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High-intensity frontier

Where to look for New Physics at low-energy?

® Processes very suppressed or even forbidden in the SM

> LFV processes (u — ey, p — einN, 7 — py, 7 — 3p, -+ )
> CPV effects in the leptonic (e, 1) and neutron EDMs
» FCNC & CPV in Bs 4 & D decay/mixing amplitudes

* Processes predicted with high precision in the SM

» EWPOas (9—2),: Aay, =a,”—aj" = (2.51+0.59)x107° (4.20 discrepancy!)
> LFUVin M — ¢v (with M = =, K, B), B — D(*)fv, B — K¢¢', 7 and Z decays

¢ High-intensity frontier: A collective effort to determine the NP symmetries

¢ High-energy frontier: A unique effort to determine the NP scale
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The NP “scale”

o Gravity = Apjanck ~ 10'871° GeV

1015 ga¥ - - vt
o Neutrino masses = Asee_saw < 10'° GeV ik

® BAU: evidence of CPV beyond SM
> Electroweak Baryogenesis =—> Anp < TeV

> Leptogenesis => Asee_saw < 10'5 GeV

* Hierarchy problem: = Anp < TeV

Dark Matter (WIMP) — Anp < TeV
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Experimental status

Process Present Experiment Future Experiment
°w— ey 42x10°" MEG ~6x10"™ MEG II
w— 3e 1.0 x 107" SINDRUM ~1071® Mu3e
L~ Au—e Au | 7.0x 107" | SINDRUMII ?
p  Tise Ti | 43x107'2 | SINDRUM II ?
u” Al = e Al - ~107'® COMET, MU2e
T— ey 3.3x107® | Belle & BaBar ~107° Belle II
T = wy 4.4 x107% | Belle & BaBar ~107° Belle Il
T —3e 2.7 x107% | Belle & BaBar ~ 10710 Belle Il
T — 3 2.1x107% | Belle & BaBar ~ 10710 Belle II
ds(e cm) 1.1 x107% ACME ~3x107% ACME Il
d.(e cm) 1.8x 107" | Muon (g-2) ~ 1072 PSI

Table: Present and future experimental sensitivities for relevant low-energy observables.

® So far, only upper bounds. Still excellent prospects for exp. improvements.
® We can expect a NP signal in all above observables below the current bounds.
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On the muon g-2 puzzle

* Statusof a, = 2— 2 as of April 7" 2021 (with a™ based on a’l,)

an*’ = 116592061 (41) x 107" [anL + FrAL]
M — 116591810(43) x 10~ (wrzo)

Aa, = a*F —as™ = a)® =251(59) x 107" (4.20 discrepancy!)

(01)qep, (Mew, (18)uLbL, (40)mve, (41)535XP-

(43)TH

» Hadronic uncertainties (HLbL & HVP) are very hard to improve.
> 5aBXP ~ 16x 10" by the E989 Muon g—2 exp. in a few years.

* Low-energy determinations of Aa,, assume that systematic and hadronic
uncertainties are under control at the outstanding level of Aa,, < 10~°!
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On the muon g-2 puzzle

New Physics for the muon g — 2: at which scale?

* Aa, discrepancy at ~ 4.2 o level:

Aa, =a " —a™ = a\" = (2.51 £ 0.59) x 10°
2
— ~ SM ~ ~ —9
Aa, = a," ~ (3, )weak ~ 167r7:|/2 ~2x10
> NP is at the weak scale (A ~ v) and weakly coupled to SM particles.*

> NP is very light (A < 1 GeV) and feebly coupled to SM particles.
> NP is very heavy (A > v) and strongly coupled to SM particles.

*Favoured by the hierarchy problem and by a WIMP DM candidate but disfavoured
by the LEP and LHC bounds (supersymmetry being the most prominent example).
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On leptonic dipoles: ¢ — 'y

* NP effects are encoded in the effective Lagrangian

L= 74 (PRoyuw Avr b + UL AiplR) F*™ 0,0 = e, p,T

> Branching ratios of £ — £/~

BR({ — 'y) _ 48na
BR([ — gll/eI;g/) N G,z_-

(1Acer 2+ 1Agrel?) -

> Aay and leptonic EDMs

Aay = 2m§ Re(A(gg), % =my Im(Au) .

> “Naive scaling”: a broad class of NP theories contributes to Aa, and d; as

Na,  m? d o my
Aayr o m%, ’ dg/ o My ’
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Model-independent predictions

* BR(%i — £jv) vs. (9 — 2),
- Aa 270 2
BR(z —ey) ~ 3x10 ‘3(3X1g_9> (1;5‘5)

~ of DNa, \°( 0., \°
BR(r = uy) =~ 4x10 (3><1O—9) 10-2

® EDMs vs. (g — 2),

AR Ve
o = <W)10 <10*5 e cm,

- Aa, —22 ,cPV
d, =~ (73><10—9)2X10 ¢, ecm,

* Main messages:

» Aa, ~ (3 £ 1) x 10~° requires a nearly flavor and CP conserving NP
> Large effects in the muon EDM d,, ~ 10—22 e cm are still allowed!

[Giudice, P.P., & Passera, '12]
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[Crivellin, Hoferichter & Schmidt-Wellenburg, 18]

)2 x 1072 ¢ ecm,

[Giudice, PP & Passera, '12]
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Not only u — evy...

e LFV operators @ dim-6

1 im—
L:eﬂ':[,SMJr‘/\TOdIm 6+
LFV

0= 5 fpo" Hel Fu, (fun"er) (fy"f) . (mmed) (fafl) , f=e,u,d

£ — '~ probe ONLY the dipole-operator (at tree level)

i — £l and p — e in Nuclei probe dipole and 4-fermion operators

When the dipole-operator is dominant:
BR(K,‘ — fjszk) ~ o X BR(@,‘ — Kj’y)
CR(pn — einN) =~ a x BR(p — ev)

BR(yx —3e)  BR(p —ey) _ CR(u— einN)
3x10-15 ~ 5x10-13 ~  3x10-15

Ratios like Br(;. — evy)/Br(t — py) probe the NP flavor structure

Ratios like Br(n — ev)/Br(i — eee) probe the NP operator at work
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Hints of LFUV in semileptonic B decays

[Altmannshofer, Stangl, & Straub, '17]

Coeff. best fit 1o pull
CE —156 [-2.87,-071] 4.1c
cly +1.20  [+0.58, +2.00] 4.20 =
Cs +1.54 [+0.76,+2.48] 430 =
cs, —1.27 [-2.08, —0.61] 4.3c¢
C{=-Cf, —063 [-0.98,-0.32] 420 LU dbeprables
Cs=—-Cj, +0.76 [+0.36,+1.27] 43¢ N R et A
09620160 —1.91 [_271! _110] 3.90 20 -15 -10 -05 nin 05 10 15
Cy" —0.05 [-0.57,+0.46] 0.20 Ry
Ci +0.03 [-0.44, +0.51] O0.10 DY
cie +0.07 [-0.49, +0.69] 0.20
Cis —-0.04 [-0.57,+045] 0.20
~ g
= (Sy.PLb)(¢~"0) &
= (57, Prb)(1~+"2)
Oto = (87 Pub)(P7*7s0)

016 = (37, Pab)(f~"~st)
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High-energy effective Lagrangian

¢ Global fits of B — K*¢¢ data favour (not exclusively) an effective 4-fermion
operator involving left-handed currents (5.7v,.b.)(Gryuiee), i-€. the Co=—Cio
solution [Hiller et al., "14, Hurth et al.; 14, Altmannshofer and Straub '14, Descotes-Genon et al., 15, ......].

* A simultaneous explanation of both F?,’é/ ¢ and FTE,/ ‘ anomalies naturally
selects a left-handed operator (C.v,.b.)(7.v.v.) which is related to
(8cvubu)(Aeye ) by the SU(2), gauge symmetry Bhatacharya etal, ‘141,

* This picture can work only if NP couples much more strongly to the third
generation than to the first two. Two interesting scenarios are:

> Lepton Flavour Violating case: NP couples in the interaction basis only to third
generations. Couplings to lighter generations are generated by the misalignment
between the mass and the interaction bases [Glashow, Guadagnoli and Lane, '14] .

> Lepton Flavour Conserving case: NP couples dominantly to third generations but
LFV does not arise if the groups U(1)e x U(1), x U(1)+ are unbroken [Alonso et al., '15].
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LFV case: high-energy effective Lagrangian

* |In the energy window between the EW scale v and the NP scale A, NP effects
are described by £=Lsm + Lxp With £ invariant under SU(2). @ U(1)y.

Ci - - Cs - _
Lxp = /\7; (Gau7" gs1) (Paryular) + A—S (G 73qa1) (LaryumlaL) -

e After EWSB we move to the mass basis through the unitary transformations

u. — Vyur a. — VddL vy — Uery e — UeeL,
1 = = * /
Lnp = ﬁ[(c1 +GCs) )\;})\i/ (div"dij)(Bkyuew) + B— KW
(C1—C3) MNIAG (A dy) (Puyvr)] + B— KMy

2C5(VAY)AG (D™ dy) (Bukyuvu)+he]  B— DY
[Calibbi, Crivellin, Ota, '15]

N = VigiVagr A§ = UsgiUeg ViVy=Vokm = V

e Assumption for the flavor structure: A3 ~ 1, A%° = [A%°[%, A% = 0.
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Low-energy effective Lagrangian

Construction of the low-energy effective Lagrangian: running and matching

* We use the renormalization group equations (RGEs) to evolve the effective
lagrangian Lxp from p ~ A down to u ~ 1 GeV. This is done is three steps:

> First step: the RGEs in the unbroken SU(2); ® U(1)y theory (Manohar et al.13] are
used to compute the coefficients in the effective lagrangian down to a scale . ~ my.

> Second step: the coefficients are matched to those of an effective lagrangian for the
theory in the broken symmetry phase of SU(2); ® U(1)y, thatis U(1)g/.

> Third step: the coefficients of this effective lagrangian are computed at ;. ~ 1 GeV
using the RGEs for the theory with the only U(1); gauge group.

® Then we take matrix elements of the relevant operators. The scale dependence

of the RGE contributions cancels with that of the matrix elements.

[Feruglio, P.P., Pattori, PRL *16, '17]
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Purely leptonic effective Lagrangian

° Quantum effects generate a purely leptonic effective Lagrangian:

4G _ —
of =— 72’:/\// [(eLi')’ueL/)Zw’lp’yuw (2giet — Quet) + h.c.]
4GF e ®
L =— 7 —=Aj | et® (eLivuv) Wik €k + Uuy" Viedw) + h.c.
¥ = {vik, €Lk,Rk, UL,R, AL,R, SLR} 97 = Ts(¢)) — Qy sin® O

3 v N2
cr= Vf@ﬁ(a —Cs3)\g3 log m

cc 2 3 V2 u 2
G =Vijg2 ne Cs g3 log 2
2 2 2
e e v A
7—4871'2/\2 (303—C1)|og—2 +

Figure: Diagram generating
a four-lepton process.

* Top-quark yukawa interactions affect both neutral and charged currents.
e Gauge interactions are proportional to €° and to the e.m. current.
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LFV decays

® LFV B decays (tree-level)

2

th
05

0.3

B(B— Kru) ~ 4x1078|C47|* ~ 1077 e
)‘23

)

® LFV 7 decays (1-loop)
N 5 (C1—C3)® (N3 2
B(r —3p)=5x10 “ATev) \0.3
B(t — 3p) = B(t — pp) = B(T — pn)

e Experimental bounds (- G

B(B— KTit)exp < 4.8 x 107°
B(7 — 3)exp < 2.1 x 1078
B(r — pup)exp < 1.2x 1078

B(T = pm)exp < 2.7 x 1078
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B anomalies

n R:/“
m All

W R and RY¢
B LFV 7 decays
W Z-pole observables

D(=)

T/t
Rpe

10"

107

Br(B — Kp1)

— Experimental bounds
=0
mC=0C

W Ry and RZ/":
m LFV 7 decays

m Z-pole observables

[Feruglio, P.P., Pattori, PRL "16, '17]
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Conclusions and future prospects

¢ Important questions in view of ongoing/future experiments are:

>
|
>
>

What are the expected deviations from the SM predictions induced by TeV NP?
Which observables are not limited by theoretical uncertainties?
In which case we can expect a substantial improvement on the experimental side?

What will the measurements teach us if deviations from the SM are [not] seen?

¢ (Personal) answers:

>

>

We can expect any deviation from the SM expectations below the current bounds.

LFV processes, leptonic EDMs and LFUV observables do not suffer from theoretical
limitations and there are still excellent prospects for experimental improvements.

If the muon g — 2 anomaly will survive, we expect relevant enhancements in leptonic
EDMs (especially in the muon EDM) and LFV decays i — ey, p — eee, ....

The observed LFUV in B — D(*)¢v, B — K¢¢' might be true NP signals. If
confirmed, it is worth to look for LFV in B — Kru, 7 — pll, 7 — pp, ....

Message: an exciting Physics program is in progress at the Intensity Frontier!

Paride Paradisi (University of Padova and INFN) LFV theory talk Workshop on Muon Precision Physics 18/18



	NP search strategies
	Experimental status
	On the muon g-2 puzzle
	On the muon g-2 puzzle
	On leptonic dipoles: 
	Model-independent predictions
	Not only e...

