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@ Muon response to weak magnetic field?

o Linear term in photon momentum of (1, .| i €™

lpo)
@ Su~0—g,~2 Guexp ~ 2.002
® a7 = (g7 —2)/2 = 0.00116592089(63) PhysRevD.73.072003
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HLbL: a multiscale problem

M9 ~ (0] T(IT [ dxje 4% J9(x;)) eSine

0)
Jéf = Qq97"q
alllbl [ dQu o [y d7 32, T/ T,

@ Nonperturbative problem: hadronic intermediate states

@ Weights T; enhance contributions near Q; ~ m,,

@ From dispersion relations to resonance models, which need
guidance — short-distance constraints?

@ Basic question: asymptotic behaviour of (g-2) HLbL
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The Operator Product Expansion

The basic idea pPhys. Rev., 179:1499-1512, Annals Phys., 77:570-601
A(X)B(y) = Xi ¢i(x,y) O'i(x,y) = ¥ ¢ Oi(y)(x — y)(doi=a=cb) J

w _

Ve

(eDevy|e®|u) ~ ([ dx J(x)W(x) [ dy J(y)W(y))
~ ([ dx [dyJ(x)Dw(x — y)J(y)) ~ ([ dxLesr(x))

Basic EFT lagrangian (contains any possible mediator operator)

¢i,0 Oi,p _ Fermi
Lefr ~ Zi,D (A=My,)D" D=6— LGeFrml
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The Operator Product Expansion

c(M,) +RGE — c(pn = p)
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o~ el (O) " el
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03 o & je
o c.w. precisic
5 pP—> jots (NLO)
v pp—> (LD

Log resummation may not be enough
(m~[Jp|0) ~ £

= QCD 0s(M) = 0.1181 £ 0.0011
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OPE in the vacuum

Asymptotic behaviour of two-point correlation functions
N(q) = [ dx e7(0| T (h(x)£(0)[0); J; ~aliq J

+... = c(pert)

+.. = cgq{mgaq)

+... = ca(GQG)

BCO
BOO

. 2 )
H(Q) = ZI,D %.0(Q ’lgéo""’(“» Nucl.Phys.B 147 385-447
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Back to the HLbL (Vacuum OPE?)

[Hak2p3ps — _,'f é—‘;q)% (Hf1 f d4X, 'q’X') <0| T <H4 JNJ(XJD |0> J

i 2, ’ O,‘ ’
M~ Zi,D C’D(%df )<de;D(l ) Zi di =D
1 ¥
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Back to the HLbL (Vacuum OPE?)

<i,0(Q7.1)(Oi,p(1)) _
o I~ ZI D ° le ..Qd4 Zi di =D
ST T OMK1K2K3ve | OTMH1H213 14
@ Static limit: limg,_,o odn limg, 0 R T
@ limg, ol — oo
Q4 = O
‘_
2
1/q1

Phys.Lett.B 798 134994

@ OPE in the vacuum only valid for large Euclidean Momenta!
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Rethinking the problem: soft static photon

One step backwards
Meens = —1 1 88 (T[3 [ dx; =) (0| T (IT 4 (x)) e/

7(qs))

@ (1..3> Ngcp — OPE valid for the tensor
@ We are looking for a static (soft photon contribution): F*

@ From the OPE keep those operator contributions with the same
quantum numbers as the static photon, F*
Nucl.Phys.B 232 109-142, Phys.Lett.B 129 328-334, Phys.Rev.D 67 073006
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Si,0 =eegFu
So, 0 = GOq

1 GGuq
Sa,w = 1GG5q

Ss, v = qq eegFp,

o

53, uv

S7,,ul/ = ‘_J(G;MDV =+ DVGH)\)’V)\q - (:u A V)
S{8},,uu = Qs ((_7 r q (_'IrCI)W

-

nuluzm(ql: q2) = %67—7“1“2#3“4”((’1’ q2)<S/1/4V4>; <5i,ltl/> = eeqX.'g<FHV>J
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Completing the long-short distance separation

MHkks (g qp) = %ETWIMMMM(% CI2)<§;1,4V4>; <5i,m/> = eeqX§<FuV>J

n 2
Cm ~ a2(Q?) log (%)

@ Separation of long and short distance not complete

@ Tree-level operators should be dressed and renormalized
Rev.Mod.Phys. 68 1125-1144, Z.Phys.C 60 569-578
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-

Marars (qy, gz) = 3 CTH254% (g1, 42) (S )i (Sigur) = e X§(Fiu)

Dressing...
Q5" = M(e) S, M(e) = » |
...and renormalizing
Q8" = Zigs(p.€) Qpyslh), Zgs(p €) = T4 Mot

o Qi ()= Us(n) S*; Cslar. qa. 1) = Uzl (1)C(ar, q2)

—» —

o Nmrts(qy, go) = ¢ Clo( 1, G2, 1) (Qe(10))
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Mixing

o Need Q4" = M(e)SH

° I\Aﬂ(e) perturbation in my, e, gs

QA ~ é @, ~ —@— é " A@%

St Sopur NEor (€)1 Mao(€) S
Qg““ N/%\ * H& QQW N *
S Myo(€) S St Mig(€) S v
Q2 N/é\ + A(ém Qw ~
S5 Mso(€) St o
Q‘%W N/%\ B H‘é\ QQIW -
St NEzo(€) S Ssuw

Antonio Rodriguez Sénchez Short-distance g-2 HLbL



Matrix element estimates

(01Q" (4s)) = Xi{0le egF*I1(q)} .. focus on QI = Goq |

First try: xpT with tensor sources
L= Lo+ th, (o™ qp) LT = M(u) (4 (1) Frw) + -

eiZ = fp[qv av G]eis - [DU eise’rf — X(:u) ~ /\1(:“) + O(A/(_f() /\1?

Second try: expand EM vertex

(01Q1F Iv(aa)) ~ (O1QL % gy S d*x Lty (x)v(a)) = —(0leeqF#* |y(qa))N1 55" (0)

So X; = —M1(0), where M55°(q) ~ [ d*x e~ T(J(x)Qioqcm)(0))
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Matrix element estimates

X; = —I1(0), where HQCD(Q) ~ [ d*x e” ™ T(J(x) @i 0(qcn)(0)) J

@ xpT? Again, NM(0) ~ Ay + -+, but A7
@ Large-N, limit saturated by the exchange of (vector) resonances

Nucl.Phys.B 72 461, Nucl.Phys.B 160 57-115

@ Low-energy spectrum~ N.. High-energy spectrum flat

P
Qy & — = - SN Q2

I =cytmky (@)
=My ~ g Eur.Phys.J.C 52 325-338
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Matrix element estimates

(01Q1"|7(qa)) = Xi{0le egF"|7(qa)) J

QS,/LV = Elq € eqFMV
o e
Qo = ?5 GaﬁG;ﬁ eeqgFu
Q?,,ul/ = EI(G;MDV + DVG#A)W/)\q - (/’1/ A y)
Q{8},w/ =05 (EI r q E/rq);w

@ X5 and Xg are the usual vacuum condensates.
@ Qs. SU(3)y NuclPhys B 234 (1984) 173188, P, C — 12
o Large-N. — Xg ~ X»2(qq)

@ ;7 Dimensional guess
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Start the game: Quark loop

[Hik2ns — _le J (‘12;")34 (H?:l J d*x; e_iq’X’) <O| T (Hj’:l JM(XJ)) |7(q4)> J

o Direct 5{ = eeyF,, contribution

@ Take one extra Lgy from ent

Ha _1 14y Havy | Q4 a—iqaxa
0 Al4(xg) ~ —5Xa,, FH ~ Fr¥ limg, o 0de

@ The quark loop is actually the leading term of the correct OPE

Antonio Rodriguez Sénchez Short-distance g-2 HLbL



Quark loop: some technicalities (sorry)

limg, -0 8—5? {20(1,2,4) Tr(“/“35(p +q1+ g+ qa)v"S(p+ a1 + q2) v S(p + qz)wMS(p))]
%S(P +qa) = =S(p + qa)7"S(p + qa)

Mekans(qy qp) = C Trramsian (g qy) X AN

aL{LbL ~ o7 dQr o f_ll d7 3°; T!T1; JHEP 09 (2015) 074, JHEP 04 (2017) 161

v

© Build general projectors P: P, 500, CHHH2H3H4V4 =]
© Reduce scalar integrals KIRA, REDUZE
© Perform the g-2 integral
2 2
i g~ Z AT QY QY Q% x [c,(’j"k") +IF 4 g7 Dlog (%) + h{log (Z—%)}

is,kyn

o m3 20 2 2k (myn) | (m,n) (m,n) Q& (m,n) Q; (m,n) Q3
frs ~ § : M x [di,ffk P F s (Q?) i o8 (Q?) Tkl (7)}
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Gluon condensate

6

4n%(asGHY G? ) F)
H1H213 4 s7a “uv | I .
nGG (91, q2) ~ equ4“4m (gu5u5gu5y,6 - gu5u6gu5u6) lim —

i=4

x E Tr(v/"35(p+q1 +a2+ s + a5 + 6)7""1 S(p + G2 + g4 + 45 + g6)

o(1,2,4,5,6)

X YM2S(p + a4 + a5 + a6)7"4 S(p + a5 + 96) "> S(p + qe)w“GS(P))

o Same procedure as |n the quark |OOp Also for the two loops! (in progress)

@ All infrared divergences exactly cancel after including mixing
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One cut topologies

(a) (®)

@ More complicated than it looks.
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One cut topologies

A A A

@ More complicated than it looks. For example b) (sorry)

_ x)V1 xq)Vn xul o yp—atl, ¥
q(Xl)(Be(U)+"€qu(U))q(X3):Z ) n!( e m!3 Zpl W

m,n

’
XgDY1 ... DYnD®1 ... p¥apepWatl ... p@p D1 . ..DV,,.,q

And after some algebra...

! ’
Y. . 7 . v . v
[ Ta Nar ok B T, Z Z (10py g)"L -+ +(i0py f)VN (iBpga) L (iDpgs)m y
B T T%"MP1A2A3A L ua m.n nl ml
ié ié —q+1
p o (i0py ) ¥L - (i0py ) ¥Pp(=1)P7 9 w3 Ay el oA €.cr A A
Do T e x ( TelyH3rAyLiS(pf — 1)y €is(pft — py —

a)72iS(az + p{)] + Te[yH3TAYHLIS(p — q1)vH2iS(pg + p§ + a3)viS(as + pg‘)]) X
’ ’
(0|gD¥1 - - - D¥nD®1 ... D¥a D D¥a+l ... DYPDY1 . .. DVmcaTAq|v(gs))

@ Number of terms grows up very fast
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One cut topologies: the emerging pattern

@ Three simple rules:
5] 1) Vn
p=0 ; i i i
‘V\/\/;W D() not cross 7/‘
(=1)"T4gD,, - - D,,U'aq

@ Our case:

1213~ % (=1)"(0]gDyy - - - Doy Tl v(aa))
XTr {7“3 TAYHLiS(— g1 )y 1iS(—q1) - . . v PiS(—q1) "2 iS(q3)y " PLiS(as) - . - v“”"S(qs)}

e (0|gD,, ...D,,Mq|v(qs)) can be decomposed into our basis
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Four-quark operators

@ Only contributions not associated to one flavor
@ Simple to calculate

@ Even simpler result
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Numerical results

20 [ - X0 """
000 T 1 Xym2
----- xZ,m
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1010
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< 14 .
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1016 .

@ Small power corrections, even
-18 1 1 1 1 1 1
10 1 15 2 25 3 35 4 at 1 GeV
Qmin (GeV)
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Conclusions

@ Static photon must be formulated as a soft degree of freedom
@ When the other three momenta are large, an OPE can be built
@ The quark loop is the leading term

@ Power corrections have been computed and found to be small

Perturbative corrections are underway

THANKS!
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