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__ Motivation

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

all = 116591810(43) x 10~ vs. a2 = 116592061 (41) x 10~ %;
3P — it =279(76) x 107!t (4.20)

o New experiment at FNAL Aa;™® = 16x 107! = Needs th error reduction!!

W/@ allVP — 6845(40) x 10711 w\m@ﬂ HLBL _ 99(18) x 1011
o Among the dominant contributions to HLbL (107 units)*

1,7 mm+S-wave ... Axials SD M

94(4a) —[159(2) +8(1)] .. 6(6) 15(10) %W
INpel %

e As we shall see, nice interrelation among axials and SD!

leyama et al., Phys.Rept. 887 (2020) 1-166
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Motivation

__ Outline

e A — ~"~* form factors
e Short-distance constraints: MV’s limit

e Implications for axials contributions to (VVA) and HLbL
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A — ~v*y* form factors
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e The axial-vector form factors defined as? (g2=q1+ g2, G2 =q1 — q2)

i/d[lxeiql'x O T4 (x)J" (0)} |A(qr2)) = Mu™ (a1, a2)ea,

2F’. Roig, P. SP, Phys.Rev.D 101 (2020) 7, 074019
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e The axial-vector form factors defined as? (g2=q1+ g2, G2 =q1 — q2)
i/dAXeiql'x (O TLH(x)i"(0)} [A(g12)) = M4 (a1, 92) 0

e Lorentz, C,P, T, and Bose symm., 8 form factors [)_((q%, @) = X(43,q1)]

MU = Jeh0 (g Ax — 65 An) + ien0 gl (q} B + G5 Ba) + gl (4 B + 04 Ba)] + ie 2 [gf C + 5 C]

2F’. Roig, P. SP, Phys.Rev.D 101 (2020) 7, 074019
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__ A — v** form factors |

e The axial-vector form factors defined as? (g2=q1+ g2, G2 =q1 — q2)

i/dAXeiq"X O T4 (x)J" (0)} |A(qr2)) = Mu™ (a1, a2)ea,

e Gauge invariance: 2 additional constraints

qf((zy))MAwp =0=A+ (g1 @)B1+@Ba=A+ (g1 q)B1+qiB=0

2F’. Roig, P. SP, Phys.Rev.D 101 (2020) 7, 074019
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__ A — v** form factors |

e The axial-vector form factors defined as? (g2=q1+ g2, G2 =q1 — q2)

i/dAXeiq"X O T4 (x)J" (0)} |A(qr2)) = Mu™ (a1, a2)ea,

e Schouten identities: 2 additional constraints

HYq1G2 P __ _PVq1q2 1 HpqLg2 v prpqe 2 nrqip perv
HVBIR gl — (PVIIR gl | HPR2 Yy HUPIRGR L VAP (gy - o) + (5 e

2F’. Roig, P. SP, Phys.Rev.D 101 (2020) 7, 074019



The interplay of axial mesons and short-distance constraints in (g — 2),,

A — v*~* form factors

__ A — v** form factors |
Y

e The axial-vector form factors defined as? (g2=q1+ g2, G2 =q1 — q2)

i/d[lxeiq"x O T4 (x)J" (0)} |A(qr2)) = Mu™ (a1, a2)ea,

e Finally, one option (but arbitrary use of Schouten id.) & (g12-£4)Cs =0

MLTP = (e (qaaqs — 85 G5)B2 + i (qraql — g q7)Ba + ie" % [gf, Ca + i, 6]

2F’. Roig, P. SP, Phys.Rev.D 101 (2020) 7, 074019
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— A — v** form factors Il

e The axial-vector form factor:
MEY? = [P (qanqs — ghds) Bz + i€" P2 (quaql — gl qs) Bz + ie"1%2(GL, Ca + b, L4

e However, when off-shell, dismissing Cs cumbersome

q1 3
a 9o
M pva; 08t G po Va1 4394 4°
™A [ HMVG1G2 pOq3qa -
r W ME I M S e errnn LG £ 0
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— A — v** form factors Il

e The axial-vector form factor:
MEY? = [P (qanqs — ghds) Bz + i€" P2 (quaql — gl qs) Bz + ie"1%2(GL, Ca + b, L4

e However, when off-shell, dismissing Cs cumbersome

q1 3
q deds
M Hro i (:' ’ poB 2
i A _jHVa192 pod3ds
h @ ML e ML D —ie € = Cs#0

A

e Noteworthy if comparing different (uses of Schouten id. to get a) basis
(PPVdH PRD 2012 & M. Knecht, JHEP 2020)

By ~ [F + a3 FY, Bo~[F}+ a3 FY, Ci= (qrqz)(qff«é),_—5\0)7 Cs = (91:92)33> FE\O)

q1-92 q1-92 (q1-92)2—q2q32 T (a1-92)>—q2q2

_ BatB> _ _ B—By __ _ _
st_%——WZ, Bop = 22 2 =Wz, Ca=Wi, Cs=W-
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— A — v** form factors Il

e The axial-vector form factor:
MEY? = [P (qanqs — ghds) Bz + i€" P2 (quaql — gl qs) Bz + ie"1%2(GL, Ca + b, L4

e However, when off-shell, dismissing Cs cumbersome

0 :
q dadg
—8apt— 3
M M AP o _jehvaiaz poasds € £0
A @ A P A m2 =S

e Noteworthy if comparing different (uses of Schouten id. to get a) basis
(PPVdH PRD 2012 & M. Knecht, JHEP 2020)

By ~ [F + a3 FY, Bo~[F}+ a3 FY, Ci= (qrqz)(qff«é),_—5\0)7 Cs = (91:92)33> FE\O)

q1-92 q1-92 (q1-92)2—q2q32 T (a1-92)>—q2q2

_ BatB> _ _ B—By __ _ _
st_%——WZ, Bop = 22 2 =Wz, Ca=Wi, Cs=W-

e Results cannot depend on each theorists’ taste!

Is there a sensible way to fix this?? SDCs! J
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Short-distance constraints: MV's limit
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—_ Short-Distance Constraints (1)

e Melnikhov-Vainstein's OPE?! Vi, q1)
In the limit g7 2 (g1 — 42)° > 034,12

V¥ (22, 42)

VP(x3,q5)

Vo (xy,q4)

[ e 0] T VA () V¥ (x2) VP (35) V7 (0)}0)
gichvelar—az)

- (a1-a2)?

[ oeflamzaztas 0| TA% (x2) VP (2) Vo (0)}0) [z =0

Relates HLbL to the (VVA) Green's function!

A (@12, q12)

1K. Melnikov, A. Vainshtein, Phys.Rev.D 70 (2004)

VP (23, 43)

V7 (x4, 1)



The interplay of axial mesons and short-distance constraints in (g — 2),,
Short-distance constraints: MV'’s limit

—_ Short-Distance Constraints (1)

e Melnikhov-Vainstein's OPE?! Vi, q1) V*(23,43)

In the limit qiz (g1 — q2)2 > q§,4,12

V¥ (2, 2) VO (s, q4)

[ eflaxtazxtas) (0| TLVE (3 ) VY (x2) VP (x3) V7 (0) }]0)

N gjetvalan—az) f me,-(qu,,(,2+qa.z)<0‘ T{An (X12) Vp(z) Ve (0)} ‘0> (21— 22) = 0

(a1-a2)?

VP (23, 43)

Relates HLbL to the (VVA) Green's function!

Vo (as )
e For my — 0, anomaly (VVOA) an exact result = Confront it for 7° models!!
1 EU'VqIQZ - 5 5 a1 1 - > 5
ngPw*v*(Q17Qz) =" ZRFP’Y*"/*(qlvq2)

v v 1
a2 (V" (@) V" (@) A" (ai2)) = ™%

qi2p (qu F’rr

o Fp,y(q2,q3) spoils for virtual photons (motivating many models), but ...

1K. Melnikov, A. Vainshtein, Phys.Rev.D 70 (2004)
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— Short-Distance Constraints (Il)

e ... let's have a closer look to {VVA) (only w, = 2’2\/‘ contributes to anomaly)
12

1% _1 - - = VAR
(V¥(q1) V¥ (a2)A?(q12)) = a2 [—ewaqzqlz,)WL—s—th,),,w(T”—s—twa,w( 0w )]

) 9+ —a
_ _91G92up v q291Vp 1 1 pg: 1 2 — 12 v
tup =€ g1 +¢€ a5 — (q1- q2)e 2+ 726# B a,
912

(-) % —a -)

=) _ Mra1G2 | =p 1492 p #=) _ _q1q2pp v a2q1Vp 1 1Ypq12
twp =€ di> — q2 q12:| s uwp = € q1 — € a — (q1 . (12)e 5

12
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— Short-Distance Constraints (Il)

e ... let's have a closer look to {VVA) (only w, = 2’2\/‘ contributes to anomaly)
12
-1
H(g) VY (02) A? _ 1) )4 () ) #) 2 ()

V(@) V" (02)A(022)) = g5 [ ~cuvanca rzpwit 0wy 6w+ o
) 2 2 2

t"«w)/’ o ([/l(fzr’/"q’l/ + (<r:a1‘wq; o ((71 ) qz)(/w'/mz 0 Lﬁququwzqu

Civ
2 2
t,‘ j/ Hvaraz 5/1’2 q1q2 92 qu ) E/“ V“" (thqz/wq;/ {:,'zmr///qéf (m X q2>(;~wmz>
12
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— Short-Distance Constraints (Il)

e ... let's have a closer look to {VVA) (only w, = 2’2\/‘ contributes to anomaly)
12
-1
H(g) VY (02) A? _ 1) )4 () ) #) 2 ()
V(@) V" (02)A(022)) = g5 [ ~cuvanca rzpwit 0wy 6w+ o
2 2 2
t"«w)/’ o ([/l(fzr’/"q’l/ + (<r:a1‘wq; o ((71 ) qz)(/w'/mz 0 Lﬁququwzqu
Civ
2 2
t,‘ j/ Hvaraz 5/1’2 q1q2 92 qu ) E/“ V“" (thqz/wq;/ {:,'zmr///qéf (m X q2>(;~wmz>
12

e But (VVA) singularities at g2, = 0 should only correspond to pGBs!

Res(w)| 2 2, .2 2 2
912=0 iter (+) |, 91— (*)] _
— St wr TR w = w
a3, a3, T a3, T L‘pGB

1YLz 4P,
H B\/V AP\ — |i € 912
||mq§2H0(V VY APY = I'mquao oz {
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— Short-Distance Constraints (Il)

e ... let's have a closer look to {VVA) (only w, = 2’2\/‘ contributes to anomaly)
12
-1
H(g) VY (02) A? _ 1) )4 () ) #) 2 ()
V(@) V" (02)A(022)) = g5 [ ~cuvanca rzpwit 0wy 6w+ o
2 2 2
t"«w)/’ o ([/l(fzr’/"q’l/ + (<r:a1‘wq; o ((71 ) qz)(/w'/mz 0 Lﬁququwzqu
Civ

2 2
t,‘ j, Hranaz 5/1'2 a1 . 92 fz _aw“!’ (tmzz/wq{/ (trzcur///qéf (Ch _q2>(;~wcuz>

a1z

e But (VVA) singularities at g2, = 0 should only correspond to pGBs!

nvayas o [ Res(wp)| 2 _ 2, 2 2_ 2
H B\/V AP\ — |i € 912 932=0 _ 91+a5 (+) a1—9 ()| _
limgz o (VFVVAR) =limge o .3 { Z 'z wr g e | = Wi |pGB
2 2 2 2
- ate () 91— (—) ; ()2 2 2y _  (£) 2 2
wp = WL\pGB + 7 Wro — = Wro's ||mq$2—50 wr (‘hv ¢727‘712) = Wpo (‘717 CI2)
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— Short-Distance Constraints (Il)

e ... let's have a closer look to {VVA) (only w, = 2’2\/‘ contributes to anomaly)
12

-1

<Vﬂ(q1) Vy(qz)Ap(q12)> = Q |:_€;Luq1q2 q12p WL+tht),; W-(,—+)+t;(‘;z,w(_)+f‘(“_,)p Ws—_)]

2 2 2
(+) _ _q1q2pp v q2q1vp 1 nrpgi2 q1+q — g2 “rqiqz . p
tp =€ qr + € Pay — (g1 - q2)e + > € J12;
Civ
2 2
(=) Hrqiqz | =p q1 — g2 P (=) qLq2pp V q2q1vp H Kvpq12
tip = € e el R qi — ¢ q — (a1 q2)€’ ;
12

e But (VVA) singularities at g2, = 0 should only correspond to pGBs!

| 2 2, 2
42,=0 + +
12 9119 W( )

2 2
lim 2 VHFVYAPY = lim 2 919 W(*) —w
q12~>0< > q3,—0 92, T + qu T L‘pGB

hva1azgl, Res(w;)
8n2

912

ai+a3
z
912

@ P (4 . ()2 2 2 —
Wi _fwm, |Imq$2_,o wr (41, 3, Gi2)

+
wL = wi|pcs + W) (a2, 63)

e Implying a “sum rule” for transverse contributions

(@2 + B)wiD(al, a3) — (6 — By (ah, 3) = 2Ne[1 — Fryr(ai, 63)]
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— Implications for axials contributions (I): (VVA)

e The axial-vector form factor:

MEYP = (T (g0 q5 — g505)Ba + ic” TR (quaqh — g4 aT)Ba + ic" P [G1, Ca + G125]
e Contribution to (VVA)

{W;H*ng)'ng)} {B25,B24—Ca,—Ban} a wi ai+a3 d—a3 F,
— s > maF = —[C it B - 2R Cyh)A
Er=s e AFa, g2 [Cs + 2 Bas — Tz (B2a — Ga)] ;A

e In a model with pGB and axials (heavy 7's decouple in chiral limit)

w, _ Netr(Q2X%) Fpyy(a3,93) q1+q2 ql q2 _ o Nqtr(Q30\)
g = I Gl B 5 G+ i s - e (B - )] = M,
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— Implications for axials contributions (I): (VVA)

e The axial-vector form factor:

MEYP = (T (g0 q5 — g505)Ba + ic” TR (quaqh — g4 aT)Ba + ic" P [G1, Ca + G125]

e Contribution to (VVA)

{W;H*W%j)'ng)} _ {B2s,Bap—Ca,—Bon}
L 912~ My

2_.2 F
w g +q 91—¢q
ITIL\an7 78 7[C + 1 2B — 1322(52/\ CA)] A

e In a model with pGB and axials (heavy 7's decouple in chiral limit)

w, _ Notr(Q3A )FP ‘71«‘72) a +q a3—a3 N tr(Q327)
8nZ C47r - ZAmA/y_’_ r ZBS 1"l%zz(BQA_CA) ==

- 2,2
a2 mp RURCEP

e To fulfill the anomaly Cs = 0! Other basis require additional form factors!
Bos = BB — Wy, Boa= 558 —ws, Ca=Wa, Cs=Wo+ Wa= Wo— Bas

Anomaly fixes ambiguities! In our choice Cs = 0, but above W = —W> # 0 J
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— Implications for axials contributions (I1): HLbL
e Apply OPE for fd4xei‘7‘x T{*(x)/7(0)} = *4 ‘“’“(‘71_‘72)fd4ze“712 “Jsa(2)

i/ d*xe™ > (0] T{j"(x)j" (0)} |A(g12)) = M} (a1, G2)e

1 . maF3 N £2 A
FRUALEDY szA ehtr QA7 = 'quszs(q27q2)€f\

a

3J. Leutgeb, A. Rebhan, Phys.Rev.D 101 (2020) 11; L. Capiello, et al., Phys.Rev.D 102 (2020) 1
Aoyama et al., Phys.Rept. 887 (2020) 1-166
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— Implications for axials contributions (I1): HLbL

e Apply OPE for fd4xei‘7‘x T{*(x)/7(0)} = *46“"0‘(‘“ ‘72)fd4ze“712 “Jsa(2)

i/ d*xe™ > (0] T{j"(x)j" (0)} |A(g12)) = M} (a1, G2)e

1 . maF3 N £2 A
FRUALEDY szA ehtr QN = Jim_ §°Bas(8°, %)

a

e This implies Bgs(Qz, QZ) ~ Q™% while it is known that st(Qz,O) ~ Q4
This was missing in existing estimates considering Bas!

Bas(0,0)A*
(g + g5 — N?)?

Fact

(8. ) = (e eI = B ) =

3J. Leutgeb, A. Rebhan, Phys.Rev.D 101 (2020) 11; L. Capiello, et al., Phys.Rev.D 102 (2020) 1
Aoyama et al., Phys.Rept. 887 (2020) 1-166
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— Implications for axials contributions (I1): HLbL

e Apply OPE for fd4xei‘7‘x T{*(x)/7(0)} = *46‘“"‘(‘“ ‘72)fd4ze“712 “Jsa(2)

i/ d*xe™ > (0] T{j"(x)j" (0)} |A(g12)) = M} (a1, G2)e

1 . maFj L2 ;2 2
:’§<0|J§\A>—Z Aehtr QA7 = Am 4 B2s(§°, 47 )eh

e This implies Bgs(Qz, QZ) ~ Q™% while it is known that st(Qz,O) ~ Q4
This was missing in existing estimates considering Bas!

fi i ar Total
Fact 4.3(73%) 12(7%%) 2.8(73%) 8.3(73%
OPE 8.3(3}‘, 2.3(1L1) 5.4(t33,§ 16.0(51},)

e In line with holographic models;® compare to WP* af/**%4 = 6(6) x 107!

3J. Leutgeb, A. Rebhan, Phys.Rev.D 101 (2020) 11; L. Capiello, et al., Phys.Rev.D 102 (2020) 1
Aoyama et al., Phys.Rept. 887 (2020) 1-166
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— Implications for axials contributions (IIl): HLbL

e Relevance of basis independence: basis as in M. Knecht JHEP 2020
ehvaraz qu%+ ehvaraz 6{'2 Wy + [quf“’"“qz _ q»;fqum: _ (ql . q2)FHVPﬁu:| Wa + [qfprqu — gyetrnaz _ q]Z(,sz _ qgfuwuu} Ws

Bys = Bz;’éz =-W2, Ba= 525’32 =Ws, Ca=Wi, Cs=Wo+ W2

f ff a1 Total

Cs=0 83 23 54 16.0
Wo=0 35 1.0 22 6.7

e Take W, = —Bss (needed for OPE)
and Wp = 0 (equivalent on-shelll)

e In order to recover Cs = 0 result, needs Wp = —Wh # 0!

o The effect is not smalll
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__ Further implications

e MV's SDC (HLbL~ (VVA)): interplay of longitudinal/transverse dof

e Models with constant/modified 7 TFF or extended 7y sector not consistent

e Decomposing D*?(g?) = _ g —q"g" | g% _ D*f(q?) + gn‘:f
A

ma(q2—m3) m3

e D? contributes to wr(q?, g3, q%) — wro “subtractedly” ~ Ry T

e Contact term modelled (numerically dominates)

e Sum rule to constraint higher axial-vector mesons: ok with holographic

(@2 + B)wiD(al, 3) — (6 — By (ad, 3) = 2Ne[1 — Fryr(ai, 63)]



The interplay of axial mesons and short-distance constraints in (g — 2),,

Implications for axials contributions to (VVA) and HLbL

__ Conclusions & Outlook

e Including axial-vector mesons off-shell in Green's functions — complications
e SDCs HLbL~ (VVA) solves ambiguities

e Complying with the OPE for Axials TFF doubles their contribution to a,

e Allows to derive a sum-rule in chiral limit — build a model (future work)

e Models with constant/modified 7° TFF or extended 7y sector not consistent

e mq # 0 corrections via (VVOA) ~ ano + (VVP) (future work)
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