA)
@ between AS =0 and AS = 1 processes
V2A(B* — r°KT) + A(B" — 77K = V“S fA( — 1t 70)
—(T"+C' —Pe "+ A)+(—Pe "+ A) = #(—c -7
ud

(relation between isospin 2 7 and isospin 3/2 7K)
Gronau, Hernandez, London, Rosner
6/9/10 16
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SU(3) illustrated for «

AB —ntr)=Te" —Pe ™  AB" — K'7t) =P

@ Estimate of a by bounding modulus of P from B+ — ntK° ?
@ Not competitive for PP modes because r = P/ T large
@ But can be used for longitudinally polarised p*p~ and K*0p+
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SU(3) illustrated for «

AB® - rtn ) =Te" —Pe ™  ABt — Ko7T) =P

@ Estimate of a by bounding modulus of P from B+ — ntK° ?
@ Not competitive for PP modes because r = P/ T large
@ But can be used for longitudinally polarised p*p~ and K*0p+

ABY = ptp ) =Tie"—Pe®  A(B"— K%Y =P,

Vig| .
P =< [ AUET = Kp)

@ ¢’ estimate of SU(3) breaking (to be determined !)

@ |Viy|/|Vis| moduli of CKM matrix elements included in P and P’

@ f,/fx- takes into account the production of different mesons
(factorisable corrections)
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a from pp and K*p

50

Using older values of
B(K*°p*) and fi(K*p")
@ ¢’ large range (central
value inspired by
factorisation)

@ ¢ strong phase between
PL and TL

@ Contours for different
: values of SU(3)

80 85 a0 95 100 105 110
al’]

Using current values, o = [91.272 11

—50

a7

-100

=150

=200

-3. 9]
Beneke, Gronau, Rohrer, Spranger
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A subgroup of SU(3) is U-spin : d < s (rather than u < d)
—Very interesting in connection with Bs decays




SU(3) illustrated for Bs decays

A subgroup of SU(3) is U-spin : d < s (rather than u < d)
—Very interesting in connection with Bs decays

ABT - K%t) = P
ABY — Ktnm) = Telot) 4 p

¢ABs — K o) = ;Te"“sﬂ) — AP

@ T and P are real (and include CKM moduli),

@ 795 strong phases between T and P

@ \ = |Vys|/| Vgl fromd < s

@ ¢ estimate of SU(3) breaking (inspired by factorisation)
g Faop(m%) ma, — mZ

fr FBsK(mﬁ) m%s - m',2<

—CDF/DO0 data on Br and asymmetry for Bs— K~ 7"
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v from By s — K

One can build four (measured) quantities for K*# ¥

Fggi:’;;ﬂ;; i FEBO:}:_(;T; = 1+ r?+2rcos~cosdy
HESEDIESED - ot s
0 BO -
Fgg+:/}((27r+; - Fég :’;(O::L; = 2rsin~ysindy
LD
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v from By s — K

One can build four (measured) quantities for K*# ¥

0 +or— BO  K—n+
M(B" = K'n") +T(B" = K™n")  _ 14 r? + 2rcos~cos iy
r(B+_>K07T+)+r( *—)Koﬂ'*)
+ RS + = ~ ~
gzr(BsHK ™)+ F(? _”{ ™) = )\2+(r/)\)2—2rCOSVCOS5s
r(B+—>K07T+) + (B~ —>KO7T_)
0 + BO —rt
rNB° — Ktr—) — r(? H’S ™) = 2rsin~ysindy
|_(B+—>KO +)_|_|'(B —>KO7T_)
+ BS _, Kt —
é;zr(Bs_>l( m")—T(B l{ ™) = =-2rsinysindg

[(B+ — KOr+) 4+ (B~ — KOn)
Enough to fit 4 unknowns : r = T/P, ¢4, ds, 7y, With current inputs
(r,v,d04,0s) = (—0.128,60°,23°,155°)
(r,v,d4,0s) = (—0.121,25°,58°,111°)

—>Large U-spin breaking (045, {7 # Ep ?)  Chiang, Gronau, Rosner
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Limitations

Isospin, U-spin, SU(3) flavour symmetry:
@ Relate process by exploit underlying symmetries of QCD
@ Requires further measurements of other processes
@ Affected by sizeable errors

Sébastien Descotes-Genon (LPT-Orsay) Analytic methods in QCD (2) 6/9/10
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Limitations

Isospin, U-spin, SU(3) flavour symmetry:
@ Relate process by exploit underlying symmetries of QCD
@ Requires further measurements of other processes
@ Affected by sizeable errors

Several sources of uncertainties for isospin
@ difference of electric chages (in particular for ew penguins)
@ difference of masses (quarks, and thus mesons)
@ 7% — 5 —n and p — w mixing
@ Bose statistics with finite width resonances
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Limitations

Isospin, U-spin, SU(3) flavour symmetry:
@ Relate process by exploit underlying symmetries of QCD
@ Requires further measurements of other processes
@ Affected by sizeable errors

Several sources of uncertainties for isospin
@ difference of electric chages (in particular for ew penguins)
@ difference of masses (quarks, and thus mesons)
@ 7% — 5 —n and p — w mixing
@ Bose statistics with finite width resonances

Difficulty to assess precisely the error for SU(3) or U-spin
@ Estimation from other methods
@ Guesstimate (often 30%, but depends on the quantity considered)
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Heavy-quark symmetry and HQET
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Heavy-quark symmetry

Hierachy of scale in heavy-light systems
@ heavy quark of mass Mq,

@ light quark dynamics interacting through
soft gluons

@ dynamics with energy of order A < Mg

In reference frame of B hadron, heavy quark practically at rest
—>Heavy quark static source of gluons,
characterised by spin and colour numbers, but not mass
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Heavy-quark symmetry

Hierachy of scale in heavy-light systems
@ heavy quark of mass Mq,

@ light quark dynamics interacting through
soft gluons

@ dynamics with energy of order A < Mg

In reference frame of B hadron, heavy quark practically at rest
—>Heavy quark static source of gluons,
characterised by spin and colour numbers, but not mass

On top of that, spin-flip transitions with gluons induced by
magnetic moment transitions, suppressed by O(gs/Mg)
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Heavy-quark sysmmetry

Hierachy of scale in heavy-light systems
@ heavy quark of mass Mq,

@ light quark dynamics interacting through
soft gluons

@ dynamics with energy of order A < Mg

In reference frame of B hadron, heavy quark practically at rest
—>Heavy quark static source of gluons,
characterised by spin and colour numbers, but not mass

On top of that, spin-flip transitions with gluons induced by
magnetic moment transitions, suppressed by O(gs/Mg)

When Mg > other scales in presence, properties of heavy hadrons
independent of spin and mass of the heavy source of colour
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Heavy quark with momentum:

p* = MqV* + kH
where v* velocity of hadron (pg = mgv#, v2 =1)and k = O(A)

«0O0>» «F»r» « =>»




Effective theory of an infinitely heavy quark

Heavy quark with momentum: p* = Mqv* + kH
where v* velocity of hadron (pfy = mgv#, v = 1) and k = O(A)

: | %\
::
@ Propagation of heavy quark

i i@+ Mg) i[Mo(V+1)+K i
p—Mq p2—Ma  2(v-k)+k2 vk

P, + O(k/Mg)

with projectors P = 1£¥ P2 —p, P2 =P P.P. =0
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Effective theory of an infinitely heavy quark

Heavy quark with momentum: p* = Mqv* + kH
where v* velocity of hadron (pfy = mgv#, v = 1) and k = O(A)

: | %\
::
@ Propagation of heavy quark

i i@+ Mg) i[Mo(V+1)+K i
p—Mq p2—Ma  2(v-k)+k2 vk

P, + O(k/Mg)
with projectors P = 1£¥ P2 —p, P2 =P P.P. =0

@ Interaction with gluons
igsPy+7, TPy = igsP+(P-~, +2v,)T? = igsv,, T?
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Effective theory of an infinitely heavy quark

Heavy quark with momentum: p* = Mqv* + kH
where v* velocity of hadron (pfy = mgv#, v = 1) and k = O(A)

: | %\
::
@ Propagation of heavy quark

i i@+ Mg) i[Mo(V+1)+K i
p—Mq p2—Ma  2(v-k)+k2 vk

P, + O(k/Mg)

with projectors P = 1£¥ P2 —p, P2 =P P.P. =0

@ Interaction with gluons
igsPy+7, TPy = igsP+(P-~, +2v,)T? = igsv,, T?

Effective theory for the projection of heavy quark (only 1 spin d.o.f) ?
hy(x) = exp(imqVv - X)P+Q(x)
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Effective theory and symmetries

Infinitely heavy quark described by Lagrangian
L = hy(iv'd, + gréviGih, = hy(iv*D,)hy,
can be extended to two heavy flavours (b and c¢) at the same velocity v

L = by(iv*D,)by + ¢, (iv*D,)c,

Sébastien Descotes-Genon (LPT-Orsay) Analytic methods in QCD (2) 6/9/10 25



Effective theory and symmetries

Infinitely heavy quark described by Lagrangian
£ = hy(iv*d, + gTav"Ga)h, = h,(iv*D,)h,
can be extended to two heavy flavours (b and c¢) at the same velocity v
L = by(iv*D,)by + ¢, (iv*D,)c,

Symmetries
@ Flavour SU(2) (as long as mp > A and m¢ > N)

<bv>—>u<bv> UU'=UU=1 detU=1
Cy Cy
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Effective theory and symmetries

Infinitely heavy quark described by Lagrangian
£ = hy(iv*d, + gTav"Ga)h, = h,(iv*D,)h,
can be extended to two heavy flavours (b and c¢) at the same velocity v
L = by(iv*D,)by + ¢, (iv*D,)c,

Symmetries
@ Flavour SU(2) (as long as mp > A and m¢ > N)

<bv>—>u<bv> UU'=UU=1 detU=1
Cy Cy

@ Spin SU(2): No Dirac structure in the Lagrangian
—spin of heavy-quark unchanged under interactions with gluons
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Effective theory and symmetries

Infinitely heavy quark described by Lagrangian
£ = hy(iv*d, + gTav"Ga)h, = h,(iv*D,)h,
can be extended to two heavy flavours (b and c¢) at the same velocity v
L = by(iv*D,)by + ¢, (iv*D,)c,
Symmetries
@ Flavour SU(2) (as long as mp > A and m¢ > N)

<bv>—>u<bv> Ut =U'U=1 detU=1
Cy Cy

@ Spin SU(2): No Dirac structure in the Lagrangian
—spin of heavy-quark unchanged under interactions with gluons

@ No explicit Lorentz invariance (preferred direction: v,,)
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In the rest frame of the heavy meson: J =L+ S

@ [ angular momentum of light d.o.f.

@ S angular momentum for heavy quark

«0O0>» «F»r» « =>»




Spectrum

In the rest frame of the heavy meson: J =L+ S
@ [ angular momentum of light d.o.f.
@ S angular momentum for heavy quark

Mesons fully characterised by (/, m;; s, ms)
spectrum degenerate in mg, organised in doublets

/=0 j=1/2 Ap(5620)

@ /=1/2 j=0,1degenerate pseudoscalar and vector
B(5279), B*(5325) Bs(5366), B;(5412)
D(1869), D*(2010) Ds(1968), D5(2112)

/=1 Jj=1/2,3/2 ¥p(5807),%;(5829)

@ /=3/2 j=1,2 D1(2420), D;(2460) Ds1(2536), Ds2(2573)
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Spectrum

In the rest frame of the heavy meson: J =L+ S
@ [ angular momentum of light d.o.f.
@ S angular momentum for heavy quark

Mesons fully characterised by (/, m;; s, ms)
spectrum degenerate in mg, organised in doublets

=0 j=1/2 Ap(5620)
@ /=1/2 j=0,1degenerate pseudoscalar and vector
B(5279), B*(5325) Bs(5366), B;(5412)
D(1869), D*(2010) Ds(1968), D5(2112)
o /= Jj=1/2,3/2 ¥p(5807),%;(5829)

@ /=3/2 j=1,2  D;(2420), D}(2460) Ds;(2536), Dsp(2573)

Splitting is spin breaking oc A%/mq: T8 = :;’55::? =M —1/3
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How to describe spin degrees of freedom of (B, B*) ?




How to describe spin degrees of freedom of (B, B*) ?
@ H~ uqgVy Vug = Ug VgV = —Vg
@ Inrestframe v = (1, 5), spin operator S = y57°7/2

Up: uga = 01a; v;a = —d03, Down: uga = 8, and Véa — b,




Description of (B, B¥)

How to describe spin degrees of freedom of (B, B*) ?
@ H~ uqvy Vug = Ug VgV = —Vq
@ In rest frame v = (1,0), spin operator S = v57°7/2
1

@ Spin 0: ugV}ﬁ—uéV(;:(g é):

Sébastien Descotes-Genon (LPT-Orsay) Analytic methods in QCD (2)
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Description of (B, B¥)

How to describe spin degrees of freedom of (B, B*) ?
@ H~ uqgVy Vug = Ug VgV = — 4
@ In rest frame v = (1,0), spin operator S = 57°7/2
Up: uga = 0a, Vga = —d3, Down: uéa = 0, and Véa — b4,

. _ _ /
@ Spin 0: ug}ﬁ—ué;:(g 0>:1§7°75
=1 : uGvg = e
@ Spin 1: =0 : uhvs—usv, = 50l
Jy=—1 ugry = )

where e,(f’o) polarisation vectors
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Description of (B, B¥)

How to describe spin degrees of freedom of (B, B*) ?
@ H~ uqgVy Vug = Ug VgV = — 4
@ In rest frame v = (1,0), spin operator S = 57°7/2
Up: uga = 0a, V;a = —d3, Down: uéa = 0, and Véa — b4,

@ Spin 0: UGV + upvy = ( g é > = oy,
=1 : uGvg = e
@ Spin 1: =0 : uhvs—usv, = 50l
Jy=—1 ugry = )

where e,(f’o) polarisation vectors

1+ R

For an arbitrary velocity: M(v) = 5, M (v,e) = 5 ¢

with normalisation |X) = limp, o ﬁ\X}
Q

Sébastien Descotes-Genon (LPT-Orsay) Analytic methods in QCD (2) 6/9/10 27



B — D™¢y form factors

B — D) described by form factors, function of g2 = (p — p')?

/\| A > / Mg B ME)
(D(p")[Cy.bIB(P)) = (P + P)utfs + T%[fo -]

* = > * € - q
(D*(p', €)[evusblB(p)) = [Mp + Mp-e;, Ar + m(l) +p')uAe

f?qqu [(Mg + Mp-)A; — (Mg — Mp-)As — 2Mp- Ao
% (] - > _ —2i KU gm0 /O
(D" (0, )BvublB(P)) = gy Cuvon PPV

@ Meson velocities v, = pg,,/ Mg, v,fb = ppu/Mp

@ Recoil energy of D in Brest frame E = mp(v-v' — 1)

® % = m+ m3 — 2mmp(v - V') Up to 5.y = (Mg — Mp)?
@ v - v/ varies between no-recoil limit (v - v/ — 1)pmin =0

and (v v/ — 1)max = % ~0.6
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Physical picture

In the heavy quark limit, for B — D)y
@ Relations between D and D* by heavy-quark symmetry on ¢ spin
@ In no-recoil limit v = v/, b — ¢ unnoticed by light quark
@ For v # v/, exchange of (soft) gluons to reorganise light cloud
@ ...decreasing the overlap between initial B and final D
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Form factors and Isgur-Wise function

Another embodiment of Wigner-Eckart theorem
(D(v)[eTb|B(v)) — —é(V-V’)Tr[Li?(V’)FB(V)]
(D*(V',e)[eTbIB(v)) — —&(v- V) TR[D*(V/, )T B(v)]

@ Tr(...) = Clebsch-Gordan (configuration of spin projections)
@ ¢ = reduced matrix element
Isgur-Wise function, depending only on v - v/ (since v2 = v2=1)

L r
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Form factors and Isgur-Wise function

Another embodiment of Wigner-Eckart theorem
(D(v)[eTb|B(v)) — —é(V-V’)Tr[Li?(V’)FB(V)]
(D*(V',e)[eTbIB(v)) — —&(v- V) TR[D*(V/, )T B(v)]

@ Tr(...) = Clebsch-Gordan (configuration of spin projections)
@ ¢ = reduced matrix element
Isgur-Wise function, depending only on v - v/ (since v2 = v/?=1)

L r

In heavy-quark limit, form factors expressed in terms of £
—1

MB+MD / ( q2 )
MM eyvy = f=(1-—9 ) ¢
24/ MBMD§(V v ) + MB + MD)2 0

—1
Mot eyv) = VeAgmAr=(1——T ) A
5 /7MB*MD§(V V') 0 = Az M- + Mp)2 1
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Isgur-Wise function &

@ ¢ also arises in
(B(V)[E1°by)B(v)) = —£(v2 = )TR[B(v)°B(v)] = (1) = 1
@ Conservation of B-number

o Ifv-v =1, q¢%,, = (Mg — Mp)? (b — cunnoticed by light quark)
f (Mg — Mp)?] = (Mp + Mg)/(2/MgMp) useful normalisation point
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Isgur-Wise function &

@ ¢ also arises in
(B(v)[ev1°by[)B(v)) = —&£(v? = 1)Tr[B(v)°B(v)] = £(1) = 1
@ Conservation of B-number
o Ifv-v =1, q¢%,, = (Mg — Mp)? (b — cunnoticed by light quark)
f (Mg — Mp)?] = (Mp + Mg)/(2/MgMp) useful normalisation point

@ Models to get away fromw =v- v =1
£w)=1-p*(w—1)+Ol(w—1)?

2 2P2 2( 1) 2 2
—p \w— o o o
"<w+1> € ’w—l—‘IeXp (207 =1)

w—1
w+1

Sébastien Descotes-Genon (LPT-Orsay) Analytic methods in QCD (2) 6/9/10 31



Isgur-Wise function &

@ ¢ also arises in

(B(V)[61°bu])B(v)) = —&(v2 = )Tr[B(v)1°B(v)] = £(1) = 1

@ Conservation of B-number

o Ifv-v =1, q¢%,, = (Mg — Mp)? (b — cunnoticed by light quark)

f (Mg — Mp)?] = (Mp + Mg)/(2/MgMp) useful normalisation point

@ Models to get away fromw =v- v =1

£w)=1-p*w—1)+Ol(w—1)7

o \¥ 2 w— 1
—p?(w—1) _ —(2,°% —
"<w+1> € o7 &P @ =)

@ Determine them using non-perturbative methods (lattice, sum
rules), or extract from one decay to get another
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Highers order in 1/Mgq: Heavy-Quark Effective Theory
Grinstein, Wise, Neubert. . .

@ (iD — Mg)Q = 0 separated in "good” and "bad” components

1%/ + 1%/] Q= e MVX[h, + Hy]

Q= e_iMQV'X [




Heavy-quark expansion and HQET

Highers order in 1/Mgq: Heavy-Quark Effective Theory

Grinstein, Wise, Neubert. ..

@ (iD — Mg)Q = 0 separated in "good” and "bad” components

1 —2H/ 4 1 ;\/] Q= e MavXh, 1 H,

@ h, has no mass term, whereas H, is the "heavy” component

i(v-D)h, = —PyiDH,  i(v-D)H, +2MgH, = P_iDh,

Q= e*iMQV'X [
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Heavy-quark expansion and HQET

Highers order in 1/Mgq: Heavy-Quark Effective Theory
Grinstein, Wise, Neubert. ..

@ (iD — Mg)Q = 0 separated in "good” and "bad” components

LR V] Q= e Mo Xhy + Hy)

@ h, has no mass term, whereas H, is the "heavy” component
i(v-D)h, = —P,iDH, i(v-D)H, +2MgH, = P_iDh,
@ H, = 0O(1),h, = O(1/Mg), solved recursively

Q= e*iMQV'X [

1
£ = h(iv-D)hy+—hy [0 — (v- D) + Lo Gy | h+O <>

1
2Mq M2,

e Corrections to kinetic term (motion of heavy quark in meson)
o Chromomagnetic moment (mass splitting in doublets)
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@ High-energy (above Mg): corrections in as
@ Integrate out physics from M to u between M and A
(hard gluons, energetic light quarks)
e Matching QCD/HQET to get same physics

@ Low-energy (below Mg): corrections in 1/Mq




Higher orders

@ High-energy (above My): corrections in ag
@ Integrate out physics from M to u between M and A
(hard gluons, energetic light quarks)
o Matching QCD/HQET to get same physics

@ Low-energy (below Mg): corrections in 1/Mq
L = hy(iv- D)h,

1 - 2 2 gs 1
e (10~ (v D1+ Gy 1) 207G 1y 4.0 ( M2>

E'y“b — Cy (mb. me, w, /L)&V/’Yubv + Cg(mb. Mme,w, /z)évl v¥by,

1
+—ZD Mp, Me, w, 1) CV/F bV+O<M2>

—Computable corrections C,D. ..
but also new 1/m,, ;-suppressed functions for B — D(*)
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llustration for | Vg | (1)

rB— D*
dEoDw) G | P /2 TP ()P

dw
dr(B — Dtv G2
(dw) = 8.3 | Vcb\z(mB + mD)Zm%(wz — 1)3/2\9(“})‘2

@ w=v-V/, P(w) phase space
@ F and g form factors, related to &, include 1/M-corrections
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llustration for | Vg | (1)

M — T 3‘ Cb‘sz* / P \f(w

dw
dr(B — Dtv G2
(dw) = 8.3 | Vcb\z(mB + mD)Zm%(wz — 1)3/2\9(“})‘2

@ w=v-V/, P(w) phase space
@ F and g form factors, related to &, include 1/M-corrections

2
1+o<<1—1> )
mb mc
B Mg — Mp
G(1) = nageonv [1 +0 <MB+MD)]

@ 1oep and ny v perturbative corrections from QED and HQET
@ F(w) has no 1/mq corrections (Luke’s theorem)

F(w) = ngepna +(w—=1)p% + Of(w — 1)7]
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llustration for |Vg| (2)

F(1) IV, 1 [107]

40 Ax=!
OPAL
DELPHI (excl.)
(excl)
‘ DELPHI
. (part. reco.)
OPAL A R (Global Fit)
(part. reco.) '/
RAGE
L U EAPAR (D*0)
35 BRLLE
A PABAR (excl.)
F’fdof = 387123 (CL= 2 %)
HFAG
30 I I . I
0.5 1 1.5 2

G(1) X IV, [107]

W
j=}

40,

CLEO

L BABAR global fit

BABAR tagged

HFAG
30

Fidof = 1378
L

1 1.5

—Need F(1) and G(1) from lattice, sum rules to determine | V|

|Vep| also extracted from inclusive B — X{v by 1/my, expansion

Sébastien Descotes-Genon (LPT-Orsay)
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SCET, NRQCD, HMxPT. ..

P2~ A?

Sébastien Descotes-Genon (LPT-Orsay)
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HQET is not (always) enough

HQET: heavy-light system
where light degrees of freedom remain "soft” E = O(A)

What if in a process, the quarks, gluons become suddenly energetic ?
@ B — 7: reorganisation of light quark through energetic gluons
static b-quark and soft cloud — qq pair colinear in 7 direction

@ B — mm, B— Xgv: repartition of momenta between light quarks
even more complicated
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Relevant degrees of freedom and scales

Several degrees of freedom
@ hard gluons/quarks : p, = O(M, M, M, M)
@ soft gluons/quarks : ps = O(A, A, A N)
@ collinear gluons/quarks : pc = (M, 0,0, M) + O(A, A, A, N)
[energetic, but along one direction, with p2 = A?)]
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Relevant degrees of freedom and scales

Several degrees of freedom
@ hard gluons/quarks : p, = O(M, M, M, M)
@ soft gluons/quarks : ps = O(A, A, A N)
@ collinear gluons/quarks : pc = (M, 0,0, M) + O(A, A, A, N)
[energetic, but along one direction, with p2 = A?)]

Starting from rest frame pg = (M3, 0,0, 0)
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Relevant degrees of freedom and scales

Several degrees of freedom
@ hard gluons/quarks : p, = O(M, M, M, M)
@ soft gluons/quarks : ps = O(A, A, A N)
@ collinear gluons/quarks : pc = (M, 0,0, M) + O(A, A, A, N)
[energetic, but along one direction, with p2 = A?)]

Starting from rest frame pg = (M3, 0,0, 0)
@ B— mrm: pi = (E;,0,0,4++/E2 — m2)

obtained through exchange between soft and collinear quarks
with gluons of virtuality (ps + pc)? = VMA
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Relevant degrees of freedom and scales

Several degrees of freedom
@ hard gluons/quarks : p, = O(M, M, M, M)
@ soft gluons/quarks : ps = O(A, A, A N)

@ collinear gluons/quarks : pc = (M, 0,0, M) + O(A, A, A, N)
[energetic, but along one direction, with p2 = A?)]

Starting from rest frame pg = (M3, 0,0, 0)
@ B— mrm: pi = (E;,0,0,4++/E2 — m2)

obtained through exchange between soft and collinear quarks
with gluons of virtuality (ps + pc)? = VMA
@ B— Xsv: py =(E,,0,0,-E,), py = (Mg — E,,0,0,E,)
cuton E, = O(Mg/2) =p% = Mg(Mg — 2E,) = O(MN)
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Relevant degrees of freedom and scales

Several degrees of freedom
@ hard gluons/quarks : p, = O(M, M, M, M)
@ soft gluons/quarks : ps = O(A, A, A N)

@ collinear gluons/quarks : pc = (M, 0,0, M) + O(A, A, A, N)
[energetic, but along one direction, with p2 = A?)]

Starting from rest frame pg = (M3, 0,0, 0)
@ B— mrm: pi = (E;,0,0,4++/E2 — m2)

obtained through exchange between soft and collinear quarks
with gluons of virtuality (ps + pc)? = VMA

@ B— Xsv: py =(E,,0,0,-E,), py = (Mg — E,,0,0,E,)
cuton E, = O(Mg/2) =p% = Mg(Mg — 2E,) = O(MN)

—Several scales: M, A, vV MA
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SCET

Soft-Collinear Effective Theory = Effective theory of QCD
keeping only the energy modes of quarks and gluons for factorisation
(others integrated out)

Stewart et al., Beneke et al.

@ explains how soft and collinear quarks/gluons communicate with
each other, and with hard interactions

@ organizes the interactions in an expansion in A/M
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SCET

Soft-Collinear Effective Theory = Effective theory of QCD
keeping only the energy modes of quarks and gluons for factorisation
(others integrated out)

Stewart et al., Beneke et al.

@ explains how soft and collinear quarks/gluons communicate with
each other, and with hard interactions

@ organizes the interactions in an expansion in A/M

=—SCET much more complicated Lagrangian than HQET
@ large number of d.o.f. involved
@ various interactions through soft/collinear gluons
@ used for inclusive decays, nonleptonic decays. . .

Sébastien Descotes-Genon (LPT-Orsay) Analytic methods in QCD (2) 6/9/10 39



lllustration 1: B — nrr

P2~ A2 P2 A2

"Simple” language to separate scales M, vAM, A
@ hard gluons integrated and separated
@ ...from soft/collinear d.o.f., which define hadronic quantities

Sébastien Descotes-Genon (LPT-Orsay) Analytic methods in QCD (2) 6/9/10
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lllustration 2: B — light meson form factors

@ Vector V,A = gv,.b, gv.vsb (semileptonic B — m,p... lv)
@ Tensor T, Ts = q[yy, Vb, qlvu, v ]7sb (radiative B — K(*)v)

(P|V"|B)

(PIT"q,|B) =
(v|viB) =

(VIA“|B) =

(V|[T"q,|B) =
(V|T¢¥q,|B) =

Sébastien Descotes-Genon (LPT-Orsay)

M? — m? M? — m?
f, p”+p’“—2Pq‘L} +1 72:"(7#7
q q
fr

i
M+ mp

[P (p" +p'*) — (MP — mB)q"] ,

: LVPT oV ol P KO
i R
2va06qi.2qqu + (M + my)A; [6*”’ < q.zqq/"]

_ €-q Iz /M_Mzim%/ "
A2M+mv[p +p q",

727'16,uupapup/p€*a ,
—iTo [(M? — m{)e — (e q)(p" + p'")]

. q? ,
-4nkﬂq)@“—mﬂ+pﬂﬂ.
M2 — m2,

Analytic methods in QCD (2) 6/9/10
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Relations between form factors

For energetic E = O(Mp) light mesons, all form factors expressed in
terms of three form factors ¢, (//, ¢, at leading order in ag and E/M
Charles et al.

2
) = ). le) = (1 g ) (B,

_m
MEy

) = (1+ ) <(En). Anle)= 1

_2E
_M+mv

) Cy(Ev) + % CL(Ev),

M) (B, Aele) = (14 ) [ntEn - Ehoy(En)

2

vieh) = (1+ ) (B Tole) = (1= T ) B,
m2

my _ lwg) C//(E\/)

TP =B, Tale?) = Cu(EV) - B
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Higher-order corrections

Corrections in ag can be computed
Beneke, Feldmann...

fi(6?) = Ci(P)&i(qP) + 08 @ T) ® 6x

® ¢ = (,(y, (1 are universal (soft) form factors

@ C; and T; dominated by hard gluons (above v MA) and can be
computed perturbatively: C; = 1 + O(as), Tj = O(as)
@ ¢p and ¢, are light-cone distribution amplitudes

1 .
(0[8(2)3,7150(0) [ (9)) = ipFr /O dx e PI(x) 22 =0

Hadronic quantity, corresponding to probability amplitude of
finding in 7(p) a quark with long momentum xp

—but still only leading-order in E/M
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lllustration for |V

Differential decay rate as a function of leptonic g°

dr(B — mtv) _ G2 p3
dg? 24735

|Viwl? |+ (0%

where p, = \/p2 in B rest frame

@ Soft-pion configurations (large-g?) suppressed by phase space
@ Still need a representation over all g? range
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lllustration for |V

Differential decay rate as a function of leptonic g°
dr(B — mtv) G,Q_— 3 5 o\ (2
= V.. l2|f
where p, = \/p2 in B rest frame

@ Soft-pion configurations (large-g?) suppressed by phase space
@ Still need a representation over all g? range

Many parametrisation models (only, poles, polynomial. ...

Sébastien Descotes-Genon (LPT-Orsay) Analytic methods in QCD (2) 6/9/10
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. 2 9BB+*x
B decay B B production f+(q ) = 272
i Mg. —q
0 t.t t, 1 [ Im[f (t
A e 0)
f real  pole 1‘c§1¥1lplcx n (Mg+My)? t— q
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More information on B — & form factors

o Trrrr T T T T
> T ]
* 10 © HPQCD ]
FNAL/MILC f, 0]
8l i

r —LCSR :
6 .
ar 5
2 o0 o 7
e et ac = A

00 5 10 15 20 25
o? (GeV?)

Extract | V| from exclusive decays combining
Lattice QCD (high g?) + Sum rule/SCET (low g°) + parametrisation

|Vup| also extracted from inclusive B — X, ¢v by 1/mj, expansion

Stéphane’s, Olivier's and Zoltan’s lectures
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Other effective theories

Non-Relavistic QCD (NRQCD)
@ Heavy-heavy systems (v, T, Bc)
@ Hierarchy of scales
@ in quarkonium rest frame, heavy quark momenta p = Mqv + k
slowly moving ko ~ Mgv2, k ~ Mgv, v < 1
different from HQET where kg ~ K~ A

v and "softness” of scales depend on the system
several versions of the effective theory

o
o
o
o
Heavy-Meson Chiral Perturbation Theory (HMxPT)
@ Treatment of soft pions and kaons interacting with heavy B, B*
@ Theory of mesons rather than quarks (no perturbative matching)
@ Fundamental parameters
@ masses and decay constants of light and heavy-light mesons
@ gps-, coupling
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Conclusions

Sébastien Descotes-Genon (LPT-Orsay)
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Conclusions (1)

Hadronic quantities

@ Defined in an unambiguous way (decay constants, form factors,
matrix elements. . .)

@ Parametrise our ignorance of low-energy QCD
@ Symmetries powerful tool to simplify the problem (a bit)

Light-quark symmetries mqg — 0
@ Isospin, SU(3), U-spin
@ allows one to reduce the number of unknown parameters
@ illustration with o and ~ for nonleptonic decays
@ generic, but with large corrections for SU(3)
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Conclusions (1)

Heavy-quark symmetry Mq — oo
@ Useful if other scales comparable or lower than Mq
@ 1/Mg expansion implemented in an effective theory (HQET)
@ Spin of heavy quark unaffected by soft gluons
@ Predictions on heavy-light spectrum, exclusive decay rates
@ Interesting to determine | V)|

@ Other effective theories when further relevant degrees of freedom
(SCET, NRQCD...)

Not clever enough to determine hadronic quantities. . .
Need to work hand in hand with lattice QCD
to disentangle strong and weak interactions
in heavy-flavour dynamics
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