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@ Problematic since several momentum scales involved in the diagram

@ Four momenta g1, g2, g3 and g4

gs — 0 (static limit) and g1 2,3 integrated over

Loop integral has different regions (Q? = —q?):

o Q7> Njcp all large: short-distance region
o Q7 ~ Q7> QF, Njycp: Melnikov-Vainshtein limit

° P /\éCD: low-energy limit
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@ HLbL rigorously constrained by QCD: Short-distance constraints

Operator product expansion (OPE) techniques in kinematical limits

Q7 > /\%2CD all large: short-distance region 3 currents close (SDC3)

Q7 ~ Qj2 > Q7 A?QCD: Melnikov-Vainshtein 2 currents close (SDC2)

Relevant for reducing uncertainty:

QHLBL,SDC _ 15010} x 10~ vs  aHPL — 92(19) x 1011
L w

@ Other SDCs [Brodsky-Lepage-Radyushkin: Light cone sum rules: |
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Motivation over the years:
e Want to make a systematic OPE to derive SDCs
o Reduce systematic uncertainties in the HLbL

e 3 currents close: Perturbative QCD quark loop is first term in an OPE
and sufficiently good

— Which OPE is it?
— What about the higher order terms in the OPE?

— Paper I:
Paper II:
Paper llI:

e Two currents close: Leading-order OPE known

— What about higher-order corrections?
— Paper IV:

— In preparation:

e Today: Overview and recent developments
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@ Fundamental object: HLbL tensor

B 2143144 — d4q4 4y @~ aixi
n (91,92, q3) = H d*xje

% (0| T{J“l (xl)JM(XZ)J#3(X3)J#4(X4)}\o>

WI O [H1H2H3V4
= q4 V4 J
0q,

o Need to obtain 54 scalar functions [1;

ONMH1H213 A 54 3?—_111;12#3;14 N
lim ———— = |im —L—Tl; < Projection
Ga—0 8q4u4 q2—0 -1 aq41/4

@ g — 2: Only 6 independent ﬁ,- contribute: i =1,4,7,17,39,54

@ Once you know ; you can get the aELbL
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o SDC3: @7, @3, Q5 > Ngycp

@ Problem: soft photon for g —2 = OPE in background field

4
|‘|H1M2H3(q1’q2): /d g3 <H/d4xl —lt],x:)

X (O] T (S () I (x2) "2 (x3)) [ (9a))

. 9 Mkaramspa
MHH2H3 (qy, qp) = i€y, (94)qa, g ql'm
n

—0 ingu
@ We can thus obtain aELbL from [TH1H2H3

@ Introduced for baryon magnetic moments , and
later for the EW g — 2

o Convenient radial gauge: A,(z) = 3z"F,,(0)

@ Different from vacuum OPE
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@ Papers |-lI: Perturbative quark loop (a) dominant by
~ 102 x non-pert.

q2
a3 ® q1
“q477
(b)

@ Paper Ill: Gluonic corrections —10%
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2x10°10
1.5x10°10
< 1x10°10

5x10°11
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Qmin (GeV)
e Main uncertainty: as(pu)
@ In general see about —10% of the quark loop (LO)
@ Full control of SDC3: massless pQCD quark loop up to —10%
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Today: Focus more on Melnikov-Vainshtein limit

Q? > N3 SDC3

Q? ~ Q7 > QF Njyp SDC2

o In SDC3 we have the case Q7 ~ Q7 > QF > Agpe SDC2

e We must find the same result in the corner limits (perturbative)
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@ Recall for three current close we study

pap2p3 d4q3 4. @ igiXi

<0\ T(J“1 (X1)J“2(X2)J“3(X3)) 17(qa))

017273 > /\QCD: Keep F#I,—Iike operators (Galwq ~ FALV)

@ Melnikov-Vainshtein limit: For two currents close we instead consider

ﬂ“1“2(q1)~/ d*qs3 < /d4x, —lq,xl>

x (0] T(J“1 (x1)J*2(x2)) [7(g3)7(q4))

Q12 > Q3,\qcp: Keep operators with the right quantum numbers
Can relate it to the HLbL as well
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@ Define new variables
L, 1 1
G=5(0n—-q), q12 = %G~ 5 (93 + qa)
Q3 = Q1+ @, 012 = Q1 — Q2
~~

large

OPE done in terms of C) for tensor, then 63 for ﬁ,- and alI;ILbL

Related through

Q=3 (@it - @)

large

For OPE, gauge invariance in g only perturbative
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@ OPE between the two close currents (a)

o Leading order proportional to axial current Jﬁ = gvs7Hq: 1/&)2

e Can add gluonic corrections too (b)—(e)

o p2 N
(a) (b) (c) (d) (e)
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e A set of operators: limg, 0 0% (0|(92‘%|’y(3)’y(4)>

OQBP — A B

D=3 = [’V”"V”'V

L =
O?,BD:4 = a’YB [Da - Da} q

— P ’Yp’Ya] q

Og,ﬁD:4 = FMFE
O;BD:zl = FV&F% g’
0% = 66

B _ 5
O?, p=g = GGy gaﬁ

L=
Og,ﬁD:4 = a|:'7a7’y'75 + ’Yﬁ’}ﬂ")/a] [D’Y + D’y} g < Redundant

e Know all Wilson coefficients too:

OlNH1H2H3V4

lim S = G (). X Qs /1)
N—_———

qs—0 6qf{4 MS

pert. Wilson non-pert. ME
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OMH1H2k3vs e . s
i tim oz (g (-a) - e (-gle)

lim —— =
qs—0 8qf4 7 e? qs—0

$ 2
e
+ ez"a’z (gm 1 4 g0glh —g“l“zgg) (gi—2 7 )
J

F
x lim o <_(Ba - Da)'yﬁq>
q2—0
fes,
Sy
j
: Vg ] «a
8 qL'Toa‘“ <ZDF(’u) 4m
i « JrH3pa
+ Zho(n) 3> (G4 G, 87 +d 6;7637) )
JiK3pa
Gy Gl ) }

v [ 2.2
* Z 8e2 qa—0 [8‘7: <e equ”éHéFV£u4 2N gs ik

x lim O 8”“ [kt
43,940 alJ

JrH3s pa
MS(p)

(g/t16 M2 +gH26 M1 _gmuzgg) (gg ) qua>
q

(F*™ F,g™® +dF*'FY)

September 13, 2024

g-2: KEK 2024

Nils Hermansson-Truedsson

14 /20



@ Non-perturbative dimension D = 3 operator:

OMH1H2H3Vs 1 q2 . 1
lim ————— = — 13 muzqé( ooy L o
q4|—>0 0Ga, 272 G2 € €uspaves WT(G3) q§ €qspiarad Q3us WT(G3)
1
+ ? €M3M4V4Q3 q3s [WL(qu,) — wT(qg)] )
3
~ 2
M=—F wi(q3)
Q5

@ Perturbative limit Q32 > /\éCD: w = 2wt = —2/Q32

o If we push to higher orders we get collinear divergences Q3 — 62, — 0

@ Only cancel when adding other operators at D = 4
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@ Lorentz decompose D = 4:

qs—>

im0 <-(0) [Ba - %a} vﬁq(0)>

JoH3 s pra

6
B _ Z ( 7)' LQBM3H4V4
VS(u), (8) =1

@ Cancellation of collinear singularities: Non-trivial relations

P2
ol©)

W33
(8 —
WD

“e) =

D,1
@ In the end only W)+ @

A

e [l;in

D,6
oD s e T
(8) (8) 2 872
D,6
w 2 2
p1, b5 Y | wr@eQ
2(.0(8) +w(8) — T + W
D 5
(8)

5)5 and Wis )6 contribute

@ Agree with corner expansion of SDC3
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@ Divide Lorentz decomposition into symmetric and anti-symmetric

<0|O|7(Q3)7 q4 (8 ZwD i Laﬁuamm

2 (8
W) = “{e).s Q;;Z(T )
2 (8
(o) = Wiay.s T Q;:Q(T |
wg) = W(o).s
we) = w(o).s
wiey = —dwg),s — 2z),s +2u(g) s

@ Anti-symmetric part (related to total derivative of axial current) fully

given in terms of wy
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strong cancellations

@ Preliminary: For aELbL

e wt and w; may determine leading term (also for wg’)i)

HLbL

o Arises only when adding all corners integrated with the a; kernels

@ Otherwise: Approaches to estimate them
e Can build chiral p* Lagrangian to estimate (0|Os|v(g3)7v(qa))
o We get low-energy constants

o Can write the w(Dg’)i in terms of them and study impact
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@ For the gluonic corrections we assemble

a3 > q2
- -

?% +qa a < Q@
(a) D=3,4 (b) D=4
TTTTTTTT
q1 q2
(¢c) D=3,4

@ D = 3: Reproduce known result [Lidtke, Procura 20]
Hipe2 ez Qs = 1 A~ L
MpZ3 NLo & s (1 - ?><q[r’ e (—g) —re(-g)lq ‘7 a3) (CI4)>

@ D = 4: Reproduce our corner expansion in SDC3 in Paper Il
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Conclusions and outlook

@ OPEs to derive short-distance constraints for the HLbL

Three currents close limit

Two currents close limit

e For Q1, @2, @3 > Aqcp:
Quark loop is the leading term
Non-perturbative corrections small

Gluon corrections: —10% on the quark loop

e For Q1, Q> > Q3,Aqcp:

Limit Q3 > Aqcp: Agreement with ﬁ,- through D =4 and a4

@3 ~ Aqcp: Non-perturbative extrapolations

HLbL

Studying impact on a,,

@ We aim to be ready before the White Paper deadline

@ Need to find onset of asymptotic domain
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Backup slides
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o a//lL by putting restrictions in the integration from the OPE

L 37T2/ dQl/ sz/ dTMQIQQZf({n})
/ ao [ sz/ dr V1= 72 Q3 R(Q1. Qu.7) Zf({ﬂ})

kin. reg.

@ Need to get at the [1; in SDC kinematics
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@ Perturbative case for D = 4

. 4 2 1 A 1
I—I].:_ — I_I4:_ 6747 n7:O<6>7
2 Q32 Q3 377203 Q3
, 16 A 16 A 1
I_I].?:ﬁv n39:ﬁ, MNsa = O 5)-
372 Q3 Q3 372 Q3 Q3 Q3

@ Agree with corner expansion of SDC3
@ Similar expressions for g1 and q»

@ Need to estimate non perturbative part too
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