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Introduction: LFV and new physics

Use Higgs-mediated LFV to illustrate:

* Interplay of UV and nuclear physics in U-to-e conversion

* Model-diagnosing power of multiple probes

Vast literature — apologies in advance for incomplete referencing



Motivated by neutrino mass, expect (hope?) that
A at some scale between Planck and weak scale,
there exist new LFV and possibly LNV violating particles and interactions.

At low energy, they leave behind local operators
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Dipole: SUSY-GUT and Scalar: RPV SUSY and RPC Vector Tvpe Il seesaw
SUSY see-saw scenarios, SUSY for large tan([3) and yP ’

4-lepton: Type |l seesaw,
LRSM, leptoquarks, ... RPV SUSY, LRSM, ...
low ma, leptoquarks, ...
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Each model generates a specific pattern of operators
— multiple CLFV measurements needed to extract the underlying physics

* New physics mass scale through any process

BRa-g ~ (Vew/N)*:|(Cn)oP[2

(Muon decays)

lU-e sector: AAC ~ 1045 TeV
ANNC ~ 102 TeV (Tau decays) |

T-M(e) sector:
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Each model generates a specific pattern of operators
— multiple CLFV measurements needed to extract the underlying physics

* New physics mass scale through any process

* Relative strength of operators ([Cp]eH vs [Cs]eH... ) through L 2 3e vs L ey
vs L —e conversion (and similarly for 7—u,e) = Mediators, mechanism

* Flavor structure of couplings ([Cp]etvs [Cp]™...) through U 2 evs T = |
vs T —* e = Sources of flavor breaking

6



af3 CO{B

-
(%0 07 + Z A5 (PTOIT + Z “L joTeBaTg + F_F D a FTHE

Each model generates a specific pattern of operators
— multiple CLFV measurements needed to extract the underlying physics

* New physics mass scale through any process

* Relative strength of operators ([Cp]eH vs [Cs]eH... ) through L 2 3e vs L ey
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® Simplest framework: LFV Yukawa couplings of the Higgs
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Goudelis-Lebedev-Park ’11
Davidson-Grenier ’10

Harnik-Kop.B-Zupan 12
Blankenburg-Ellis-Isidori 12
McKeen-Pospelov-Ritz ’12

® Achieved in the SM-EFT through a single dim-6 operator that decouples

lepton mass matrix from O(h) couplings

® Good starting point if new physics is heavy, arises in many UV models
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High Energy:
LFV Higgs decays
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Low Energy footprints:
Dipole (D), Scalar 4-fermion (S), Gluon (G) operators

Goudelis-Lebedev-Park ’11
Davidson-Grenier ’10

High Energy:
LFV Higgs decays

4 D - ") N
| J
J ——— "
" ‘ ->
| g g
; ;
J - J
u—ey, h—e, H—3e u—e, u—3e H—e
THY, TP, T30 T, T3 T MTTT

Dependence on light fermion
8 Yukawa couplings Yu.d;s, u



VC, Kaori Fuyuto, Michael Ramsey-Musolf, Evan Rule 2203.09547
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Matching conditions for minimal Higgs-

mediated LFV: scalar and gluon

For Cp, see refs. in previous slide
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Q=c,b,t




VC, Kaori Fuyuto, Michael Ramsey-Musolf, Evan Rule 2203.09547
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1 1
. . . . A2 Gpm,wCy, = WYW,
* Matching conditions for minimal Higgs- h
: : 1 1
mediated LFV: scalar and gluon > FGquUCéqL) _ _WYHG,
h
 For Cp, see refs. in previous slide
P Coa = —1/(2m) Y O
Q=c,b,t




* Chiral power counting for the scalar density (expand in p/Ay) with Ay~ GeV

P~ PN, M, Qext (~Mp)

* |eading couplings controlled by

2
%Tr [U'x + Ux"+ e Tr(x )NN

x = 2Bm, (1+ h) x+ = u'xu' £ux'u




* Chiral power counting for the scalar density (expand in p/Ay) with Ay~ GeV

: Nucleon
* Leading order “Sigma term”
—
~ (mr[)z'//\x
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~ (Mn)2/Ay X (p/N\x)
Scalar form factor of Two-nucleon operator

the nucleon (see Bira van Kolck’s talk)



Crivellin-Hoferichter-Procura 1404.7134

* One-nucleon scalar operators Korber-Nogga-deVries 1704.01150
(N (K| 5 mytu+ Cilmadd N (k)) — N’ I (q) N
u, d
1 3m7’rg 0 5mN 1
Tnio(@) = [awN — f;‘ F(q 2/mi)] Cso = =573 Csa
(N(K)| CmissIN(K)) — N JT@N T = (0, — ,0%) CF)
Hadronic input
1 Isoscalar / isovector combinations of
OrN = §(N| (M + mgq)(tu + dd) |N) Wilson Coefﬁu:nts
o5 = (N|mys3s |N) o0 _ C1—e)+ 0P 1+
S T S o 2
Mg — My,
6:mjjtm C§2=C§?<1—%)+C§Q<l+%)

5mN — (mn — mp)strong .




Crivellin-Hoferichter-Procura 1404.7134

* One-nucleon scalar operators Korber-Nogga-deVries 1704.01150
(N(K)| C5)myau + C5lmadd|N (k) — N'JL) (@) N
u,d
(1) [ 3M2gA 2, o ©) _ OMN (1)
Jud,a(q) — [O-WN — 6AT f2 F( /mw)] C A 73 CSoz
(N(K)|C§Im 55 |IN(K)) = N J(@N T8 (q) = (0 — 6.9%) Cl)
Hadronic input From lattice QCD &
dispersion relations:
1 B _
O N = §<N| (Mo + mg)(uu + dd) |N) OrN = 59.1(3.5) MeV | (D)
os = (N|mgss|N) ogs = 41(9)MeV (L)
e — Nt M G = 0.3(2) GeV ™! (D)
Mg = My,
omy = (Mp — Myp)strong - e = 0.365(23) (L)
————— dSmy = 2.32(17) MeV (L)




VC-Graesser-Ovanesyan 1205.2695
* Two-nucleon scalar operator Korber-Nogga-deVries 1704.01150

(N (k)N (kb)| Clmyau + Cimadd |N (ki)N (ko)) — N{Nj J5 (a1, q2) NiNo

2 2
m o1 - g9 -
galz 19102 -2 Ty C(O)

Af2 (o +m2)(@+m2) "

J2 (a1, q0) = —

 Crude estimate: reduce to a single-nucleon operator by averaging over
the second nucleon in a Fermi-gas model

2,2
For 27Al 3gams kr ST ~10% negative

o) — 0 —
1 0.43+0.03 TN IR e 2 eff shift

* Nuclear shell model implies smaller results (~1/2), but no way to estimate
the uncertainty — need first-principles nuclear calculation

| 4



B e = (2)4 1 (‘T(+1)|2 n |7_(_1)‘2> Two electron angular

momentum states
Kfcapt

 Amplitude receives dipole and scalar / gluon contribution

T(_l) — (CDL + CDR) 7_1()—1) —|-Té_1)

* Dipole amplitude is controlled by nuclear charge distribution, which also
determines muon and electron wave functions (key input is the proton density™*)

—1 ]_ e e
Tl() = 3/2 /dr r?(—E(r)) (9(—% Sﬂl) T fil)g(—'ul))
My

** Modulo effect discussed by J. Dobaczewski



_ (2)4 1 (‘T(+1) |2 N |7_(_1) ‘2> Two electron angular

B, e = momentum states

A

Kfcapt

 Amplitude receives dipole and scalar / gluon contribution
(=1 = (CDL -+ CDR) 7'1()_1) + Té_l)

* Scalar amplitude: Wilson coeff. ¥ hadronic input X overlap integrals

CNL Cnr : W.C. X hadronic matrix elements

—1 1 o !
0= 36emd 3| O + (Chy + Chon) 785

N=p,n
Profuinueeon | (=D L 2 ( (&) () _ (&) ¢(w)
dens;g;i;ri\\flezhelr Ton(fn) — m5/2 dr 7 (9_19—1 o f—l 2 ) PN(fN)e
7’
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_ (2)4 1 (‘T(+1) |2 N |7_(_1) ‘2> Two electron angular

B, e = momentum states

A

Kfcapt

 Amplitude receives dipole and scalar / gluon contribution
T(_l) — (CDL + CDR) 7_1()—1) + Té_l)

* Scalar amplitude: Wilson coeff. ¥ hadronic input X overlap integrals

e Size of NLO corrections to amplitudes induced by light quarks:
* Roughly —5% from momentum-dep. in the nucleon form factor

* Roughly —10% from two-body operator



4 2 2 Two electron angular
B (2N L (0] 4 e v
p—se A x momentum states
capt

 Amplitude receives dipole and scalar / gluon contribution

T(_l) — (CDL + ODR) 7_1()—1) —|-Té_1)

Uncertainty budget

— | SR e Largest hadronic uncertainty arises
—— o at LO (from sigma terms)
I 7 e LO uncertainty from neutron density
=t SI . .
2N err™) not a big problem when info from
' INFF (ud) pionic atoms is available (not for 44Ti)
—0—1 IN FF . .
Al © * The quite uncertain NLO NN term
Y v B doe.s note have hgge impact er this
(—1) (—1) choice of short-distance physics
T '/ Ty, central
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Kfcapt
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 Amplitude receives dipole and scalar / gluon contribution

T(_l) :(CDL —I—CDR) 7_1()—1) + Tg

Uncertainty budget

0.9

T 1 | 1 1 1 1
=C= O 7N
C O
— 2N (ferr™)
ol IN FF (u,d)
—0—1 IN FF (s)
Al
L+ v 1 v v 3 3 1 3y 3 3 3 1 3 3 3 1
0.95 1 1.05 1.1

-1 -1
Ts( )/ Ts, céntrgll

(=1)

Two electron angular
momentum states

* |mpact of NLO corrections on rate
depends on short-distance physics.

e largest (—20%) when light-quarks

dominate

e Typically similar or larger to LO error
= phenomenologically relevant



VC, Fuyuto, Ramsey-Musolf, Rule 2203.09547
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10k X : BR(h—pe) < 109

* Upcoming [l e conversion

C B,., <42x 1078 ) experiments will probe |Y . [~ 107
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: : Correlated signals in u—e transitions

B, (Al <8 x 10717 : provide opportunity to test hypothesis
"""""" of Higgs-mediated LFV

1077 3 Y " 5
L BR(u—e,Al) / BR(u—eY) = 8.7(3) 103
N T A P P BR(1—e,Ti) / BR(W—e,Al) = 1.5(1)
1078 07 10— 107
/ / \ VC, Fuyuto, Ramsey-Musolf, Rule 2203.09547
Future e/“l (See also Crivellin et al. 1404.7134)
Future & Current U—eyY
M—e

* Diagonal couplings set to SM value  LO resultis 9.0(3) 10-3

20
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: - : Correlated signals in u—e transitions

B (Al <8§x 1017 i provide opportunity to test hypothesis
AR ' of Higgs-mediated LFV

1077 3 Y " 5
L BR(u—e,Al) / BR(u—eY) = 8.7(3) 103
N T A P P BR(1—e,Ti) / BR(W—e,Al) = 1.5(1)
1078 07 10— 107
/ / \ VC, Fuyuto, Ramsey-Musolf, Rule 2203.09547
Future e/“l (See also Crivellin et al. 1404.7134)
Future & Current U—eyY
M—e

Further scrutiny of uncertainties is

desirable
* Diagonal couplings set to SM value
20



e Charged LFV processes probe a broad spectrum of new physics

e Discovery tools: clean, very high scale reach

e Model-diagnosing tools: mediators, sources of flavor breaking

Higgs-mediated LFV

lllustrated the interplay of UV
physics with hadronic / nuclear

aspects of |I-to-e conversion

If a discovery is made, U-to-e
processes can be used to test the
hypothesis of Higgs-mediated LFV

21
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e Charged LFV processes probe a broad spectrum of new physics

e Discovery tools: clean, very high scale reach

e Model-diagnosing tools: mediators, sources of flavor breaking

Exciting experimental prospects

* 4 (1-2) orders of magnitude improvement in |4 (T) decays
* LHC & EIC will be competitive in T-U and T-e transitions (h = T, e—T)

% Muon processes have unmatched sensitivity in probing |l-e transitions

21
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Radiative mode dominates, followed
by it and 3 lepton

T— MUt controlled by
Higgs-specific
combination of D, S, G —
unique signature in TUT
spectrum

Plot assumes SM values for
Yud,s, but strength of the

fo(980) peak depends on light
quark Yukawas
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dr/dvs x 10'®

B(T— WrtTe) / B(T— y) =0.7(1)x 10-2

4 A )
H T
] T—\‘/p ) 9;\\
q
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\_ II ),

B | | I || | | I\l | | I | | | I 1 | I || | | I | | | I |
L / VAR + Y=
E Scalar, Gluo Mp=125 GeV
— Dipole
— Total

fo(980) peak

Po(770) peak

Celis-VC-Passemar
1309.3564
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CMS 36.0fb" (13 TeV)
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Harnik-Kopp-Zupan
1209.1397

CMS 1712.07173

h—=TuU TOUY T MUt

24

Assuming SM values for Y4,
current tau BRs (~10-(7-8)) imply
Yrute < 0.01-0.1, which
translates into BR(h—uT) <O0.I

LHC (CMS) limit BR(h—=uT)
<0.25% (95%CL) is stronger:
|YTH’HT| < OOOI I
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Assuming SM values for Y4,
current tau BRs (~10-(7-8)) imply
Yrute < 0.01-0.1, which
translates into BR(h—uT) <O0.I

LHC (CMS) limit BR(h—=uT)
<0.25% (95%CL) is stronger:
|YTH’HT| < OOOI I

If use SM values for Yyq4s, CMS
bound implies

4 )
B(T—2uy) < 4 x10-10
B(T— urtiTr) < 2.7 x10-12

B(T—promP) < 0.8 x10-12

- J

Challenging target for next generation
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Assuming SM values for Y4,
current tau BRs (~10-(7-8)) imply
Yrute < 0.01-0.1, which
translates into BR(h—uT) <O0.I

LHC (CMS) limit BR(h—=uT)
<0.25% (95%CL) is stronger:
|Yzput| < 0.00143

If use Yuds~ Yb,
CMS bound implies

4 )
B(tT—uy) < 4.0 x|0-10
B(T— urttT) < 5.5 X0

B(T— umorP) < 2.7 x[0-

- J

Within reach of next generation



e Similar to scalar density, one- and two-body terms

(N(K)| CaasG3,G*™ [N (k) = N'Jg ) (@) N
(N (k)N (k)| Caas G5, G [N (ki) N (ko)) — NiN3 J&, (a1, q2) NN

! s 3m§r92 5mN .
J((;)a(q) - _?CGO‘ (mN N [(IWN - 647rf§ F(q®/m2)| + 5 T8 (s —Usq2)
Jé2,)a(qlaq2) — __CGa JA s PR T T2 .
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