—
The 9th International Workshop on Charm Physics (CHARM 2018)
BINP, Novosibirsk, Russia, 21-25 May 2018




Hadronic 7 Decay

Hadrons

€€P;;%;:: % d” = Vud d+ Vus S
S
i é

Only lepton massive enough to decay into hadrons

F(r’ > v, + Hadrons) 1-B, —Bﬂ
R, = . — ~N. 3 R, =—"=3637%0.011
F(r —> v, e ve) B,
Br(t~ — vy + Had.)
R- = By~ 1.97256 = 3.6407 + 0.0072 ; R, = B —— 3.6349 + 0.0082
A. Pich

QCD Tests with 7 Data



7 Hadronic Width: R,

Davier et al, 1312.1501
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n(s) = [Vl (nud,v(s) + nud,A(S)) + [ Vas* Mgy als) R
o 05 1 15 2 25 3 35
s (GeV?)
vy =271 Imﬂ(uld)_v(s) , ap =2m IInI-l(uld).A(s)

R — F[T*7—> VTha(iri)ns] R+ Roa+R.s
Mr= — vre v

2 2
M ds s s 041 s 0
127r/0 — (1 - F) KIHF) Im MO+ (s) —2—Im nO(s)

T T T

A. Pich QCD Tests with 7 Data 3



Theoretical Framework

R, = [r — vt hzfrons] = Rv+Rat+Res
Mr= = vre v

2 2
M ds s s 1 0

() = Vaal? (MEZ0(5) +MEJA0)) + IVasl? My a(5)

o o
= 3 F o ALEPH % 3| . ALEPH
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i/ d'x e (0| T [ ()77 (0)] 100 = (& + qq”) NP1 (%) + a*a” N (%)

Wiy — [Tds Dy - L ds ()
A (s0) = / L mne) = g f e
o) o) Oy
~ OPE __ s
N7(s) = N7(s) =2 (—s)D/2
D

J
w(s) = sV = Og,\zﬁ’j

1 1 [oo
dpv = 5 . ds w(s) {I'Ig)(s) - I'Ig)(s)OPE} = - / ds w(s) Im {I’Ig)(s) - I'Ig)(s)opE]
s|=sp 0

Add residues whenever there are poles within the integration contour
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Left-Right Correlator

22
T +T(s)

0+1 0+1 0+1
N(s) = nE/deLI-)?(S) = nEldeV)( ) — I_IEIdJrA)( ) =

s—m2
¢ Pure non-perturbative quantity: Ideal to test the OPE

* Known short-distance constraints:  (s),) % = > (i)ﬁ
D>6

@ 1st WSR: /oo ds 1 ImM(s) = 2f2
Sth ™

® 2nd WSR: / ds s flm Nn(s) = 2f2m?

8

2 2 2

( 0 Tr+)em 3 T Img=0
(63 a

mg=0

© 7SR: / dss Iog /\2 Im Nn(s)

Sth

o xPT: T(s) = —8 L+ xlogs + s [16 Cg7 + xlogs] + O(s?)
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Non-Pinched & Pinched Weights

Gonzalez-Alonso, Pich, Rodriguez-Sanchez, 1602.06112
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Playing with Duality Violations

Gonzalez-Alonso, Pich, Rodriguez-Sénchez, 1602.06112
¢ Ad-hoc Ansatz: p(s>s,) = ke " sin{f(s—s;)} (Cata et al)
e 3.10° randomly generated tuples (k,~, 3, s,)

e Select “Acceptable” Spectral Functions, satisfying;:

@ Consistent with ALEPH at 90% C.L., above s = 1.7 GeV?
@® Fulfill 1st and 2nd WSRs, and 7SR

Pl

3716 tuples selected
(red band)
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Statistical Distributions of L$I, Cf, O and Og

A. Pich

Gonzalez-Alonso, Pich, Rodriguez-Sénchez, 1602.06112

e R e R Non-pinched
5f10? 10 ev?) & pinched

o o weights

L = (—6.4771%%4 +0.05) - 1072 = (—6.48 £0.05) - 103

el = (8.399 7992 +0.18) - 1073 GeV ™ = (8.40 £0.18) - 1073 GeV 2

Os = (—3.6795+05) 1072 GeV® = (-3.67%%). 1073 GeV®

Og = (-1.0+£0.3+0.2)-1072GeV® = (—1.0£0.4)- 1072 GeV?®

QCD Tests with 7 Data 9



. XPT Para meters: Gonzalez-Alonso, Pich, Rodriguez-Sénchez, 1602.06112

L5 = 15y — 0.00126 + O(p°) oo
ff
Ljp = 1.53 Ly +0.263 Ly — 0.00179 oms

1
(D) + o)

— 1) +A1(0)
0 11(0) + G574 1/N; [GPP08, updated]

m 11(0)+AN(0) + /N

005
' 11(0) + AM(0) + M(s)art [Boito'15]

e = ¢y +0.206 L + 0.00155 + O(p°) <

0015,

® O(p*) analysis: L5y(Mp) = —(5.224+0.05) - 103

w—- ® O(p®) analysis: Liy(Mp) = —(41£0.4)-1073

Ci(Mp) = (5.104£0.22) - 1073 GeV 2

® E;(/EK: Os =3 ((77)1—2|Qs|K°) =3 e.m. penguin contribution

Good agreement with large-N¢ approximation (work in progress)
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7 Hadronic Width: R,

Davier et al, 1312.1501
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"/dAX e (o T [Jf(X) ~7,-,-"T(0)] 0) = (—&""q" +a"a") NP, () + a"q” N, (q)

50 2 50

O(J)
() ~ M) (\OPE _ D.J
HJ (s) = nJ () - Z (_S)D/z
D

_ / B (s) ImnND(s) = ij[ & (s) N(s)
Sth |s|=s0
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"/dAX ™0 T 77 @] l0) = (=" +q"a") NP, (@) + a"q” 1§, (a")

/ ds w(s) Im I'I(jj)(s) =
Sth

S0

J J
n%)(s) ~ ng)(s)OPE _ Z

2

D

! f % o(s)NY(s)
[s|=s0

S0

J
o8
()77

= NcSew (1 +dp + Inp)

Braaten-Narison-Pich '92

= 6mi 7{ (1 - x)? [(1 +2x) NOD (m2x) — 2x MO (m2x)
|x|=1

dp =ar+520a2+26a> +127a% +--- ~ 20%

ar = as(m?)/w

dnp = —0.0064 £ 0.0013

)

Sew = 1.0201 (3)

(Fitted from data)

Baikov-Chetyrkin-Kiihn '08

Marciano-Sirlin, Braaten-Li, Erler

Davier et al '14

A. Pich
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Perturbative Contribution (m, = 0) 2, = 22lr2)

0p =Y K, A(ag) = r,al
n=1

d 1 )
_SEH(OH)(S) == ZK" as(—s)" = —1
=0 ——
CIPT FOPT

— 2 n
A(n)(as)E%%{ %(1—2x+2x3—x4) (M> =al+---

x|=1 X ™
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Perturbative Contribution (m, = 0) a, = oslmz)

0p =Y K, A(ag) = r,al
n=1

d 1 )
—s EH(OH)(S) == S Kyas(—s)" = —1
n=0 H,—/
CIPT FOPT

— 2 n
A(n)(as)E%%{ %(1—2x+2x3—x4) (M> =al+---

x|=1 X ™

1) The dominant corrections come from the contour integration

Large running of as along the circle s = m2 e’ | ¢ € [—7,7]
n 1 2 3 4 5
K, || 1]1.6398 [ 6.37101 | 49.0757 ? Baikov-Chetyrkin-Kin ‘08
I'n 1] 5.2023 | 26.3659 | 127.079 | 307.78 + Ky | Le Diberder-Pich ‘02
rn—HK, || 0| 3.5625 | 19.9949 | 78.0029 307.78
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Perturbative Contribution (m, = 0) a, = oslmz)

0p = KA ag) = ryal
n=1

CIPT FOPT

2 n
o) = 1§ X (1_ 3 (elem)) ey
A (as) = 57 fx‘ﬂ - (1 2x + 2x x) ( - al +

2) CIPT gives rise to a well-behaved perturbative series

o =011 | AY0) A9®@) AP A9a) | & |
oot — 0 0.14828 001925 0.00225 0.00024 | 0.20578
Broz =0 015103 001905 0.00209 0.00020 | 0.20537
Bros =0 015003 001882 0.00202 0.00019 | 0.20389
Broa =0 015058 0.01865 0.00198 0.00018 | 0.20273
Bazs = 0 015041 0.01859 0.00197 0.00018 | 0.20232
O(a") FOPT || 0.16115 002431 0.00290 0.00015 | 0.22665

FOPT overestimates dp by 11%
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Non-Perturbative Contribution

A7 (s0) = /50 o w(s) Im I'If;)(s) = i}{‘ ds w(s) I'If;)(s)

So

(J)

Z( sD/2

ﬂg)(s) ~ I'I‘(;)(s)oPE

O(D-l)\y n+D/2
=T ZQ,LD D—/2 5 50X Za D X
D 30
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Non-Perturbative Contribution

So

o,
-7 Z‘LLD D)2
D 0

A% (sp) = /sofw(s) ImNY(s) = i?{\ % o(s)

ﬂg)(s) ~ ﬂg)(s)OPE

(J)

Z( sD/2

n(s)

—sox) Za p x™D/2

e Strong power suppression at sp = m

2.

T

O vya ~ 47 {127r (asGG) + (my + my) qq}

A. Pich

QCD Tests with 7 Data

~ (Aqcep/m;)P

[(6.7+3.2) —0.6]- 1073 x m?

D >4

T

15




Non-Perturbative Contribution

Ag(so) = /so ‘:T)S UJ(S) Im I'If;)(s) = i ?lg‘ d (S) |-|(J (S)
(J)

Z( sD/2

I'I‘(;)(s) ~ I'I‘(;)(s)OPE

o,
=7 a1 4 ! o) =3 anp X"
D S0
e Strong power suppression at s = m2:  ~ (Agen/m,)” , D >4

Osvja =47 { 3= (2sGG) + (my + my) (Gq) } ~ [(6.7£3.2) — 0.6] - 10> x m?

O6via 5 Osvia
m$ m8

e R:: wkx)=1- 3x2+2x3 = Spp = -3

Additional chiral suppression in |Og via| < |Osv_a| =~ (1.1£0.2)-107* x m

A. Pich QCD Tests with 7 Data 15




Non-Perturbative Contribution

A7 (s0) = /50 o w(s) Im I'If;)(s) = i}{‘ ds w(s) ﬂg)(s)

So

(J)

Z( sD/2

ﬂg)(s) ~ ﬂg)(s)OPE

o,
=T Z a—1,D D—/2 s 50X Za D Xn+D/2
D S0
e Strong power suppression at s = m2:  ~ (Agen/m,)” , D >4

Osvja =47 { 3= (2sGG) + (my + my) (Gq) } ~ [(6.7£3.2) — 0.6] - 10> x m?

O6via 5 Osvia
m$ m8

e R:: wx)=1-3x>+2x> = Syp=-3
Additional chiral suppression in |Og via| < |Osv_a| =~ (1.1£0.2)-107* x m

e Sensitivity to Op with different w(x) == Measure dyp

A. Pich QCD Tests with 7 Data 15




R. suitable for a precise o determination

R, = 67ri?{ (L= [(1+20) MO () — 261 ()]
|x|=1

) %) oy
~ OPE __ N
nJ (s) = nJ () - Z (—s)b/2

D

® Known to O(al). Sizeable dp ~ 20%. Strong sensitivity to o

* m. large enough to safely use the OPE. Flat V + A distribution

2

e OPE only valid away from real axis: (1 —x)?> pinched at s = m?

® my=0 = sMNO0=0 = R | , = 67ri7|{| 1(1—3X2+2X3) I'IEJ%+\1/)+A(m3_X)
x|=

=>  Jyp ~ 1/mé Strong suppression of non-perturbative effects

D = 6 OPE contributions have opposite sign for V & A. Cancellation
Onp can be determined from data: dnp = —0.0064 + 0.0013  Dpavier et al

Ry = as(m2) = 0.331+0.013 Pich 2014
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A. Pich

ALEPH Spectral Functions

Davier et al. 2014
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VA ey
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New analysis of ALEPH data

Rodriguez-Sanchez, Pich, arXiv:1605.06830

as(m?)
Method (V + A)
CIPT | FOPT | Average
ALEPH moments? 03397301 | 031972017 0.329 © 3032
Mod. ALEPH moments? || 0.338 + 3312 0.319 + 3013 0.329 +321%
Am) moments® 0336 F g0 | 03171203 0.326 “ 3018
so dependence? 0.3354+0.014 | 0.323£0.012 0.329 +0.013
Borel transform® 0.328 19911 0.318 1993 0.323 79013
Combined value || 0.335+0.013 | 0.320 +0.012 || 0.328 +0.013
e as(M2) = 0.1197 + 0.0015

-

) wwr(x) = (14 2x) (1 — x)2Hex! (k, 1) = (0,0), (1,0), (1,1), (1,2), (1,3)
2) Gl =1 )2+k ! (k, 1) = (0,0), (1,0), (1,1), (1,2), (1,3)
3 WM =P Tk DK =1 ()" (™2 1<m<s
4) W(Z,m)(x) 0<m<2 , 1single moment in each fit
5 M) = (1 X em 0<m<6

A. Pich QCD Tests with 7 Data 18




os determination with ALEPH-Ilike fit

Rodriguez-Sanchez, A.P.

w(x) = =X X (142x) . x=s/m> (k, 1) = (0,0), (1,0), (1,1), (1,2), (L,3)

Channel as(m?)/m (%= GG) Op Og

(1073 Gev¥) | (1073 GevO) | 1073 GeV?)

V (FOPT) 0.328 7495 877, -3.279%% 5.07%%

V(CIPT) || 0.3527%%3 | —8*7 —3.5103 49104

A (FOPT) 0.304 “45% -1575 44795 | —-587%%

A (CIPT) 0.320 4% —2575 43492 | —581%3

V+A (FOPT) || 0.319 7599 —3T8& 1.375% | —0.81%%

V+A (CIPT) || 0.339 %%, —167T5 097%3 | —-1.075%

® High sensitivity to ;. Bad sensitivity to power corrections

® Cancellation in Og,v+a confirmed. V + A more reliable

® Ks =275+ 400, ;° = (0.5,2) m?

® Best values taken from V + A. Errors increased with sensitivity to O1o

2\CIPT +0.019
as(m?) = 0.3397 517 >
. + 0.020
—p as(mz) = 0.3207
as(m?,_)FOPT = 0.319 too"%llg s( T) 0.018

Good agreement with Davier et al.: as(m?) = 0.332 £ 0.012 (arXiv:1312.1501)
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Experiment vs. (pinched) Perturbation Theory (only)

Rodriguez-Sanchez, A.P.

(n0) /. _ _ n 2\ +0.020
Ww"Ns=sx) = (1—x)" = Opcy(n ) as(m?) = 0.3297 oy
0.12 T T 0.06 T T T T
] ]
0.115 n=0 A i n=1 Ab——
VA H——i VA i
011 TREE ] 0.055 |- TREE 1
e — = FOPT ]
0.105 CIPT 1 K %ﬁlvi CIPT
- ~ 05| % xrreas B 3 1
g o . 1 s e £ TEE LR B
g S E)
< 00 =R I { < o045 | 1
0.09 b | 1
0.085 1 0.04 1
0.08 g
0.075 - - 0.035 - - - -
3 35 1 15 2 25 3 35
sp (GeV?)
0.04 - 0.035 7 T T T
V— 5”'5, V—
A——i A ——i
0.038 - VAA i VAA -t
TREE TREE
0.036 |- FOPT i FOPT 1
cIPT cIPT
. 0034 R — xaey x
& 3 & Treas St
= s ] = - - - -\ E|
& 0032+ B 8 0023 Lxx T T T 3
< < -
0.03 | g =
0.02 |- B
0.028 - g
0.026 |- g Yxf
B L L L L 0.015 L= L L L L
1 15 2 25 8: 35 1 15 2 25 8: 35
so (GeVv?) so (GeVv?)
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Non-Perturbative Contributions Neglected

Rodriguez-Sénchez, A.P
w(l.m)(X) 1™ Oomia

wMx) = (1= x)2 Tk + 1) xK = 1= (m+2)x™ 4 (m+ 1) x™2 > Oomia2mis

Moment as(m?) Moment as(m?)
(n, m) FOPT | cPT (n, m) FOPT | CIPT
(1,0) 0.315 7992 | 0.327 %52 (2,0) 0.311 %95 | 0.314 %53
(1,1) 0.319 4% | 0.340 45, (2,1) 0.311 4% | 0.3331%%
(1,2) 0.322 7495 | 0.3437%9% (2,2) 0.316 7450 | 0.336 7% %5,
(1,3) 0.324 7901 0.345 70,03 (2,3) 0.318 1400 | 0.339 1%%,
(1,4) 0.326 745 | 0.347 7493 (2,4) 0.319 7455 | 0.340 %%,
(1,5) 0.327 7995 | 0.348 749 (2,5) 0.320 7495 | 0.3417%%5,
, . — , . — VA
ARm (g) | FOPT ! A@M (s) | CIPT P +
0.4 3 1 04 3
4 4
5 5
&035 - 4 A 035 - Exp.
£ £ P est3 33133 3 3 1§ errors
3 A | g S 11 E Y 3 only
S HHERRR : j 03 e 1
0.25 |- . , X , 4 0.25 - , . , 4
1 15 2 25 3 1 15 2 25 3
sp (GeV?) 50 (GeV?)
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Non-Perturbative Contributions Neglected

WMy = 1o

m+1

=> Oomig

Rodriguez-Sénchez, A.P

WM (x) = (1 - )2 Dok + 1) x5 = 1= (m+2)x™ 4 (m+1)x™2 S Oz 2mis
Moment as(m?) Moment as(m?) Atmgzl':g
stabili
(n, m) FOPT | cCPT (n, m) FOPT | CPT Y
(1,0) 0.315 7992 | 0.327 %52 (2,0) 0.311 %95 | 0.314 %53
(1,1) 0.319 4% | 0.340 45, (2,1) 0.311 4% | 0.3331%%
(1,2) 0.322 7495 | 0.3437%9% (2,2) 0.316 7450 | 0.336 7% %5,
(1,3) 0.324 7901 0.345 70,03 (2,3) 0.318 1400 | 0.339 1%%,
(1,4) 0.326 745 | 0.347 7493 (2,4) 0.319 7455 | 0.340 %%,
(1,5) 0.327 7995 | 0.348 749 (2,5) 0.320 7495 | 0.3417%%5,
, . e ; . — VA
A(Z,m)(SO)  FOPT ; A(Z,m)(SO) . CIPT % — +
04 3 1 0.4 3 1
4 4
5 5
& 035 | 1 & Exp.
€ £ i i errors
© : § 1 & ¢ onl
R R R R i Y
025 |- mer corrections i
1 1‘.5 ‘2 2‘5 dOI‘I't ShOW up 15 2 2‘5 3
sp (GeV?) 50 (GeV?)
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Models of Duality Violation

A. Pich

DAY Al%0) = é fH ng( {nv/A( O/A( } = —n /0 —w( ApV/A

QCD Tests with = Data
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Models of Duality Violation

DAY a() = ?{s‘:so d; w() {Ny/a () NP} = —r /: d; w(s) Ap2YA(s)
Ansatz: ApByA(s) = s*v/a g~ (v/atavyas) sin(ay/a+Bv/as) , s>%

1) Boitoetal: Ayu=0 , $~155GeV® |, w(x)=1

* Fit sp dependence: = {A%) (), p(so + Aso),-- -, p(so + (n— 1)Asp)}
® Direct fit of the spectral function. OPE not valid
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Models of Duality Violation

AAY _
v/A(SO) > j{‘s‘

=50 g w(s) {nv/A (s) = n\c/)}DAE(S)} = -7 /5000 g w(s) ApByA(S)

Ansatz: ApByA(s) = s*v/a g~ (v/atavyas) sin(ay/a+Bv/as) , s>%

1) Boitoetal: Ayu=0 , $~155GeV® |, w(x)=1

* Fit sp dependence: = {A%) (), p(so + Aso),-- -, p(so + (n— 1)Asp)}
® Direct fit of the spectral function. OPE not valid

Number of points fitted Number of points fitted
40 35 30 25 20 15 10 40 3 30 25 20 15 10 B .

038 R RRRRRES ; ; ; 5.5 T T Rodriguez-Sanchez, A.P.

037 st \ B

0.36 Hf ‘ T 1 a5t 1

035 H | { 1 T4

| o J

_oul H : 1 os ‘ | FOPT,V
033 t N 9 o A
£ o H FRENY

posul | 1 [l 1 i e AN (too large errors in A)

03} - Tt 4 2r 1

0.29 L 14 15+ 1

0.28 1r h

byl P ot . N

1 11 12 13 14 15 16 17 18 19 1 11 12 13 14 15 16 17 18 19
S0 (Gev?) S0 (Gev?)

Bad quality fit (Model dependence. Instabilities. Very low p-value)
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Models of Duality Violation

DAY p(%0) = = f\;\

ds oo ds
; = w) {Nyya & -NPFE)} = = / < @ BpyYas)

=50 %0 0

Ansatz: ApByA(s) = s*v/a g~ (v/atavyas) sin(ay/a+Bv/as) , s>%

1) Boitoetal: Ayu=0 , $~155GeV® |, w(x)=1

* Fit sp dependence: = {A%) (), p(so + Aso),-- -, p(so + (n— 1)Asp)}
® Direct fit of the spectral function. OPE not valid

Number of points fitted Number of points fitted
0 33 30 25 20 15 10 40 35 30 25 20 15 10 ) .
038 R RRRRRES rre e 5.5 TN T T Rodriguez-Sanchez, A.P.
037 | 4 5| \ J
036 —v,‘vuf ] T 1 a5 1
03s |11 IR
| o J
&0 tl H"' - 1 g 35t A 1 FOPT y V
T omf HITTT. 13 A
S o H t 2 3 N NI
oaf L 1 | 1oz e PATAIR! (too large errors in A)
03| - ' 1 4 2r 1
029 | 1 15| J
028 | 1 1fb \ J
D S I N A N A -
1 11 12 13 14 15 16 17 18 19 1011 12 13 14 15 16 17 18 19 Boito et al. value
S0 (Gev?) 50 (Gev?)

Bad quality fit (Model dependence. Instabilities. Very low p-value)
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Ansatz: ApByA(s) = s*v/a g (v/atavyas) sin(ay/a+Bv/as) , s>%

2) AV Z 0: §0 ~ 1.55 GeV2 y LU(X) =1 Rodriguez-Sénchez, A.P.
Av || as(m2)FOPT dv W ay Bv p-value
0 0.298+0.010 | 3.64+05 06+03 —-23+09 43405 5.3%
1 0.300 +0.012 | 3.34+05 1.1+03 —-22+1.0 42405 5.7%
2 0.302+0.011 | 29405 16+03 —-22+09 42405 6.0%
4 0.306 +0.013 | 234+05 26+03 —-19+09 4.14+05 6.6 %
8 0.314+0.015 | 1.0+05 46+03 -—-15+11 39406 7.7%
0.06 L T T
. V by
: Fitted region 0 ¢ Fitted o is model dependent
: 4
: ® \y = 0 (Boito) gives the worse fit
s ® Fit quality & o increase with Ay
=» closer to dataat s < §
e A5, =» 3 times larger errors

1 1.5 2
s (Gev?)
A. Pich

5 Not competitive & unreliable
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Ansatz: ApByA(s) = s*v/a g (v/atavyas) sin(ay/a+Bv/as) , s>%

2) Ay > 0: $ ~ 155 GeV? | w(x)=1 Rodriguez-Sanchez, A.P.
Av || as(m2)FOPT dv W ay Bv p-value
Boito| 0 ([ 0.298+0.010» 3.6+05 06+03 —-234+09 43+05 (5.3 %)
1 0.300 +0.012 | 3.3+05 11403 —-22+10 42+05 5.7%
2 0.302+0.011 | 294+05 164+03 —-22+09 42405 6.0 %
4 0.306 +0.013 | 23+05 264+03 —-19+£09 41+05 6.6 %
8 0.314+0.015 | 1.0+05 464+03 —-15+11 39+0.6 7.7%

Pv

0.06 I T

Fitted region

Fitted o is model dependent

Av = 0 (Boito) gives the worse fit

Fit quality & «; increase with Ay

=» closer to dataat s < §

ASy =» 3 times larger errors

s (Gev?)
A. Pich

5 Not competitive & unreliable
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New analysis of ALEPH data

Rodriguez-Sanchez, Pich, arXiv:1605.06830

as(m?)
Method (V + A)
CIPT | FOPT | Average
ALEPH moments? 03397301 | 031972017 0.329 © 3032
Mod. ALEPH moments? || 0.338 + 3312 0.319 + 3013 0.329 +321%
Am) moments® 0336 F g0 | 03171203 0.326 “ 3018
so dependence? 0.3354+0.014 | 0.323£0.012 0.329 +0.013
Borel transform® 0.328 19911 0.318 1993 0.323 79013
Combined value || 0.335+0.013 | 0.320 +0.012 || 0.328 +0.013
e as(M2) = 0.1197 + 0.0015

-

) wwr(x) = (14 2x) (1 — x)2Hex! (k, 1) = (0,0), (1,0), (1,1), (1,2), (1,3)
2) Gl =1 )2+k ! (k, 1) = (0,0), (1,0), (1,1), (1,2), (1,3)
3 WM =P Tk DK =1 ()" (™2 1<m<s
4) W(Z,m)(x) 0<m<2 , 1single moment in each fit
5 M) = (1 X em 0<m<6
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o at N3LO from 7 and Z

as(m?) = 0.328 +0.013

as(M2) = 0.1197 £ 0.0015

04p

(},’5(/\/@)2 width = 0.1196 4+ 0.0030

as(E)

03

The most precise test of
Asymptotic Freedom

02

I e T~ | | oi(M2) - (M) =
P oo o e 0.0001 = 0.0015, 4 0.0030
E (GeV)
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Statistical Distributions of Selected Tuples

Gonzalez-Alonso, Pich, Rodriguez-Sanchez, 1602.06112

350

300 4
250
200 |

150

Frequency
Frequency

100

50

.3

-
)
=3
w
=3
~
F
A
-
w
-
©
N

GeV units

250

Frequency
Frequency

1.95 1.98 2.01 2.04 2.07

3.4
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O s with Pinched Weights, ignoring DV

Gonzélez-Alonso, Pich, Rodriguez-Sanchez, 1602.06112

S 1
/0 ds = ImM(s) (s — s)° {1, (s + 250)}

Sth 7"
0.003 0.02 . .
P
0.01 - & = q
0 . — ’!
0 Lo ”}g
_ _ i
2 -0.003 2
> I > -0.01 - TT‘ ) g
o Q b
& -0.006 - i 5 002~ { |
-0.03 - g
-0.009 [ -
-0.04 - B
0.012 \ \ \ \ \ 0.05 \ \ \ \ \ \
o 05 1 15 2 25 3 o 05 1 15 2 25 3
sg (GeV2) sg (Gev?)
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O s with Pinched Weights, ignoring DV
Gonzélez-Alonso, Pich, Rodriguez-Sinchez, 1602.06112

Bl 1
/° ds = ImM(s) (s — s0)° {1, (s + 250)}

JSth us
0.003 0.02 . .
P
0.01 - & = q
0| - e
5 T - Jj]i
% 1 1 0 e = i
g -0.003 = —F— N
> = 1 T > .0.01 - T g
$ = g 0% O 11
L) - i e T
& -0.006 - B ggg i 5 002 - { ‘ i
O -0.03 - g
-0.009 [ S R
-0.04 - B
0.012 \ \ \ \ \ 0.05 \ \ \ \ \ \
o 05 1 15 2 25 3 o 05 1 15 2 25 3
50 (GeV?) sg (Gev?)

pu— Result with DV fully taken into account

Pinched weights suppress very efficiently duality violation effects

Big reduction of errors mainly due to short-distance constraints
which overcome the large data uncertainties at large sp values
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Comparison with Previous Works

Gonzélez-Alonso, Pich, Rodriguez-Sanchez, 1602.06112

103 - LTg 103 - Cgﬁ 103 - 04 102 - Og Reference Comments
(Gev™?) (GeV?) (GeVv?®)

—6.45 £ 0.06 - —23+£0.6 | —54+£3.3 | BPDS'06 | ALEPH'05+DV=0

- - -6.872% | 32728 ASS'08 | ALEPH'05+ DV=0
—6.48£0.06 | 8.18+0.14 - - GPP'08 | ALEPH'05+DV=0
—6.44+£0.05 | 8.17+0.12 | —44+£0.8 | —0.7+£0.5 | GPP'10 | ALEPH'05+DVy_,
—6.451+0.09 | 847+£0.29 | —6.6+11 | 05:+05 | Boito'l2 | OPAL'99+DVy,s
—6.50 £ 0.10 - —-5.0£0.7 | —0.94+05 | DHSS'15 | ALEPH'14+DV=0
—6.454+0.05 | 8.38+£0.18 | —3.24£0.9 | —1.3:£0.6 | Boito’l5 | ALEPH'14+DVy 4
—6.42+£0.10 | 835+0.29 | —577%% | 007%% | thiswork | OPAL'99+DVy_4
—6.48 +0.05 | 8.40+£0.18 | —3.67%%L | —1.04+0.4 | this work | ALEPH'14+DVy.4




R: = Nc Sew (1 + ép + dnp)

- n
Perturbative (mq=0) s 4oy = Loy g, [%ES)
ds 4 = V4
Ky=K; =1 , K,=163982 , K;=6.37101 , K,=49.07570 Baikov-Chetyrkin-Kiihn *08

m) 5 =0 K, A"a) = a,+520a]+26a}+ 127 a}+ -
=1
Le Diberder- Pich ‘92 !
1 n B

A a) = —§ Ax ) gxrad [ BED) _ g ; a, =ay(m,)/ x
2mi T x T
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R: = Nc Sew (1 + ép + dnp)

- n
Perturbative (mq=0) s 4oy - Ly g (@)
ds 4 = V4
Ky=K; =1 , K,=163982 , K;=6.37101 , K,=49.07570 Baikov-Chetyrkin-Kiihn *08

m) 5 =0 K, A"a) = a,+520a]+26a}+ 127 a}+ -
n=1

Le Diberder- Pich ‘92

A (a, =5 (ﬁ\v\ ]7"(172x+2x37x4)[@j =a'+ - ; a,=a,(m)/x
Power Corrections e 20 (Onn)
OPE ( ) 47[ ; (75')”

Braaten-Narison-Pich ‘92
- 2 v
C.(0) = 506" G, |0)

+2‘C) Z "'l< 2’7> :_3C6<06>_2CR<08>

= (—xm?)" me me

Op * - (]SM ldx (1-3x7

Suppressed by m? [additional chiral suppression in C6<06>V”]
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os determination with ALEPH-Ilike fit

2+k I
s s 2s
wils) = <1* m—) <m—) <” m_>

Rodriguez-Sanchez, A.P.

(k,1)=1(0,0) = 5,06y ,4,Ogv,/a
(k)= (1,0) = a5, (asGG), Og v a: Og v a: Orov)a
(k,)=(1,1) =  s5(asGG), Oy a, Ogvya OCrov/a OCr2v/a
(k=012 — s 06v/a,08v,a:O10v/a:OC12v/a Orav/a
(k,)=(1,3) =  as5,08yv,4,010v/a O12v,a: O1av a O6v/a
Channel as(m2)/m (%= GG) O¢ Og
(1073 Gev*) | (1073 GeV®) | 1073 GeV?)
V (FOPT) | 0.328 79013 87, -32798 | 50707
+0.013 +7 +03 +0.4
V(CIPT) | 03527993 | _g+7 —35793 | 49104
+0.010 +5 +0.5 +0.3
A (FOPT) | 0.304+000 | _15+5 44795 | —58*+03
+0.011 +5 +0.2 +0.3
A (CIPT) | 0320%001L | _o5+5 43%92 | _58%93
V+A (FOPT) | 0.319+4%0 -378, 13744 —087%%4
V+A (CIPT) | 0.339T%0 | —1673 09793 | —-1.07%5

Good agreement with Davier et al. (arxiv:1312.1501)



@ Fit one more condensate to test stability/uncertainties

Channel as(m2)/m (52 GG) O¢ Og O10
(1073 Gev*) | (1073 Gev®) | 1073 GevE) | (1073 Gev10)
V (FOPT) | 032079918 1079, —413 672 —213
V (CIPT) 03377390 | —1+10 -5+2 6732 —414
A (FOPT) | 03477492 | 31718 1715 -12%4% 1579
A (CIPT) 03737002 | _50*18 1073 -1173 14717
V-+A (FOPT) | 0.333799%3 -8 %0 77 —5+4 0+R
V+A (CIPT) | 035579916 | 23+ 573 -5%3 1078

® Good stability of o with respect to previous fit

® Larger variation in condensates values and increased errors

® Take central values from first fit, adding differences as errors




os determination with ALEPH-Ilike fit

Rodriguez-Sanchez, A.P.

w(x) = =X X (142x) . x=s/m> (k, 1) = (0,0), (1,0), (1,1), (1,2), (L,3)

Channel as(m?)/m (%= GG) Op Og

(1073 Gev¥) | (1073 GevO) | 1073 GeV?)

V (FOPT) 0.328 7495 877, -3.279%% 5.07%%

V(CIPT) || 0.3527%%3 | —8*7 —3.5103 49104

A (FOPT) 0.304 “45% -1575 44795 | —-587%%

A (CIPT) 0.320 4% —2575 43492 | —581%3

V+A (FOPT) || 0.319 7599 —3T8& 1.375% | —0.81%%

V+A (CIPT) || 0.339 %%, —167T5 097%3 | —-1.075%

® High sensitivity to ;. Bad sensitivity to power corrections

® Cancellation in Og,v+a confirmed. V + A more reliable

® Ks =275+ 400, ;° = (0.5,2) m?

® Best values taken from V + A. Errors increased with sensitivity to O1o

2\CIPT +0.019
as(m?) = 0.3397 517 >
. + 0.020
—p as(mz) = 0.3207
as(m?,_)FOPT = 0.319 too"%llg s( T) 0.018

Good agreement with Davier et al.: as(m?) = 0.332 £ 0.012 (arXiv:1312.1501)
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A" (a,) = (ﬁ\r\ 17(1—2)64—2)( —xMa,(~xm?)" = a+ - s a,=a(m)/x

19 ) 265 7*) 19 3
AV(a,) = ar_i Ba; + {'BIZ[ZSS_IZJ_ ﬂz} az + -

a(—s) ~ 7 s = 9 =a, Y (z a, ) ; pel0,27]
1- 1 n

T

FOPT expansion only convergent if o, <0.14 (0.11) [at 1 (3) loops]

Experimentally o, =0.11 — FOPT should not be used
(divergent series)

FOPT suffers a large renormalization-scale dependence (ie biberder- Pich , Menke)

The difference between FOPT and CIPT grows at higher orders
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Renormalon Hypothesis: Asymptotics already reached
Modelling a better behaved FOPT (Beneke — Jamin)

o Large higher-order K, corrections could cancel the g, ones

Happens in the “large-B,” approximation (UV renormalon chain)

o D=4 corrections very suppressed in R_

mm) n=2 IRrenormalons can do the job (K,=-9,)

o No sign of renormalon behaviour in known coefficients

ﬂ n =-1,2,3 renormalons + linear polynomial

5 unknown constants fitted to K, (2<n<5). Kg=283 assumed

o Borel summation: large renormalon contributions. Smaller a

Nice model of higher orders. But too many different possibilities ...

(Descotes-Genon — Malaescu)
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