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Hyperasymptotic approximation to the OPE: pole mass,
plagquette and static potential

Based on
Ayala, Lobregat, Pineda: 1902.07736; 1909.01370; 1910.04090, 2005.12301 and
2009.01285
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Assumption: NonPerturbative OPE

Observable( ) ~ Z p(X) “(Q) divergent — Principal Value regularization

/\QCD

Borel transform
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( )( Q)

Zp (L g)ox (w) — BlO(1) :Z

n=0

Inverse Borel transform

/ dte~/*x(Q Broj(1)
0
PV regularization (scale and Scheme independent)

Sv(a(@) = [ die /¥ B[O](1)

0,PV

Observable( 1 *-) = S (a(Q)) + K™ a3(Q) g X (1.4 0(x(Q))) + O

QY )
Spy can only be computed in an approximated way. SPV will be computed
truncating the hyperasymptotic expansion in a systematic way.



Organizing the computation using superasymptotic and hyperasymptotic
approximations allows for a parametric control of the error.

Observable( Z p(X) o () ~ O(ay )

/\QCD

but with large coefficient!!
Truncate the sum at the minimal term — superasymptotic approximation:

N = Ne = Jdl 5o 0 (1= cax(w).
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Applications

» Bottom “pole” mass
Mp.pv(4.186GeV) = 4836(11) 57 (Zn) {2 () g MeV .

Nev = 477(p) 17(Zm) ia(a) s MeV.

» Top “pole” mass
Mt pv(163GeV) = 173033(th) 53 (o)l MeV |

[m%jv ~ 1] x 10% = 6155 (th) ™13 () T2 .

» Plaquette — confirmation of the OPE and determination of the gluon
condensate:
(G*)pv(ns = 0) = 3.15(18) r; *.

» Static potential — determination of the strong coupling constant:
A=3) = 338(12) MeV  a(M,) = 0.1181(9).
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Overlooking Lepton Flavor Universal New Physics in b — s/

Pere Masjuan (masjuan@ifae.es), [arXiv: 1809:08447] + [arXiv: 1902:04900] + [arXiv: I903:O9578]

Consider BY
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1 b sutu (x107) bin SM EXP Pull
+ E BR(B“ — K% ) [15,19] 0.91+0.12 0.67+0.12 +1.4
1 BR(B°— KOutp~) [16,19] 1.66+0.15 1.23+020 +1.7
o l; |Ge{;’/(4| BR(B+ — K**, +;1 ) [15,19] 2594025 1.60+0.32 +2.5
BR(B, — éutp~) [15,18.8] 2.204+0.17 1.624+0.20 +2.2

Coherent deviation in Lepton Flavour
Dependent and Lepton Flavour Universal




Are we overlooking LFU?

LFUV observables explained by C.,

LFD observables explained by C + CU
[Alguero et al, 1809.08447] { 00 0.01
Corrg = ' e
Constrained 2D Fit (inspired from 4D+3D) ° ( —0.01 1.00 )
U U
2D: C9,u ClOu’ Cg — ClO 3 [ FittoAll Data;
o [
Best-fit point 1 o CI 2 o CI I S - v S
Cyy = —Clu  —0.64  [-0.77,—0.51] [-0.90, —0.39] | L
cs = —0.44  [-0.58,—0.29] [-0.71, —0.14] I
SM excluded at 6.00 ¢ (@
The two coefficients uncorrelated -1t
LFUV prefers V-A structure while LFU aV+A




Updated results

Impact of Morion’s results from March 2019

—_—

Best-fit point 10 Pullsyy | p-value Changed
Ca,. —-0.16 —0.94, +0.46] .
Sc. 5 ey, +100 | [+0.18,+1.59] | 58 | 78% 8c. 7: If only V-NP
Cy, = —Co, —0.64 —0.77,-0.51 . ¢V LU — _0.08
56 ey _ ey —0.44 —058,-0.29] | >0 | % o
Cs, —-1.57 —2.14, —1.06]
Sc. 7 g : ’ 'l 57 | 72%
¢ C? +0.56 +0.01,+1.15] Unchanged
Y — —0.42 057, -0.27
sc.8 o= o 0 —057,-0271 | 5 g Sc. 8: Presence of V-LFU
CL ~0.67 -0.90, —0.42) :
favours slightlyl, @ L,
Best-fit point 1o /{(ISM
Cy, —0.34 [~0.93,+0.19
Sc. 5 CYon +0.69 21,+1.12] | 55
cy =cY ~0.50_~7 [-0.92,+0.02
Cy, = —Cyo, /-m —0.64, —0.41
5¢.6 ey _er" | ~Toa7 _052,-022] | >
o 7 Cy, #~ || —0.91 —1.25,-0.58
' cy —0.08 —0.46,+0.31
Cy, = —Chon —0.33 —0.45, -0.22
sc. 8 cy ~0.72 -0.93, -0.47

[arXiv: 1903:09578]




Updated results

Impact of Morion’s results from March 2019

[arXiv: 1903:09578]
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Updated results

Impact of Morion’s results from March 2019 [arXiv: 1903:09578]

Scenario 8:  {¢y, = ¢, ¢V} by off «— b—cry

SMEFT ¢c(1) — (3) SCCllha.l‘i;i) (dim. 6 model of an SU(2) singlet vector leptoquark)
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Mass (GeV/c?)

Exotic Quarkonium

N. Brambilla,G. Krein,J. Tarris, A. Vairo; Phys.Rev. D97 (2018) no.1, 016016
N. Brambilla, W-K. Lai, J. Segovia, J. Tarrias, A. Vairo; Phys.Rev. D99 (2019) no.1, 014017

J. Tarras, G. Krein; Phys.Rev. D98 (2018) no.1, 014029
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» Many states not fitting the traditional quark model have been
observed in the cc and bb spectrum (XYZ).
EheaV}’Nvaz Elight~AQcD

< >
~1/AQcD

» Two main properties help us describe this exotic states

* mq > ANqcp, non relativistic heavy quarks.
+ Adiabatic expansion between the heavy quark and

gluon/light-quark dynamics.
» Analog system to diatomic molecules.

» We exploit this gaps between the scales of the system at the
Lagrangian level to build EFTs to describe this states.



Exotic Quarkonium

N. Brambilla,G. Krein,J. Tarris, A. Vairo; Phys.Rev. D97 (2018) no.1, 016016
N. Brambilla, W-K. Lai, J. Segovia, J. Tarris, A. Vairo; Phys.Rev. D99 (2019) no.1, 014017
J. Tarras, G. Krein; Phys.Rev. D98 (2018) no.1, 014029
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» Lattice NRQCD static AN/

energies:
09 E T T T »  Quarkonium hybrid spectrum (cgc) vs experimental exotics:
at F [:))=2.5 N=4 Mass(GeV) N
as~02 fm “8r (1=0,P=+1)
Gluon excitations N=3 — —
08 I / 7] Hy(1=1,P=+1) =
N=2 H,(1=1,P=-1) b ] _._I —I—.
| i Hy(1=1,P=-1, excited)
e (1=2,P=+1)
N=1 D, D, Threshold
N=O|
* Y(4236)[1”] Y(4326)[1”] Y(4366)[1”] X(4146)[1**] X(4166)[?7*] X(427Lt)[1”] X(4506)[0**] X(4706)[0**] ‘ Y(4396)[1”] w(441é)[1"] Y(4sab)[1”] meeb)[r’]

» Including 1/mg and 1/m%Q spin dependent potentials: (cgC left), (bgh
right)

agla; =2z"5 |
z=0.976(21)

4.55

10.84
450 |-
10.82 |- R
b W
4.45 - z
10.80 |- B
4.40 |- — e
R / a § s 107 EA
| S | g 4T e —
0.3 = \ S 107 | \\
0O 2 4 6 8 10 12 14 oo §
\
§ 10.74 &\‘
425 | g
% H,; multiplet &\ H, multiplet
ool § spin average (gé?t%?bc%tei;\lle: = | 1072 | spin average (1 géZt?J?b(ZS\Ye) ---- |
otal ESTISY total ESSSSTY
lattice E===R=ZA
4.15 : ‘ ‘ ‘ ‘ ‘ ‘ 10.70

1 0+ 1 2+ 1 0 1 2+



Hadronic transitions in Quarkonium

A. Pineda, J. Tarris; Phys.Rev. D100 (2019) no.5, 054021

» Two step process (multipole expansion).

Octet state

LR
Y

» Traditional approaches based on an OPE of the octet @
propagator are not well justified.
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Hadronization

» Use that the color-octet state spectrum corresponds
to the hybrid quarkonium spectrum.

» Hadronization using the scale or axial anomaly.
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» We build an EFT with standard g
(S) and hybrid (W) quarkonium 2t

as well as pions. Lo} |

» Incorporates mg, multipole, chiral 05| n

and large N. expansions.
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Present and future contributions to HaSP

Pablo Sanchez-Puertas
psanchez@ifae.es

Instituto de Fisica d'Altes Enrgies (IFAE)
Barcelona Institute of Science and Technology (BIST)
Barcelona, Spain



— (g — 2), HLbL physics at IFAE

e The a, = (g — 2),./2 is a sensitive probe of new physics

at? = 116591810(43) x 107! vs. aP = 116592089(63) x 10~
asP — 3’ = 279(76) x 10~ (3.70)

o New experiment at FNAL Aa;™® = 16 x10~ ' = Needs th error reduction!!
Driven by HVP & HLbL ; will discuss HLbL

ww@ allVP = 6845(40) x 10711 N\N@ﬂ AHLDL _ g(15) x 10-1

e Among leading HLbL contributions (WP):

a7 = 04(4) x 1071 M
arTrowave — _[15.9(2) + 8(1)] x 107

aax:als _ 6(6) < 10~ 11 /\/b W@\/\/\
O, %

SD = 15(10) x 10~ *
e Clearly, to meet experimental errors, axials and SD needs be re-examined.



_ Axial-vector meson contributions to a,, in Ry T

P. Roig and P. SP, PRD101 (2020) 7, 074019

e Previously {2.5(1)[BPP], 22(5)[MV], 6.4(2.0)[J], 7.6(2.7)[PVdH]} x 10~
demands careful reexamination... so we did!

e A— ~v"~": 3 form factors BUT uses Schouten Id + EOM (g4 - ga — 0).
Need HLbL Greens’ function: usually via Proca propagator = not transverse!!
e Our proposal use RxT: good pheno and suitable to study Greens' functions.

High-energy behavior demands 2/3 vector resonances. At LO, antisymmetric
FFs; Reconstructing HLbL Green's function we obtain (10" units)

#V’S al f1 fll
2 1.13(30) 3.14(6) 0.07(4)
3 0.21(4) 0.58(11) 0.015(8)

Symmetric form factor at NLO in Ry T: Aa%¥*M = 0.8 x 10~

Final estimate a%* = 0.8(*33) x 10~

e Recently: 22(5) Leutgeb Reban (2020); 28 Capiello et al (2020) (SDs)



__ Short-Distance constraints to HLbL
P. Roig, PM and P. SP, arXiv:2005.11761

e a, sensitive to low energies, but high-energy tails might have an impact,
missing something?

e Our work: It is known (VVA) has 4 FFs, {w; (anomaly) W(T+), wi™), VT/(T_)}
Found new relation among wr's and the 7° TFF guaranteeing the anomaly

(92 + 2)wi (g2, 2,0) — (62 — g3)wi (g2, 43,0) = 2Nc(1 — Frrr(g2, 43)) J

Anomaly enforces W(T+/_)(qf,q§,0) ~ subtraction (not a constant 7° TFFII)

Remainder piece: W§-+/_)(q%, 95, qin) — W§—+/_)(q%, g5,0) (as if subtracted)

e Back to HLbL, many implications and aplications:

=- Axial contributions: trans.4+long. = pheno(pole) + anomaly(model)
= Can estimate heavy axial FFs parameters

=- Outlook (l): consider m, # 0 and role of heavy pseudoscalars

= Outlook (I1): model anomaly part



__ DY - K 77" and Dt — K~ 7 7¢Tv decays
RE, PM and PSP, in progress

e Building on Boito&Escribano PRD80, (2009): now combined analysis.

(73 |0y, (1 = ~°)d[0) = i fxph, (mf | yu(1 = 2°)e| D7) ~ D° = 7= tFv

(K~ | 5v"(1 — ~%)e|DT) ~ DY — 7t K0ty (Km{| 59*(1 = 4°)d[0) ~ fo'T
e Challenging part: f.p% (K 7] |5v.(1 —~°)c|D") from D* — 7t K~ {*w.
Derivative picks a single FF O(my) in semileptonic decays, but use of Ward Id

e Taking exp par BES3(2016)+relative phase in BE ok if rescaling P/S-wave by
1.3(1)/2.2(2) factor

o D — KTK™ 7~ straightforward: CKM and f, — fx: excellent! fact test!

e Outlook: improve exp. S-wave description based on Bernard et al PLB638
(2006)



Theoretical analysis of the doubly radiative decays
77(7’] /) — 7TO}’}’ and 77’ — 1YY Phys. Rev. D 102, 034026 (2020)

Relevant for testing the chiral expansion, probing scalar dynamics
and searching for a hypothetical B-boson

b, 7777 :
[ — M-B couplings e A2(2014) 1 | —— M-B couplings * BESII (2017) ]
fg 5F Emp. couplings  © A2(2009) ] S Emp. couplings
o |/ 5 A2 (2007) 1 Q 3t
Q [ u ] Q i
% 4t CB (2008) 1 % .

2

YY
W

2

YY
(S

dT' (n—7"yy)/dm
—_ [\
/
i -
H—A—C—++H
. H+—@o——
e —H—
dl' (i’ >n’yy)/dm
!

000 005 o010 o155 00 01 02 03 04 05 o6
m2, [GeV?] my, [GeV’]
(a) n — w7y decay. (b) " — 7%~ decay.

Not possible to reconcile our predictions for both processes

New experimental analyses welcome!



Theoretical analysis of the doubly radiative decays
n(n') — x’yy andn’' = nyy

200 i — Our prediction ====-= VMD
[\, - LoM Interference

[eV/GeV?]
2

| ) Substantial scalar contribution
ool T~ A T : of o and J

50F

2
Yy

A first experimental analysis
: : very welcome!

dI'(m’=1ryy)/dm
|
S o

000 005 o010 015
m3, [GeV?]

TABLE II. Chiral-loop, LoM, and VMD predictions for the 5 — 7%y, ' = 7%y, and # — nyy decays with empirical and model-
based VMD couplings. The total decay widths are calculated from the coherent sum of the LeM and VMD contributions.

Decay Couplings Chiral loop LoM VMD B BRy, BRy, [14]

Empirical 1.87 x 1073 5.0x10™*  0.16(1) 0.18(1) 1.35(8) x 10~
Model-based 1.87 x 103 5.0x 10™*  0.16(1)  0.17(1)  1.30(1) x 10~*
Empirical 1.1x10* 13x10* 057(3)  0.57(33) 291(21) x 1073
Model-based 1.1 x10™* 13 x10™*  0.704)  0.70(4) 3.57(25) x 1073
, Empirical 1.4 x 1072 329 212(12) 23.0(12)  1.17(8) x 10~
=7 @V Nodelbased 1.4 x 107 3.29 19.1(1.0)  20.9(1.0)  1.07(7) x 10~

n — 7'yy (eV) 2.56(22) x 107

7 — n'yy (keV) 3.20(7)(23) x 1073

8.25(3.41)(0.72) x 103




A theoretical analysis of the semileptonic decays
nn') — 71t~ and n’ — nlT1™ 2007.12467 [hep-phi (tbp EPJC)

Relevant for testing fundamental symmetries
C-conserving processes in the SM (2-photon intermediate state)

C-violating processes via single-photon exchange

Important as a background for BSM searches

Decay I'ip BRy, BRexp
n — nlete” 2.8(2)(3) x 1070 eV 2.1(1)(2)x 1077 < 7.5x107° (CL=90%) [10]
n—autu- 1.6(1)(2) x 107% eV 1.2(1)(1) x 1077 < 5% 107% (CL=90%) [17]
n' — nlete” ( S5)(1.3)x107%eV  4.6(3)(7)x107° < 1.4x 1073 (CL=90%) [17]
n' = mlutu- 3.5(2)(4) x 1074 eV 1.8(1)(2) x107° < 6.0 x 107> (CL=90%) [17]
n' = nlete 7.6(4)(8) x 1077 eV 3.9(3)(4) x 10719 < 2.4 x 1073 (CL=90%) [17]
n' - nutu- 3.1(2)(3) x 107> eV 1.6(1)(2) x 10710 < 1.5x 1073 (CL=90%) [17]

TABLE I: Decay widths and branching ratios for the six C-conserving decays n ") = 7%~ and
N’ — nitl~ (I = e or u). First error is experimental and second is due to numerical integration.



7V-n-n’ mixing from' V. — Py and P — Vy decays

Phys. Lett. B 807 (2020) 135534

Relevant for testing possible isospin-breaking contributions

|7 = |7m3) + eln) +€'|n')

Precise and exhaustive set of experimental data

Z
Bony = g{ [(%S — 612)C¢23 + 613S¢23]5¢v 1 B
g=0.69+0.01GeV " ,mg/m=1.17£0.06,

2 ﬁ — o — o)
T §ZS m—5¢23Cd)v} , ¢23 =(41.5+£0.5)", ov =(4.0+£0.2)°,
> €12 =024+1.0)%, €13 =(2.5+0.9)%,
Z _ _
on'y = g{ [(? — 612>S¢23 — 613C¢23]S¢v zns = 0.89+0.03, zs=0.77x=0.04,
zk = 0.90 £ 0.03,

2 m
— §ZSm_C¢23C¢V} , € — 67-[;7 — (Ol T 09)0/0

S

€ = Exn = (3.5£0.9%



