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— (g —2),: status and future

e (g — 2),, anomaly might point to the existence of new physics (2021)
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e We must improve theoretical errors: QCD-driven

allVPLO _ 6895(33) x 101 alVPHO — _g7(1) x 101 alILL — 103(20) x 1011

e As we shall see, this process relevant for the HLbL



opp! p!

A revision of radiative corrections to double-Dalitz decays (P — ££¢'¢")
Motivation: the muon g — 2 and HLbL

— (g —2), & a theoretician’s nightmare: HLbL

e QCD at my, scale non perturbative

Illustrative Numbers

w0 m,m’  95(12)
pQCD... m, K loops  —20(5)
- Scalar —6(1)
e Axials 8(3)
Hadrons Temeor 10)

Quark loop 22(4)

o Need precise description for v*4*M interactions: Form Factors

eg. iIMES = ie®€ pnoql g Frys
e Do it through data-based description
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— (g —2), & a theoretician’s nightmare: HLbL

e QCD at my, scale non perturbative

Illustrative Numbers

w0 m,m’  95(12)

pQCD... m, K loops  —20(5)

- Scalar —6(1)
e +e Aials 8(3)
Hadrons T 10)

Quark loop 22(4)

o Need precise description for v*4*M interactions: Form Factors

eg. iIMES = ie®€ pnoql g Frys
e Do it through data-based description

e | e

(g2, 0) L(Q2,0) Fpyene

’Y* (qu q%)

5 T—
(11 (12) F[wy(Qf.Qﬁ)

Precision requires appropiate care of (QED) RC!
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NLO QED corrections in P — 200’0’

__ P — 000'¢": Towards NLO

Previous computation: Barker et al, PRD67, 2003

e Some suspicious points and missing diagrams
e Our goal: recompute (with soft-photon apprx.) and include 3P and 4P

e NLO Contributions (+Exchange)

Diagrams GNLO
e LO Contributions

Bremsstrahlung
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__ QED-universal

e Vacuum Polarization: v

() )

S T S ) MO = Mp° (H(SIZ) + n(534)) v
o o M(s;) analytic form: v/

o Vertex: F1 v/

o o FrMy - M n eNLO oMY q, =NLO

F1 PART: MgLO = MBO[F1(S12) + F1($34)] v
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__ QED-universal

e Vacuum Polarlzatlon

MO — pq (I‘I(51z) + I'I(534))
. M(s;) analytic form: v/

o Vertex: F1 / F, X

_ uv
S u;r”vj:fy“—Wy“FlNLo—i—laz v FNLO
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__ QED-universal

e Vacuum Polarlzatlon

< MO — AL (I'I(su) + I'I(534))
%,,, M(s;) analytic form: v/

e Vertex: F1 / F, X

F1 PART: MP0 = MEP[Fi(s12) + Fi(s3a)] v
F» PART: MNO f(pr, .. ’pj)MD F> (particularly # mF2(Sij)) X

Still, small differences

?

e Still a word of caution!

If exchange terms absent, § D Zsij 2ReM(sj) + 2 Re Fi(sjj)
= not if exchange! (problems in original study?)
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__ Bremsstrahlung: soft photon

e General result from 't Hooft & Veltman NPB153 (1979)
|/\/lLO|2g zj |, (z,',j + A,’J) In (2E5>
—QiQ; T\, Zij— Aiyj my

1, - O —u . W —u . W +u
=1 L 1-— L 1-—
+4n(u°+u)+|2( > + Li2 »

(i#J)=

u—apf]
u=pj
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__ Bremsstrahlung: soft photon

e General result from 't Hooft & Veltman NPB153 (1979)
., |/\/lLO|2 o zj Zij+ Aij 2E, 2 (27 1 5 Q‘,—i
s | ) Tl ,| | EEA,
(70 = g x|z =) " ) Ta™ (o) 2™ o

T Q+ TiQ7 T T;Q
Lir (1 - 2 Lio(1— 2" )—Lia|1-— L) —Lip [ 1 - —L
T ( Xij Aij >+ » ( XijAjj > N < Xij Aij 2 Xij \ij

e Simplifies for p; = p;

)} Ni—=0)x7?

R _aqLO2 2E. 1+(5,Jk,
(= p) = ~IMOP [in (2E0) 4 LD
— Aiji

LOp2 & 2E, 1
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NLO QED corrections in P — 200’0’

__ Bremsstrahlung: soft photon

e General result from 't Hooft & Veltman NPB153 (1979)
. . |MLO|2Oé Zjj (Z{j—f—)\ij) (2Ec>
= = In{ =——=]1In
(7)) —QiQ; mAi zij = i my

AL
T T T T
i - — Li — ) i 1 L) —Lip (1 - —L
i (1 Xij i >+ 2 ( XijAij ) 2 < Xij i 2 XijAj

e Simplifies for p; = p;

. LO2 & 2E, 1+5,Jk/

(= p) = ~IMOP [in (2E0) 4 LD
LO2 2E. 1 — A

. — — |l In
o —eofgn(25) e mon (35

Still, taking last choice, less in agreement

)} Ni—=0)x7?
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— QED “specific’ 5P

Up) ps) L(p1) Tpo)

Tps) £(p1) T(p2) Up)

U(p3) U(ps) T(ps) Tps)

Ups) (ps) {(ps) (ps)

iM3p=—e® / (g:rl)(A ( —4(p2 - p3)(T17" v2)(U37° va) + 2ka [(Hﬂ"'w"mh)(ﬁm” va) — (ﬁw"Vz)(ﬁsPﬂ"w”w)]

+ kaks (@7 " v2) (W77 w))@f(m p2), v

d*k Ry VN (an N (e s AT
iME =+ € [ (= o )@ ) (@17 ) + 2k (B ™)@ ) = (017 2) a0 )

+ ka ks (T1y"y " v2) (U777 VA))C;?E(P&, p) v

i d*k — v \— o — v a — o R YA
iM3h =+66/W(*4(P2'P4)(U17 v2)(Ts77 va) + 2ka [(L’ﬂ’ VP, ve) (U377 va) — (@1 v2)(Tay”y pzw)]
+ kaks(Tiy" YY" Vz)(ﬁzw”"fﬂ%VA))Cif(pm p2) v/

.
IMEE = — €8 / (‘2’”’)‘4 ( — 4(py - pa) (T va) (T V) + 2ka [(ﬁl B )7 vs) — (T va) (@517 Plva)]

+ kakg (@Y v2) (@7 VA))CEE(PM p1), v

Csp(p,' b)) = Euvw(szP:{x)A + P"k")Fpyy ((k - P12)2¢ (k+ P34)2)
T (k+ p7) — mR)(k + psa)2(k — pr2)[(k — py)? — m7]
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— QED “specific’ 5P

Up) Up2) Up) Up)

Tpo) £(p1) T(p2) Up)

(py) t(ps) ) Tps)

Ups) (ps) {(ps) (ps)

e No analytic expressions to check (would be complicated)

e Anyway, total correction vanishes unless identical leptons

e We used trace techniques vs. their spinor representation

e Allow to reduce down to 5P scalar and lower point tensor

e Also 5P tensor checked to give same result (different method wrt theirs)
o Integrals evaluated via LoopTools (5P-checked)

e Overall correction (MC integral) compatible with 0 as a check
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— QED “specific” 3P

pr)
4 Upr)
q p3) oy q n )
- Tpy) - _ - Up2) - -
(1) ) P2 T(p2)
TUps) TUps) TUps) Tps)

e Brand new result

(ps)

imih=car [ 2 (637 By + ma)Papvell@a ] o, (K, (k + PY?)
@) Kokt PY((k+ paf — mB)  PRa(Phas — )

d*k [Balsp(—p,,, + ma)y* ve][Fs 7 val Fpyy (K2, (k + P)?)

@) Rkt PY((k+ 1) —m2) P3a(P3os — )

y 3P
iMsp = Cap

Cor = (ﬁ) o Ta=(KP— (k- PR
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— QED “specific” 3P

pr) p1) ps) (ps)

/H?’W /'/_7 ps) /H,/_v(/“"” /r/_/’// )
ps, i

- Tpy) - _ - Up2) - -
(1) ) P2 T(p2)
TUps) TUps) TUps) Tps)

e Brand new result

8F5.. (512, s A =
2Re ME" M35 = 2Re &Py (s12,5) @ (T1 — T3) | 8ayn2(2+y2i—23,)— 2222
X34 Am X12X34
+2M2)\2(1 —M2)(2+ y3a — M3a) _1 <M2)\2(1 — b)) (2 + ¥ — )\§4)>
Piza — M3 Piza — M3

Iy = Bo(P%u, Miz, mi) + M51 CO(M27 Pi3a, M3, Mﬁl, M\z/za mf)
I3 = Coo + M?Cui1 + (p2 - P)Cra, T8 = M?Crz + (p2 - P)Caz

e UV-div for a constant TFF: include it or counterterm P — #¢
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— QED “specific” 4P

(ps)
Up1)
Up2)

Ups)

e Brand new result

d*k [Elrg\p V2] [173% V‘d Foor (K2, (k + P)?) 1

(2m)* k2[(k + p1)? — m3][(k + p13a)? — m3](k + P)? s34’

ri‘P =2i (k’\(k + P)z% —(k+ P))\kZ(k+ P)) '75 + 2€p0 k" P? (Pi/'Y/\(k+ P)’YJ " pé’fy”k«,*) y

-\ (4P
iMip = Csp
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— QED “specific” 4P

(ps)
Up1)
Up2)

Ups)

e Brand new result

Fp s
~2Re M Mip = 326 Re [Prr (51200 53452) (e h+ LR+ L),

512524 (514534532)

A7 v o
€uvpo PLaPis X tr(Pl + ma)r41(>)(P2 = ma)y” x tr(P3 + mb)'YA(P,, - mp)Y,
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— QED “specific” 4P

(ps)
Up1)
Up2)

Ups)

e Brand new result
P =207 Coo + map (Cua +2Cia + Coz) + pipy, (G2 + Caz) |® + 2iM, [+ Doo
+ mupy (D11 + 2D12 + D2z + 3D13 + 3D23 + 2D33) + P?PM (D12 + D13 + D2
+ 2D + D33> + map3 (Dis + Das + 2Ds3) + p3 p,, (Das + D33)]’YS —(pr = p2),

M8 = 26,0 PP pYA

747 Doo + 2€ 1 p0 Pya Pt P5 (’Y)\Pl"/(7 (D12 + D2z + Doz + D-)
+may*y7 (D23 + D2) + 7" py, 7" (D22 + Das + D7) )
M) = 264000 P’ P57 7" Y Doo + 260 Py PY P (’YUPZ"/A D1z +77p,,7" (D13 + Dr2)

- ma’YU’Y/\ (D11 + D12 + D13) )
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NLO QED corrections in P — 202" ¢’

And we are done ... so evaluate the full BRI
This is, MC integration
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NLO QED corrections in P — 202" ¢’

__ P — 000’0 @GNLO Summary

0 — de K — 4e KL — 2e2p KL — 4p n — de n— 2e2u n—4p
§(NLO) —0.1727(2) —0.2345(1) —0.0842(2) 0.0608(2) —0.2409(1) —0.0900(1) 0.0455(2)
6(FF) 0.0037(2) 0.0749(2) 0.6942(2) 0.8608(3) 0.0207(2) 0.4829(2) 0.6202(3)
3R4P —0.1718(2) —0.2262(2) —0.0767(1) 0.0704(1) —0.2301(1) —0.0836(1) 0.0535(1)
Barker —0.160(2) —0.218(1) —0.066(1) 0.084(1) — — —

BR(NLO) 2.840(1)107° 5.120(1)10° 4.436(1)107% 1.851(1)107° 5.202(1)10°° 5.393(1)107° 10.289(2)10~°

e Difference of 1% order wrt Barker et al for 3R4R
® 3P,4P of 1% order roughly (except 7°)

e Could not certainly trace to the origin of differences

Status & Future

For 7° (30k Ev., KTeV) PRL100 (2008) negative slope (old RC related?)
Our results (soft photon) coded for NA62 (T. Husek)

For n (362 Ev., KLOE-2) PLB702 (2011) small statistics

Proposed REDTOP exp: 1013 5() interesting
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__ Outlook: crossing to ete™ — eTe P

P1

e Double-virtual effects in double-Dalitz elusive for 7° and some time for 7
® Go to crossing-related [e"e™ — eTe™ P] @NLO (thanks to A. Kupsc)

® Dictionary for relating crossed-related variables relevant there v

® Recompute for t-channel (incl. bremsstrahlung) in a convenient form v

® Newly-released EKHARA 3.0 MC includes LO s, t-channel and NLO
universal t-channel with soft and hard photon (H. Czyz)

® In contact with H. Czyz to check missing parts



A revision of radiative corrections to double-Dalitz decays (P —

Tem s ete P

Outlook: crossing to e




A revision of radiative corrections to double-Dalitz decays (P — £¢¢'¢")

Outlook: crossing to ete™ — efe™ P

70— etemete™
D+E 0.0392(2) —0.0032(2) —0.6391(6) —0.0007(0) —0.0017(1) 0 —0.6055(7)
Int —0.0008(1) 0.0000(0) 0.0126(1)  —0.0004(0) 0.0005(0) 0.0009(1) 0.0128(2)
Total 0.0384(2) —0.0032(2) —0.6265(6) —0.0011(0) —0.0012(1) 0.0009(1) —0.5927(7)

Kf —ete"ete™

D+E 0.1047(1)  —0.0045(0)  —1.6890(5) —0.0016(1)  —0.0048(5) 0 —1.5952(7)
Int —0.0016(1) 0.0000(0) 0.0265(3)  —0.0012(1) 0.0013(1) 0.0017(3) 0.0267(4)
Total 0.1031(1)  —0.0045(0) —1.6625(6) —0.0028(1)  —0.0035(5) 0.0017(3)  —1.5685(9)

K —efe ptp~

D 0.1067(1) —0.0107(1)  —0.4763(5)  —0.0067(2)  —0.0209(2) 0 —0.4079(8)

o —
KP = ptp~ptp

D+E 0.0481(0)  —0.0080(0) 0.0085(1)  —0.0027(1)  —0.0070(2) 0 0.1289(2)
Int —0.0026(2) 0.0004(0)  —0.0044(0)  —0.0013(0)  —0.0007(0)  —0.0142(1)  —0.0228(2)
Total 0.0455(2)  —0.0076(0) 0.0041(1)  —0.0040(1)  —0.0077(2)  —0.0142(1) 0.1061(3)

n — eteete™

D+E 0.1086(1)  —0.0045(0) —1.7490(5)  —0.0016(1)  —0.0044(4) o ~1.6509(6)
Int  —0.0015(1) 0.0000(0) 0.0251(2)  —0.0011(1) 0.0012(1) 0.0015(2) 0.0016(6)
Total 0.1070(1)  —0.0045(0) —1.7239(5) —0.0027(1)  —0.0032(4) 0.0015(2)  —1.6509(6)
n—ete putu”

D 0.1337(1)  —0.0127(1) —0.6267(6) —0.0057(1)  —0.0224(2) 0 —0.5338(7)

n—ppTpteT

D+E 0.2014(3)  —0.0446(0) 0.3679(4)  —0.0111(3)  —0.0361(11) 0 0.5675(12)
Int —0.0229(2) 0.0035(1)  —0.0207(2)  —0.0056(2)  —0.0018(1)  —0.0718(6)  —0.1193(7)
Total 0.2685(4)  —0.0411(1) 0.3472(4)  —0.0167(4)  —0.0379(11)  —0.0718(6) 0.4482(15)

VP Fa F 3P 4P 5P NLO
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