CP violation in n muonic decays
based on JHEP 1901 (2019) 031

|
Pablo Sanchez-Puertas = Fﬂﬁ

psanchezQifae.es Institut de Fisica
d’Altes Energies




CP violation in 7 muonic decays

__ Motivations (I)

® Not enough CP-violation for matter-antimatter asymmetry

e Expected additional (non-negligible) CP-violation sources

1

® The n meson is a flavor singlet: CP eigenstate and SM "background-free’
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CP violation in 7 muonic decays

— Motivations (Il)

Provide MCs and estimates for proposed experiments sensitivites

e REDTOP: an 7 factory (10*® 7 mesons)
® Proposed @FLab (queuing), then @CERN
e Aimed to measure CP-violation BSM

® Measures the polarization of muons

Provide MC amplitudes and asses existing bounds (nEDMs)
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__ Outline

1. New physics: SMEFT and hadronization details
2. CP asymmetries and sensitivities
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3. nEDM bounds
4. Ds — {v bounds

5. Conclusions and outlook
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New physics: SMEFT and hadronization details

Section 1

New physics: SMEFT and hadronization details




CP violation in 7 muonic decays
New physics: SMEFT and hadronization details

—_ SMEFT: CP-violating operators of interest (I)

Assume heavy physics: SMEFT + low energies: v, G, £ (no, W, )
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CP-V@hadronic level CP-V@leptonic level
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New physics: SMEFT and hadronization details

—_ SMEFT: CP-violating operators of interest (I)

Assume heavy physics: SMEFT + low energies: v, G, £ (no, W, )
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New physics: SMEFT and hadronization details

__ SMEFT: CP-violating operators of interest (II)

Assume heavy physics: SMEFT + low energies: v, G, £ (no, W, )
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New physics: SMEFT and hadronization details

__ SMEFT: Hadronization details

e Hadronic CP-violating (CPy) terms: additional CP-violating  — v*v* TFFs

Fitoe (at, 63)

MY = ie? (U”’/‘” G1pGoe Forne (G5, 63)+Hg™ (qu - q2) — gb gi]
+ (855 — qiabas — daiqt + (a1 - g2)qi ab] Fﬁfnﬁ(qiqi)),

with Fyy+0+ (a3, g3) known and Fnc-s*l;z*(Q%y 43) ~ €1,2Fpye+(ai, 43) taken
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New physics: SMEFT and hadronization details

__ SMEFT: Hadronization details

e Hadronic CP-violating (CPy) terms: additional CP-violating  — v*v* TFFs

iMP = ie? (U”’/‘” G120 Foyen (07 2 )+H[E" (a1 - q2) — gh gt ] Fibt (a3, 3)

py 2 2

+[e" a3 — asas — Graial + (a - q)aias] FEZ (‘717CI2))

. cP
with Fyy+0+ (a3, g3) known and Fn'yl'yz (41, d3) ~ e1,2Fyy+++(af, G3) taken

e Lepton-quark CP-violating terms (O,equ, O/edq,[O,equ])
L Cél)pr“ cél)prst
O, =L (e (@) — —— o P [(&in"e)(@u) + () (@i u)]

prst prst

cZedq = i Céedq —. 5 = - <. 5
Otedq = 2 (Lrer)(dsqt) -5 [(8iv°e)(dd) — (&e)(div°d)]




CP violation in 7 muonic decays
New physics: SMEFT and hadronization details

__ SMEFT: Hadronization details

e Hadronic CP-violating (CPy) terms: additional CP-violating  — v*v* TFFs

iMP = ie? (U”’/‘” G120 Foyen (07 2 )+H[E" (a1 - q2) — gh gt ] Fibt (a3, 3)

py 2 2

+[e" a3 — asas — Graial + (a - q)aias] FEZ (‘717CI2))

. cP
with Fyy+0+ (a3, g3) known and Fn'yl'yz (41, d3) ~ e1,2Fyy+++(af, G3) taken

e Lepton-quark CP-violating terms (O,equ, O/edq,[O,equ])

Fim? tr(aX?) + F5(2my — m3) tr(aX®)
2m,

Im co . a
Sy | 018 7°q [n) —

L=-C(nefe"); C= ~107°



CP violation in 7 muonic decays
New physics: SMEFT and hadronization details

__ SMEFT: Hadronization details

e Hadronic CP-violating (CPy) terms: additional CP-violating  — v*v* TFFs

M = i (g o F e (076 HE ™ (- ae) — ah af) e (. )

py 2 2

+ e BB -G — B+ (a1 g)al ] i (ql,qz))

with Fyy+0+ (a3, g3) known and FnC-Clyz (41, d3) ~ e1,2Fyy+++(af, G3) taken

e Lepton-quark CP-violating terms (O,equ, O/edq,[O,equ])

Fim? tr(aX?) + F5(2my — m3) tr(aX®)
2m,

Im co .5 4
Sy | 018 7°q [n) —

L=-C(nefe"); C= ~107°

e electron EDMs set strong bounds for Oy — assumed irrelevant
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CP asymmetries and sensitivities

Section 2

CP asymmetries and sensitivities
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CP asymmetries and sensitivities

= ptp

e In the SM it is o?, helicity-flip, and loop suppressed (interesting!)

+++++ i

e The most general matrix element (CP-even and odd, resp.)

iM = i[gp(din’v) +gs(av)] ,
e No asymmetry without considering polarizations (only for muons)
2
|IM(An, AR)[* = % [\gpﬁ (1 = XX[n - a])+|gs[* 8% (L—AX[n. A —nr-fit])
+2 [A\XRe(grgs ) (7 x n) - B, + Im(grgs)B,, - (\n — a)] |,

e Needs to compute gs:

CPH ~ €j X SM
CPur, = —C from L = —C(npp)
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CP asymmetries and sensitivities

=t

e Enough for MC (Geant4), but realistic estimate: how to measure polarization?
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CP violation in 7 muonic decays

CP asymmetries and sensitivities

=t

e Enough for MC (Geant4), but realistic estimate: how to measure polarization?

BR(u™, An) = %n(x) [1 F Ab(x, x0)B - n] dx,
with x = 2E./m,, € (0,1), n(x) = 2x2(3 —2x) and b(x) = (1 — 2x)/(3 — 2x).
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CP asymmetries and sensitivities

=t

e Enough for MC (Geant4), but realistic estimate: how to measure polarization?

BR(u™, An) = %n(x) [1 F Ab(x, x0)B - n] dx,
with x = 2E./m,, € (0,1), n(x) = 2x*(3 — 2x) and b(x) = (1 — 2x)/(3 — 2x).
o The resulting decay width
m?
2
+2 [A\XRe(grgs)( x n) - B, + Im(grgs)B,, - (An — 3A)] |,

|M(An, Xa)* =

[Igel? (1 = AXIn - ) +|gs[*; (1= AX[n. .~ nr-fir])
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CP asymmetries and sensitivities

=t

e Enough for MC (Geant4), but realistic estimate: how to measure polarization?

BR(u™, An) = %n(x) [1 F Ab(x, x0)B - n] dx,
with x = 2E./m,, € (0,1), n(x) = 2x2(3 —2x) and b(x) = (1 — 2x)/(3 — 2x).

e The resulting decay width

I 2, (20 ) [ 1AR (14 b5 {5+ BY) + 25,5 bH(6 x B) - 21Re A

v ™My

— (bBz + bBz)Im A} + g2 (1+ bb {B:8: — Br - Br}) |des,
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CP asymmetries and sensitivities

=t

e Enough for MC (Geant4), but realistic estimate: how to measure polarization?
4 dQ
BR(p™, An) = ﬂn(x) [1F Ab(x,x0)8 - n] dx,
with x = 2E./m,, € (0,1), n(x) = 2x2(3 —2x) and b(x) = (1 — 2x)/(3 — 2x).

e The resulting decay width

226, (40 ) (AP 1+ 5B {8 B)) + 26,45 {bBI(B x B) - 1Re A

v ™My

— (bBz + bBz)Im A} + g2 (1+ bb {B:8: — Br - Br}) |des,

e How to measure polarization? Asymmetries!

A _N(coy>0)—N(co<0) = BulmAgs _ —&s
L= N(all) T3 [AP2 & 2mya? Fyyy
A _ N(sy_3>0)—=N(s,_5<0) _ mBuReAgs
T= -

N(all) T 36 AR
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CP asymmetries and sensitivities

=t

e Enough for MC (Geant4), but realistic estimate: how to measure polarization?
4 dQ
BR(p™, An) = ﬂn(x) [1F Ab(x,x0)8 - n] dx,
with x = 2E./m,, € (0,1), n(x) = 2x2(3 —2x) and b(x) = (1 — 2x)/(3 — 2x).

e The resulting decay width

226, (40 ) (AP 1+ 5B {8 B)) + 26,45 {bBI(B x B) - 1Re A

v ™My

— (bBz + bBz)Im A} + g2 (1+ bb {B:8: — Br - Br}) |des,

e How to measure polarization? Asymmetries!
Al = 0.11¢; — 0.04ez, AL = —Im(2.7(col + ciaiy) — 4.1cia ) x 1072,

Al = —0.07e; —0.002¢2, A% = — Im(L6(cl2?™ + F232) — 2.5¢227) x 1072,

u
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CP asymmetries and sensitivities

=t

e Enough for MC (Geant4), but realistic estimate: how to measure polarization?
4 dQ
BR(p™, An) = ﬂn(x) [1F Ab(x,x0)8 - n] dx,

with x = 2E./m,, € (0,1), n(x) = 2x2(3 —2x) and b(x) = (1 — 2x)/(3 — 2x).

e The resulting decay width

226, (40 ) (AP 1+ 5B {8 B)) + 26,45 {bBI(B x B) - 1Re A

v ™My

— (bBz + bBz)Im A} + g2 (1+ bb {B:8: — Br - Br}) |des,

e How to measure polarization? Asymmetries!

A = 0.11¢; — 0.04es, AL = —Im(2.7(col + ciaiy) — 4.1cia ) x 1072,
Al = —0.07e; —0.002¢2, A% = — Im(L6(cl2?™ + F232) — 2.5¢227) x 1072,

e REDTOP: 1077 — ptp™; Noise: 3x107%; €302 ~ 1073®) and & ~ 1072
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CP asymmetries and sensitivities

—_—n— ;ﬁ;ﬁﬂ/

e For simplicity SM@LO and interference term
o (p-:A)
—--- wH(pes )

(ki e) =

e Along the same steps one finds

Im Fpprrs (s) ELE __ __
dl cpy _olmFyyy (8)Fary (S)(l 7X,,)3d5dydei[ 1— 2 sin 0(bB, — b, ) — cos O(bf: — bﬁz)],

Iy T s

dlepy, o (1—x,) 2Cdsdydy [~ o = L
Ty 7ws(l—y2) e2m,Fpyy {O‘R Re Fiyye(s) + arlm an*(s)}

e Richer final state — additional asymmetries

N(S¢ > 0) — N(S¢ < 0)
N(all)

N(cgcg > 0) — N(cpcy < 0)
N(all) '

AL«, s ATL =
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CP asymmetries and sensitivities

—_—n— ;ﬁ;ﬁﬂ/

e For simplicity SM@LO and interference term

o (p-:A)

o___ 1 (pes V)

(ki e) =

e Along the same steps one finds

dFCpH :g Im ﬁ,]’yry* (S):EUCS,}{:(S)

- 2 : (1 — x,)*dsdyd, & [, /1 — B2 sin 0(bB, — bA,) — cosO(bB. — BBZ)],
Yy

dlepy, o (1—x.) 2Cdsdydes [ o = .
My T s(1—y?) e2myFpyy [QR Re Fipyye (s) + @i lm Fpye (5)]7

e Richer final state — additional asymmetries

A — 0 Al = —aIm(LU(cL2 + f2) — 1.7¢0%) x 1077,
Al = —0.002e; Al =51Im(L1(c2M + ) — 1.760257) x 1078,
A —0 AfE = 2Im(L1(c2 + ) — 172237 x 1077,

A =0 AT = =5 Im(L1(cn™ + ciy) — 1.7chg ) x 107°.
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CP asymmetries and sensitivities

—_—n— ;ﬁ;ﬁﬂ/

e For simplicity SM@LO and interference term

o (p-:A)

o___ 1 (pes V)

(ki e) =

e Along the same steps one finds

dFCpH :g Im ﬁ,]’yry* (S):EUCS,}{:(S)

- 2 : (1 — x,)*dsdyd, & [, /1 — B2 sin 0(bB, — bA,) — cosO(bB. — BBZ)],
Yy

dlepy, _a (1 —xu) 2Cdsdyd.+ {
Ty ms(1—y2) e2myFyy

g Re Frpn (5) + i lm Fpope (5)]7

e Richer final state— additional asymmetries

e REDTOP: 10%) — yu™ 1~ ; Noise: 3x107%; e1 ~ 1072 and ¢F* ~ 1
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CP asymmetries and sensitivities

—_—n— ;ﬁ;ﬁﬂ/

e For simplicity SM@LO and interference term

o (p-:A)

o___ 1 (pes V)

(ki e) =

e Along the same steps one finds

dFCpH :g Im ﬁ,]’yry* (S):EUCS,}{:(S)

- 2 : (1 — x,)*dsdyd, & [, /1 — B2 sin 0(bB, — bA,) — cosO(bB. — BBZ)],
Yy

dlepy, o (1—x.) 2Cdsdydes [ o = .
My T s(1—y?) e2myFpyy [QR Re Fipyye (s) + @i lm Fpye (5)]7

e Richer final state— additional asymmetries
e REDTOP: 10%) — yu™ 1~ ; Noise: 3x107%; e1 ~ 1072 and ¢F* ~ 1

e As a bonus: SM P-violating asymmetry reassessed 107® (1072 supression wrt
PLB429, 151 (1998) estimate: careful account of u decay!)
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CP asymmetries and sensitivities

_n—eteputu

e CP-violation can be accessed without polarization: lepton plane asymmetry

Expressions lengthy but, o sin ¢ cos ¢

A B N(S¢C¢ > 0) — N(S¢C¢ < 0)
#/2 = N(all) ’

o After integration

Aljp = 02614000032, A, = — Im(L3(c{ol?t 72 )~ 1.9¢22 ) x10°.

u

e REDTOP: 10%) — eTe ™ put ' ; Noise : 107%; €1 ~ 1073 and c&** ~ 40
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CP asymmetries and sensitivities

__ Summary of sensitivities

Process €1 > € > Im{c,(elq)uzzu7 it > Imc2 >
n—ptp” 3x107% 8x1073 1072 7x1073
n—yutu” 0.15 - 14 10

n—eteputy”™ 3x1073 2 40 25

e For CPy scenario
Stronger bounds for €1 (e2 only for 2 offshell photons)
Stronger bounds from dilepton and double-Dalitz decays

e For CPy; scenario
Only relevant for dilepton decays (tree vs. loop, helicity suppression)

e Can we set stronger bounds for these parameters? heavy-atemsneutron EDM

i q, " q,
: o Fe@) + (a7 — ga" 1 Fala),

2my

M =y"F(q*) + F2(q%) —

T AN OV o B—doE, Q= eFi(0) = %(Fl(ona(o)), d= 5
0
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nEDM bounds

Section 3

nEDM bounds
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nEDM bounds

__nEDM in the CPpy scenario

e Keep things simple: among other things, this contribution would appear
q; q, j

k+q Sok koo k+aq

P P +k P P p—k P
e Taking nVN from xPT and assuming on-shell Dirac and Pauli v* NN FFs

Fe(0) = e Fypy g’ﬂﬁ/m a2 ¢ o (—K2,0)(1 - B)
"T6F, © /o K2+ m,2 "7 ’

< (K)o (3 9) = AR [+ 4 5)7] )

e We obtain df = —6.2 x 107®¢ecm  vs  df PP <3 x 10 %°ecm
e Thereby €1 <5 x 1077, to be compared with found sensitivities e; ~ 1073

Cannot measure hadronic-driven CP-violating effects in 77 muonic decays
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nEDM bounds

__nEDM in the CPpy; scenario

e More complex: 2-loop effects and account for renormalization

X X X,
{0}, Oreu} 1m{O}}),. Oreas} m{Of),.0} 1m{0,,, O}
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nEDM bounds

__nEDM in the CPpy; scenario

e Concerning nucleons: formidable task — approximate

-z

N(p) N +k) N N(p) N +k) N(p) ,;) N ()

e Low energy via intermediate nucleon state
P current: m,7n,n -dominated and xPT
S current: o terms + resonance saturation

df = Im(—=0.75¢{22*" 4 0.92¢221 + 0.08¢2222) x 10~

equ

e High energy via the operator product expansion

(O LY ()S(P)(0)} = §o*"1°q
Assume 0 at EW, then (RG) + lattice (n| Go**~v°q|n)

dE = Im(—0.59¢c{2)2*" +0.15¢324) +0.001c72%7) x 10722
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__nEDM in the CPpy; scenario

e Concerning nucleons: formidable task — approximate

X X
N(p) N+ k) N(p') N(p) N + k) N(p) Np) T NG

e Altogether we find (take it as an order of magnitude)

Im (22 <0.002,  ImciZ <0.003,  Imci2 < 0.04. (1)

e To be comapred with n — ptp~

Im (22 <0.01,  ImcZy <001,  Imcia <0.007. (2)

CP-violation possible + Competitive bounds for Im c;2;” Wilson Coefficient



CP violation in 7 muonic decays
nEDM bounds

__Df - putv

e The SMEFT [SU(3) xSU(2) x U(1) symmetry] also has implication for CC

(1)prst I (1)2222
Lequ 7 = Lequ - - —- —.
Ofegs = 55— (Ber) i@ ue) — ———F— [(7i7°)(5¢) + (P)(5i7° )]
ot Imc2222 ) o
Otedq =—28(Be,)(dsq) 9 [(Din® ) (5¢) — (pp)(5iv°c)]

% 2v2

e This produces an additional contribution to the SM prediction
1)2222 2222y 2

equ Ledq _3
=5.50(23) x 10
2|V (e & s) (23)

m%,s ( clg

BR(D — pfv) o f, GF| Ves*|1 +
o Contribution fo the order |Im c??*?| < 0.02

CP-violation still possible!
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nEDM bounds

__ Conclusions and Outlook

® |nvestigated CP-violation in  — u" ™, u* "y, eTe  uTu~ decays
e Assumed heavy physics — SMEFT: hadronic/lepton-quark scenarios
e Estimated sensitivities for REDTOP and amplitudes for MC

® Stringent bounds from nEDM — only O,zjff plausible

® | epton origin seems irrelevant due to £ EDMs, but might check Oy.
e n— 7w~ utu” not studied, but apriori irrelevant
e n — pTu~ 7 might be interesting since tree vs loop level

® A serious calcualtion for the EDM (hadronic model, full RG...)
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Section 4

Backup
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Backup

— Some details on the OPE and large logs

e The nEDM from the loop integral (exact)

i =@ S [ G| [ €l TUETDO) M)

)

y [1. [ 0 T 0 ()0 |o>]

d*k 1 v
22/ ) K2 HZer( ki k+ Q)n;\j\/r (k,q)gvp, (3)

e The RG large-logs from cut-off regularization co — A

a GEmgm > dKK 2 1+ 32 Be+1
Fe) =2 6F\/§[712ng/o msm[(ﬁ"’wﬂq){ 2 " (ﬂj—l) 1]

262 Be+1
—1)I | 4
+ <1 +ﬁq ) n (ﬁé 1 M Crequ(dq) ( )
a Gepmgmg (1) 1.2 a2 2
-~ 6v22 {Im Cpequ(IN" A" = In A7), Im Credq In /\}. (5)
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