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emerging anomalies in the flavour sector

in SM (SU(3).x SU(2), x U(1)y ) the SSB & Yukawa sectors arbitrary — no theory of flavour

— no insight on

v' neutrino masses v' fermion mass hierarchy v’ SSB

v' CKM and PPMN textures v' matter-antimatter abundances v Higgs mass stability againts rad corrections
v' number of families Vo Vo

Vo

BSM must exist
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emerging anomalies in the flavour sector

in SM (SU(3).x SU(2), x U(1)y ) the SSB & Yukawa sectors arbitrary — no theory of flavour

— no insight on

v' neutrino masses v' fermion mass hierarchy v’ SSB

v' CKM and PPMN textures v' matter-antimatter abundances v Higgs mass stability againts rad corrections
v' number of families Vo Vo

Vo

BSM must exist - is it around the corner?

BSM in low-energy experiments

o tree level processes — R(D"), ...
o loop-induced processes — P, ...
o inconsistency in CKM, V,, Vi, €'/¢, (g-2),...
o precision meas. of SM parameters
sin? O, — Maas Jones Grazzi

+ deviations of SM allowed processes
wrs predictions

* observations of processes forbidden
(or strongly suppressed) in SM o LFV processes 1 — 3u, u —ey, p —3e ...

e several tensions in different observables
 hints of LFU violation in the third generation



emerging anomalies in the flavour sector
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emerging anomalies in the flavour sector

b—)sp"'p‘ FCNC process suppressed in SM by
« CKM elements
* electroweak scale
* loop-factors

Wilson coefficients precisely known Bobeth et al PRL (2014) 101801
W=
s—> H
t Yy
b <
w+ 3

sensitivity to BSM

heroic efforts in exp and th



emerging anomalies in the flavour sector

- ATLAS-CONF-2020-049 chjral suppression -
B —> u_+ CMS-PAS-BPH-20-003 P.P ) B —> (I)H'I-H
S LHCb-CONF-2020-002  small statistics S
0.8 . _ arXiv:2105.14007
= 1oV, 49" ] S ME LEco e
y oo \s=8TeVZ 20 fb! _ % 12 Ry SM (LCSR+Lattice)
< ] &) 10 [ ] SM (LCSR)
OT 0.4 — 3 SM (Lattice)
@, : 2 8'_ ]
® 02 B T *Ho Iy wes)
| : < °F ——
R TN : L of T A==
[ AN N\ . S 3 '_i:'._g..—! *i B
| ATLAS Contours for -2 Aln(L) = 2.3, ] < 2
—O.Qk\ 6.2, 11.8 from maximumof L  _| QT(, 0 I e e o
O e St RSN S < ; s
= 2 [GeV¥c*]
B(BY — u* 1) [10°] 1
new results — Turkikhin low q 2 _ tension wrs SM

no significant deviation from SM .
9 local & nonlocal form factor uncertainty — Virto

new LHCb measurement of Rgyx = I'(B — KOutu) /T(B — KMete?) in agreement
with SM  axiv2212.09153.



emerging anomalies in the flavour sector

P:" anomaly

I 1 T T T I

o LHCbdata © ATLAS data

 angular distribution of B — K*(Km)utu = Belledata © CMS data

, [ SM from DHMV
» P angular observable 7] SM from ASZB

minimized form factor uncertainty - : ]
Descotes-Genon Hurth Matias Virto JHEP 05 (2013) 137 i . ‘ i
n 9] -

o = ~ I
03¢ s 4 j@
LHCb: tension in the charged mode i S = N
-1 A I R

0 10 15

g? [GeV?* 4]

36 from SM




emerging anomalies in the flavour sector

b—clv

e tree level

« form factors uncertainty in exclusive modes
B—D"ztv... 5

* measurement of [Vl using electrons and p

— Benane Penalva



emerging anomalies in the flavour sector
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> S B !E!E!Il Ay* = 1.0 contours
b C | V R B Prelim. 2023 ]
) 035 Bellels BaBarl2 —
r(B— DWrv,) - - ]
R(D™) = N 0. §
I'(B— DWLvy,) o =
F LHCH23 . .
>3c fromSM . E
- pellel e World Average ]
0.2 =  $HFLAV SM Prediction  JHEP 1712(2017) 060 R(D) =0.356 £ 0.029,,,, -
~ R(D) = 0.298 = 0.004 b gg:g; . R(_D”E)) 3=70 284 0013, -
» R(D*¥) =0.254 £0005  1pic g0 2020 2. 74 g(; 2‘) s i

B L1 1 I L1 1 1 I L1 1 1 I PFDIIOSI (2(:22I 0:}I4SOI‘5 L1 I L1 1 1 L1 1 1 L1 1 1 I L1

0.2 0.25 03 0.35 04 0.45 0.5 0.55
R(D)
RG /WY = LBe = /BT ve) RU/¥ )imep = 0.71 + 0.17 + 0.18
F(B. — /¥ £vy) R(J/¥)gy = 0.25 — 0.28 form factors uncertainty
R(A) = [(Ap — AcT V) R(A) ycy = 0.242 + 0.026 + 0.040 +0.059
=

[(Ap = Actve) R(A, )sy = 0.324 + 0.004 o



emerging anomalies in the flavour sector

("'P_‘ 4,8 :l — T 1 T T T ] — T 1 T 1 2l | L | l:

|V | & |V | S 4.6 Exclusive [V | Ax" =10 Clonlt(“frs =

ub cb :..o 4.4 - = Exclusive IV,| F\f:sgeGOU =

tension in >= 4-2 E_ - IV,,: global fit _E

. E - HFLAV Average E

inclusive vs exclusive 4E E

38F =

measurements s6E E

34F =

32F -

) : 3 —

is the solution of the puzzle : mzom ;

related to other tensions? 28 L R=sss
36 38 40 42 44

IVep linet VS Ve lexer Vs @anomalies in b — ¢ semileptonic modes e Fazio Pc PRD 95 (17) 011701 V| [10'3]

Rxe/n compatible with SM — Merola (Bellell)
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emerging anomalies

(9-2),

. . . 04 Y Y
* uncertainty in the hadronic
contribution (HVP & HLbL)
Y VA ¥ Y
 need NP of the order 5 W p p/  had N
of the SM EW contribution Aay = @ —a™ = 27976)x 10" [3F 549 6
White Paper (\NP) Aoyama et al. arXiv:2006.04822 Abi et al. arXiv:2104.03281

efforts to improve the evaluation of HVP — Redmer Rojas Bulava Bruno Saccardi
and HLbL — Roig

aHLbL;P =(85 1i 4'7Stat i2-3)X1O_11 lattice QCD - Gerardin et al. arXiv:2305.04570

U
.0
a‘ZILbL'n na =(93.8+4)x10~ 11 WP: mainly data driven dispersive approach
aHLbL;total =(92i 19))(10—11 WP: P + meson loops, axial vegtors , scalars, light quark loops
[ results also from holographic methods

D'Ambrosio Rebhan Giannuzzi...
12



emerging anomalies in the flavour sector

Cabibbo anomaly deficit in first row and first column CKM unitarity

|Vyal? + |Vys|? + |V |? = 0.9985 +£0.0005 36

Vyal? + |Veg|? + |Veg|? =0.9970 +£0.0018
— Gorshtein

BSM :

- LQ

« W' and W-W' mixing

. 7'

 singly charged scalar

* RH currents in ud and us

13



NP scenarios

b—)C|V v b > <C
LO
T | 4

T

» charged scalars — troubles with 1(B. ) and distributions ceiis jung i pich pL8 2017
Alonso Grinstein Camalich PRL 2017

W’ — constrained by LHC searches  suttauo creljo 1sidori marzocea siep 2017

. Leptoquark (LQ) also searched in gg— 1t CMs 1809.05558; ATLAS 1902.08103 _ _
L=y,0SL+7,050;+h.c.

» Spin 0, 1 LQ — predicted in GUT/compositeness frameworks

|
coupled to quarks and leptons v (cy“PLb)(Ty“PLU) + 1ensSOr + .
> SU((2) singlet vector LQ U, Aebisher et al, Alonso et al, Barbieri et al, Calibbi et al,
Fajfer et al, Hiller et al, Bhattacharaya et al, Buttazzo et al.,...
> SU(Z) triplet scalar LQ 53 Kowalska et al, Dorsnee et al, Becirevic et al,...
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NP scenarios

b—clv

» charged scalars — troubles with 1(B. ) and distributions ceiis jung i pich pL8 2017
Alonso Grinstein Camalich PRL 2017

W' — constrained by LHC searches  sutazo creljo isidori Marzocca ep 2017
. Leptoquark (LQ) also searched in gg— tt  cMs 1809.05558; ATLAS 1902.08103

SMEFT approach (model independent)
« general low energy weak Hamiltonian
* parameter space from measurements — global fits
 effects in new observables — role of the hadronic uncertainties

15



going beyond SM

BSM at a high scale A>>M,, - BSM gauge group G o SU(3):xSU(2), xU(1)y
= SM effective theory at the scale M,

4 matching 1 1
(4) (5) (5) (6) (6)
A == LNP — LSM+XCVV Ovv +A—chk Ok
K
RGE |
O OO @ @ TN 4Gp
5 _
Mw T LSM+/TCVVOVV +A_zzck Op” —* Heff__ﬁzckok
K K
RGE |
T H, e = 46’32(1 0
Hb“ eff — NG 4 k Yk
energy scale

« coefficients in the low-energy H4 related to the high-scale ones

. Buchmuller and Wyler, NPB 268 (1986) 621
« different processes related Grzadkowski et al., JHEP 10 (2010) 085

* basis of effective operators, ordered by dimension, comprising SM fields

‘ 16




going beyond SM

BSM at a high scale A>>M,, - BSM gauge group G o SU(3):xSU(2), xU(1)y
= SM effective theory at the scale M,

Weinberg opertor: v mass

I

1 1

4 5) A (5 (6) (6)

L.glvg'l'xcév)ogv)"'[\_zi Cr Ok
k

A \
Lk{in _I_Lgauge _I_LHiggs _I_LYl\Lkawa D=6
\ Y ) \_Y_)

accidental symmetries

* violates accidental symmetries
« fermion masses and mixings
» source of CP violation

17



semileptonic b decays

b - cfvy

SM low-energy Hamiltonian + D=6 operators and LH neutrinos

G _ _
U= HE™ = 2V [ (1)) (Tu(1=5)b) (Br(1 = 7))

+ €5 (Ub) (€(1 = ys)ve) + €p (Usb) (€1 = s)ve)

+ erf} (Ua,w(l — 75)b) (Eo’“’(l — ”)’5)I/g)

+ €5 (Uru(1+75)b) (*(1 — y5)1e) ] + h.c. .

&l lepton flavour dependent
contrained by measurements

gl -0 - SM

18



semileptonic b decays

b - cfvy
* correlations between meson (B, B, B.) and baryon (A, E, Q) observables

e effects in inclusive and exclusive modes
e different hadronic uncertainties to deal with

two examples:
* inclusive A,

» exclusive B,

19



b-baryon inclusive semileptonic decays

b — cfv, inclusive H, modes: optical theorem + heavy quark expansion (HQE)
Chay Georgi Grinstein, PLB 247 (1990) 399, Bigi Shifman Uraltsev Vainshtein PRL 71 (1993) 496

observables as a double expansion in1/mq and a(mg)
b — u: De Fazio Neubert 9905351

5 SM: € =0 1 _ 77
B0 = Ly, Sl I LOM 4 he. e e Bl
\/§ ‘i=l/ \ Lﬂ(l) = z’}/ﬂ(]. — ’}’5)1/@
Y | o
/ \/ eptonic currents
Ct=(1+¢€)
! v hadronic currents dr’ = d% G%‘IVUbl Z C*C (W”) (Lij)MN
05,3,4,5 = GZS,P,T,R dmpy r \_'_;
hadronic tensor
.. 1 ..
q q (W”)MN — ;Im(Tz])MN /
O N U(mpv —q) u
b] X7
/ mpv + k (Tij)MN — /d4.’17 et (mbv—q)-m<Hb(v, 3)|T[J](JI)]L($) JI(\?)(O)“HI,('U, 8))
mpVv + k
b OPE




b-baryon inclusive semileptonic decays

( o( L ) —2 My g2 = (Hp|b, iD* iD,, by |Hp)
o() | \rt) \2Miie = (Halt (o) 0 D b s
™/ | 2 My pp = (Hp|by iD* (iv - D) iDy, by|Hp)
2 My p3s = (Hp|by (—ic ) iD* (iv - D) iD" b,|Hp)

N\

R

2 matrix element of the kinetic energy operator

Dominguez Nardulli Paver PC

f2(Ap) = (0.50 £0.1) GeV® | pRD 54 (96) 4622

niznﬁn;;c [(ma, —ma.) = (Mg — mp)] (1 + O(1/m,))

iz (B) — iz (Ap) =

fig:(Ay) =0

fi2, matrix element of the chromomagnetic operator

pH(Ap) ~ p3(B)| | ph(As) = (0.17 £ 0.08) GeV?

ﬁ% Darwin term

/3%5 spin-orbit term [)%S(Ab) =0

_ TN : general parametrization
Muscpn = (Hy (0, 8)|(50)a(iDpss) - - (1D ) (b )ol Ho (v, 5)) including dependence on the spin to O(1/m}3)

21



fully differential decay width

d*T p=(E | ,p) charged lepton
2 q=(q0 :q)
dE,dq”dqod cos bp 0p angle between the hadron spin s and p

O(1/my3) with all NP operators and m; # 0

~n2
— =\ _ x | Aih) , B
MHp — Xul  ve) =To Z 8i & [CO +m—7;

De Fazio Loparco PC JHEP 11 (2020) 032

n2 A3 ~3
. . “ . . p . . p . .
¢l 4 =€ e 70 clid)  TLS cﬁ';”]

i A= mi A m m3 s
ij b \ b / G b / D b

_ GE[Vup?mg \ / /

o 19273 NP effects through the & couplings

perturbative QCD corrections in SM
O(a/n)?) for Ty

Fael Schonwald Steinhauser, 2011.13654 2005.06487 2011.11655
O(ag/m) for T,

Alberti Gambino Nandi 1311.7381

Mannel Pivovarov Rosenthal 1405.5072 Mannel Pivovarov 1907.09187
Capdevilla Gambino Nandi 2102.03343

ongoing new measurements for B = IV lina  Vibling

22



Ay, inclusive semileptonic decays

08—
Ao — Xc | v - "M sM-LO
5 -l sM O(1/m3)
5] 0.6+ o il
<] :I SM O(1/m3)
=4l
3 L
<
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<
~ L
= B o0
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>
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~
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T
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<
ey Ml SM-LO |
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NP benchmark point:
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b-baryon inclusive semileptonic decays

A — X | v 10— 10 ——
b ur - M sm-LO = L EY
5 os[H sMO(1/m}) > o8 MNP
] I T P
<) [l SM O(1/m3) Qo [
-~ 06 2 0.6 r
[EN [ ] [EN
T o4f :; 0.4
> [ ,
L 02F ] <L 021
< 7 T ool
| b oof r-| ¥ 00
S8 T Blg
== o2f ] = = 02l
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0.8 —_— — — ——— 1.07 T
Ab — Xu TV, = 'l sm-LO = -l sm
> r Il SM O(1/m3) 1 > o8-l NP
) 0.6 q [ [ 1
<) :I SM O(1/m3) ] 3 :
I»E [ 1 I»;c 0.6 r
0.4 1 r T . ]
- — ] b o4l ="
= = L -
EF b E >,§ [ ¢¢” ]
s 0% ] L oo2f 2
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I == o
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NP benchmark point: b — ¢ De Fazio PC JHEP 06 (18) 082, Shi Geng Grinstein Jager Camalich JHEP 12 (19) 065
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Ay, inclusive semileptonic decays

De Fazio Loparco PC
JHEP 11 (2020) 032

dF(Ab — Xufﬂg) _ AU LB 0 T
doosf = A, ; cosfp o —
cosbp 2 . \ ., e . onfmENe '/a" ]
g angle between Sl oo - - ]
/z/ i 5 . . . ? § T < L "”o
o i ¢ direction and A, spin g HE - _
U U -IE < 02 E - L &"// ]
Ry, (Xv) = A—T RU—B_T b—u-*° | eoep
b AU S — BU oo 00ek
122 m . -1.0 -05 00 05 1.0
\ \ cos 6p
. slope ratios for ¢=t and (=
analogous to R(D™) P K
no polarization 3 T
b—-c% 7le
2 2%
5 5
z =l e oosf
uoq?
-10 -(;5 0.0 015 1‘0
cos 6p
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b-baryon inclusive semileptonic decays

De Fazio Loparco PC
JHEP 11 (2020) 032

dT(Ay = Xulo e
(A ule) = Ag + Bf’ cos Op 012} -7
d cos ep L 7 \ [ // 1
| 0.10} < 1
. | angle between = Rt
’// i 5 . . . é : /“—:::’f : . SM
. | ¢ direction and A, spin = 2 o0l /‘f_g::/, | mwp @l
AY U 1 s T | ENP®BP)
RA (XU) prm — RU _ B_T :l < 0.06: ————"——/ f’¢¢" 1 [ only €}
b AU S BU = - z-" 1 [l only €} and €
" p \ [ ,
0.04 | 7 :
Ra, (Xu)5M = 0.234 slope ratios for (=t and{=p e s e s T
’ SM cos Op
Ry, (X.)SM = 0.214
0.14] ' ' ] .
ool i difficult to measure
ool e i Apunpolarized at LHC
s 008, | accessible with polarized A, from Z or top decays
0.06 ‘ ]
0.04 ¢ . . .
0ozl ] physics programs of future lepton colliders
0.00 : : : ]
0.21 0.22 0.23 0.24 0.25

RA,(X) 26



B. exclusive semileptonic decays to charmonium

b - ctvy

B. quarkonium-like state with weak decays — Mastrapasqua Belov

semileptonic modes

¢« B.—n., vy 1S charmonium JP¢=(0-,1")
* Bc — Acor Xe1s Xc2s hc 1P JPC=(O++: 1++, 2++, 1+_)
* B.— %o (2P), %1 (2P), %0 (2P), h (2P) 2P JPC=(0++, 1+, 24+, 1)

1. scrutinize BSM effects
2. probe the structure of the produced state

— nature of X(3872) — Spadaro Novella Guo Polosa Tanida Mitchell Gershon Giannuzzi
Nerling Pelizaus ....

%c1(3872) vs %¢1(2P)

27



NRQCD & spin symmetry

(Bc’ B:) M(v) = Py (v) [B¥ v — Beys) P-(v)

doublet of negative parity states

(nca J/¢) M (V') = P.(v) [‘I"”"m — e 75] P_(v")

4-plet of positive parity states

v 1 o, / ]‘ /| /
MH¥ (V') = Py (V') [chlz Yo + 7§Xc1,'y e 57’00‘ Y8 + —= Xeo (" — V") + hE 75] P_(v")

(XcO,l,Za h.) V3

universal functions: the same for all members of the multiplet of final states
relations among the various modes

LO (M' (V)| Jo| M (v)) = @vﬂ TIW" FM] a single universal function
(M), T'i Daths|M(v)) = —Tr[SE) 7" T M]

O(1/ma) (M'(o') |, (=i Da) T+ | M(v)) = —Tx[S( " T M]

O('I/mQ)2 (M’(U’)ll,E;FZBazBﬁ ¢+|M(v)> = —TI‘[ ;(12,8 Ml#FM]

(M'(0)| i, i Dai DT by | M(v)) = —Te [, AT* T M]
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B. — (%co, Xc1s Xe2, No) With FF relations at LO

dT'(Be—sxc1£7) /dw dI‘(B,_.—>x,_-2&z)/dw cancellations of ff
dT(Be—x 0tv) [dw dT'(Be—Xc1t7)/dw in ratios
1P 2P
2 Xa(1P) | | | 4 5 xa(@P) | | | | Al
100 oy ’,'E 5F t=p~ :'II:
uo A — Xc1/Xco
o : 01 00 1.02 1.64 1.06 1.08 1.10 :7 _____ Xcz /XC1

X ci(2P)
=7~

1.00 1.02 1.04 1.06 1.08 100 101 102 103 104
w w

dl’ dl’ dl’ I
22— (Be = Xeolt) + =—(Bz = Xe1lin) = (B = xeal) = 0. satisfied by three members of the 4-plet
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correlations

XcZ/Xcl

Xc2/Xc1
B(B. - x2QP)u ¥,)
B(B. = xa@P)p ¥,)

B. — (%cos Xets X2y Do) With FF relations at LO

B(Br - Xaol vu)

@
o

&
»
T

B(Bc = Xa M Yy)
w
N

g
=)
T

N
@
T

26

P

0.5

Xc1/Xco

2.80 T

0.6 0.7 0.8

B(B‘. > Ya po V,,)

B(B. = xau v,

275F

270F

265

260

2.55F

250

245F

T T

Xcl/XcO

07 0.8
B(B: = xa@P)p~v,)

B(B: » xa(@P)u7,)

B(B, = X2 T~ Vy)

2P

BB, = Xcl(zp) T~ V)

BB, » xat V)

BB, & xaP)t ¥,)

— XoT") = (2-4i813) X

1721

168

1 L L L L

085 090 095 1.00 1.05 1.10 1.15
B (Br = Xa x Vr)
B (Bt = X0 T Vi)

1.65

1.70 1.75 1.80
BB, - Xel @2P)r V)

BB: » xo0(@2P)r" )

10—°
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naive factorization

B. — (%co, Xc1s Xe2, No) With FF relations at LO

B(Bc-'l- - Xc17T+)~O

B(Bf — xort) = (2.4453) x 1075

| B(BY >xcont)  B(Bf—hent)  B(BE—hent) B(Bf—sx.0K*) B(Bf—=h.K')  B(Bf—h.K*)
B(BF »xc2nt)  B(Bf sxcont) B(BI 5xe2nt) B(Bf—sxaaK+) B(Bf—=x0K*) B(Bf—x.ao K*)
1P 0.658 2.429 1.597 1P 0.663 2.482 1.645
2P 0.583 2.746 1.601 2P 0.586 2.845 1.668
B(Bf 5xa1pt)  B(BI sxapt) BB +xcoph) B(Bf =xaK*t) B(BioxaK*t) B(Bd—xcoK*T)
B(Bf —sxcpt)  B(Bf—xwpt) BB —xeapt) B(Bf —sxc0K*+)  B(BI —wxoK*'t)  B(Bd —x2K*t)
1P 0.206 0.122 0.590 1P 0.276 0.157 0.570
2P 0.315 0.159 0.503 2P 0.422 0.203 0.481
B(Bf +hep™)  B(BI —shopT)  B(BX Shept) B(Bf +h.K**)  B(Bf +h.K*'')  B(Bz +h.K**)
B(Bf —sxcop™)  B(BI—=xapt)  B(BI—xept) B(Bf 5xcoK*+) B(BIf sxoK*+) B(BI sy K*+)
1P 2.226 10.790 1.312 1P 2.159 7.834 1.231
2P 2.449 7.770 1.232 2P 2.350 5.568 1.131

Losacco
arXiv:2302.12534
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summary & perspectives

unprecedented situation:
we do not know which significant deviation wrs SM will be found at first

in spite of this

* hints to BSM from various measurements of low energy observables
 SMEFT — correlations among observables

« effective QCD theories useful to deal with hadronic quantities/uncertainties
» predictions for low energy observables in particular BSM realizations

* input for the physics programs of next facilities

exciting time in th and exp ahead of us
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Ay, inclusive semileptonic decays
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Ay, inclusive semileptonic decays

Ab—>Xu|V| Ab—>Xu‘CVT
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HQ spin symmetry in B. decays

HQ limit: decoupling of the HQ

heavy-light mesons — HQ spin & flavour symmetry
heavy-heavy mesons — HQ spin symmetry

relations among the FF in selected kinematical ranges

heavy-heavy meson decays — IR divergent for two HQs with same v

. Thacker Lepage PRD43 (1991) 196

* Infrared divergences regulated in the HQ limit by the kinetic energy operator O,
» O, breaks flavour symmetry -» only spin symmetry

non relativistic quarks with relative velocity v

NRQCD Lagrangian: expansion in 1/mq
terms further organized: expansion in powers of v

Caswell Lepage PLB 167 (86) 437
Bodwin Braaten Lepage PRD51 (95) 1125
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EFT

* expansion parameters for a system with 2 heavy quarks: relative HQ velocity (hadron rest-frame) (NRQCD)
inverse HQ mass 1/mg (HQET)

P HOfeld Q(a) = 7" (z) = e (. (2) + ¥ (a)) () = Pa(z) = -3 L (2)
— Q(z) = e7'mav (1 - ;Dl + (—;v D) i, + .. ) v, (z) Dy, =D,—(v-D)v,
meg mqg 2mQ
‘) )2
= | Locp = P4 (x) (z‘v D+ (ZDL) b9 5+ DDy ) ¥, ()
mg dmg 2mQ 2mg
\ J \ J
oy |
O(?%) Lo O(?*) NLO
) )\2
Ly = v (z) (z'v D + (iD1) )¢+(5'3) Ly = Ll,l + £1,2
2mg
¢+ ~ 1.73/2
power counting in NRQCD D~ D, ~ i*
Lepage et al.PRD46 (92) 4052 E — Goy ~ 0 B, — leUkG]k o~
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