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... but incomplete
In particular neutrinos are massive
many different possibilities — S€e cai Herrero-Garcia, s, Vicente, Volkas 1706.08524

— need way to discriminate models

Lepton flavour is not conserved (<« v oscillations)
e in SM+m, suppressed by unitarity, A ~ Gpm? ~ 1072
e many neutrino mass models have large charged LFV
due to non-unitarity or new contributions,
e.g. inverse seesaw, radiative mass models
e LFV processes a good probe to discriminate m,, models
e could be completely unrelated to neutrino mass, e.g. SUSY
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Can high-energy colliders compete with the intensity frontier?



cLFV at colliders

Future lepton colliders: eTe™ — ¢/
Future lepton colliders: eTe™ — 00 + X

LHC: qg,gg — o'

Conclusions



Future lepton colliders: ete™ — (/'



cLFV scattering processes at a future lepton collider

Consider simplified models with bileptons X

Off-shell production:
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e

e

+ -

et —¢o—< ¢t
X
X e~ —P>—o—p— (—

— £+

v/ 2-body final state

X depends on product of
couplings

On-shell production:
ete” — W'+ X

X
et i -+
4 oet -
>\ ¢ v/Z
v/ e~ Vas
o
X e

X phase space suppression

v/ depends on single LFV
coupling



Bileptons - seven SimpliﬁEd models [Li.MS 1809.07924 1907.06963]

AL=0

complex scalar H, ~ (2, 1)

L= ylH,[;Pgt; + h.c.
LH singlet vector H; ~ (1,0)
L =y} Hi Ly P L
LH triplet vector Hz ~ (3,0)
L =yJLiy"G - Hs,PLL;
right-handed vector H; ~ (1,0)

related work: Dev, Mohapatra, Zhang 1711.08430, also 1712.03642, 1803.11167

L= y{ij H{HZ;’}/”PRZJ‘
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Bileptons - seven SimpliﬁEd models [Li.MS 1809.07924 1907.06963]

AL=0

complex scalar H, ~ (2, 1)

L= yzuHQZ,PRZJ + h.c.

LH singlet vector H; ~ (1,0)

L=ylH, Ly"PL

LH triplet vector Hz ~ (3,0)

L=yJ[y"& - Ha,PLLy

right-handed vector Hj ~ (1

L= yl'JHlME'y Prl;

,0)

AL =2
right-handed scalar A; ~ (1,2)

L =N AT CPrl; + h.c.

left-handed scalar Az ~ (3,1)
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L= , CIO’2C7 A3PLL + h.c.
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vector Ay ~ (2, 3)

L= )\2A2“0L ~+* PRK €ap + h.c.
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Bileptons - seven SimplifiEd models [Li.MS 1809.07924 1907.06963]

AL=0

complex scalar H, ~ (2, 1)

L= yzuHQZ,PRZJ + h.c.

LH singlet vector H; ~ (1,0)

L=ylH, Ly"PL

LH triplet vector Hz ~ (3,0)
L=yILy"G - Hs,PLL;

right-handed vector H; ~ (1,0)

L= yl'JHlME'y Prl;

AL =2
right-handed scalar A; ~ (1,2)

L =N AT CPrl; + h.c.

left-handed scalar Az ~ (3,1)

/\
L= , CIO’2C7 A3PLL + h.c.
\/7
vector Ay ~ (2, 3)
L= )‘2A2N0L1[3’7 PRﬁjeaﬁ + h.c.
assumption: CP conservation,

symmetric Yukawa couplings (H», A>)

related work: Dev, Mohapatra, Zhang 1711.08430, also 1712.03642, 1803.11167
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Off-shell production H].[L: e*ef — ei,u,jF(eiTjF) [Li.MS 1809.07924]

i T
ﬁ = yl Hllu,L,"}/“PLLj Elo -2-
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oq [ — FCC-ee
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et Vax %_0 '3:_— cLic
Hy >
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Basic cuts: pr > 10 GeV and |n| < 2.5

Four collider configurations:
CEPC: 5 ab™?! at 240 GeV
FCC-ee: 16 ab™! at 240 GeV

2 3
ILC500: 4 ab™?! at 500 GeV 10 10 10
CLIC: 5 ab~! at 3 TeV same result for Hj, /Hs, my,; (GeV)

T efficiency not included in figure
60% 7 eff. = 77% sensitivity reduction for 1 7
8

LFV trilepton decays, £~ — ¢; €345
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Hl,u‘: e+ef — /l‘iT¥ [Li,MS 1809.07924]
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Same—sign |ept0n collider - Al: e e — /A [Li.MS 1809.07924]
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Future lepton colliders:
ete” - W+ X



Other observables [Li.MS 1907.06963]

e anomalous magnetic moments, ay

e Muonium antimuonium conversion,

e — pe"
e lepton flavour universality, £ — (v

e shift of Gr: sin® 6y, my, CKM unitarity

e non-standard interactions, e.g. KARMEN:

v oscillation at L = 0: 7, — Te
e LEP/LHC searches

e neutrino trident prod’'n: v, N — v, N¢{T(~
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Anomalous magnetic moment (uims 1907.06063]

H3
- 9
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0~ —»‘—»f_ =
6// vy Aa, = (—0.88 +0.36) x 10712 5 S 9o4

e definite signs H{:?), Ay A5 Aay >0
AV NAay <0
Hs,, and H> can have either sign
y: mj
2w

e generally suppressed by lepton masses: Aay ~ O(1)

2
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Muonium-antimuonium oscillation [Li,MS 1907.06963]

//Jr no
>_<__< P(B = 01 T) S 83 X 10_11vvmmann et al hep-ex/9807011
H3

e in QM muonium M = (u"e™) described by
H = Ho + Hnr + Hzeeman — |T1) and || 1) states mix

e bileptons induce muonium-antimuonium mixing H,,

1 using basis of energy eigen-
. RS * ok states of (anti)muonium
MM mag |+ Ar) = 1), [Xas), [Aa) = 1)
1

e reevaluated under assumption of H,,;; < H

e magnetic fields suppress conversion probability by

0.36 (H{°, Hay, Ar3),
0.79 (A2, Ha : mp, = my,), and 0.5 (Ha : mp, < my,)

13
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Muonium-antimuonium oscillation [Li,MS 1907.06963]

//Jr no
>_<__< P(B = 01 T) S 83 X 10_11vvmmann et al hep-ex/9807011
H3

factor > 100 improvement possiblesermstein, schoning (2019)
in QM muonium M = (ue™) described by
H = Ho + Hnr + Hzeeman — |T1) and ||1) states mix

bileptons induce muonium-antimuonium mixing H,,

1 using basis of energy eigen-
. 1 * ok states of (anti)muonium
MM mag |+ M) = 1), [Xas), [Aa) = 1)
1

reevaluated under assumption of Hy,; < H

magnetic fields suppress conversion probability by

0.36 (H{°, Hay, A1),
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LeptOn flavour Universality [Li,MS 1907.06963]

v

g/
 ——« — 7 ijkl

N ijkl
h;V\ ! L= —2\@GF[VI’YMPLVj][£k’Y (gLL PL+gJ PRf)]

Consider LFU ratios

M7 — vruiy,) R<P
Re=— —1#2 fe_ — 1.0034 + 0.0032
pe M1 — vreve) Rﬁ}e\I
r . REP
R, = LT vreve) T~ 1.0022 4 0.0028
M — vyeve) RT/,

Hiu, Hsy, and Agz: Contribution to gy yp — interference with SM
H>, Aj: Contribution to g r np — no interference

ikl ki il Jly ik il jk* il y jk*
ikl " 33 A3 A" ikl vy N

g - - g
LLNP = T 2 Grm? o V2Gem? . 2v/2Gem? | LR,NP = 4V26Em? . 2v/2Gem? |
H: H3 A3 H2 A2
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LeptOn flavour Universality [Li,MS 1907.06963]

14

/
¢ ¢ ijki ijkl

L= _2\@GF[Z7I’YMPLVj][Zk’Yu(gLL PL+gLR PRf)]

14

Consider LFU ratios
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Hiu, H3, and Agz: Contribution to g, yp — interference with SM
H>, A>: Contribution to g g nyp — no interference

ikl ki il Jl\ ik il jk* il 3 jk*
R ¢ RN 7 ¢ 2 S 1. B N
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New contributions to muon decay and GF~N [Li.MS 1907.06963]

Gr = Gru(1+ 0GF)

1
5Gr = ~Re(g{iup) — 5 >_(I&r xipl + &ik e )
17 O‘75

A shift in the Fermi constant measured in muon decays induces
shifts in

. 655‘/ cﬁv
e Weinberg angle =% = WG
Sw ~Cw

2
omy,

w56
my  spy—chy o oF

e CKM unitarity VP12 + VP2 + |[VP12 = 1+ 20GE
Caveat: analysis based on PDG 2018, does not include the
recent determination of V4 and Vs

e W boson mass
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On-shell production H2: ete” — ei T+ h2 do [LiMS 1907.06963]
P /

L =y Hyo [¢Prt; + h.c.

ha/a»
et e et L

ha/ a2

Cuts: pr > 10 GeV and |n| < 2.5
100% h/a reconstruction efficiency

Five collider configurations:

CEPC: 5 ab™! at 240 GeV

FCC-ee: 16 ab™ ! at 240 GeV

ILC (500 GeV): 4 ab™"! at 500 GeV
ILC (1TeV): 1 ab™" at 1 TeV
CLIC: 5 ab™! at 3 TeV

2"

0.100

0.010F

ILC (500 GeV)

0.001
: —ILC (1 TeV)
— CLIC
10‘45 1b 50 160 560 1600
my, (GeV)
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On-shell production H2: ete” — ei T+ h2 do [LiMS 1907.06963]
P /

L =y Hyo [¢Prt; + h.c.

ha/a»
et e +

ha/ a2 €

Cuts: pr > 10 GeV and |n| < 2.5
10% h/a reconstruction efficiency

Five collider configurations:

CEPC: 5 ab™! at 240 GeV

FCC-ee: 16 ab™ ! at 240 GeV

ILC (500 GeV): 4 ab™"! at 500 GeV
ILC (1TeV): 1 ab™" at 1 TeV
CLIC: 5 ab™! at 3 TeV

ILC (500 GeV)

—ILC (1 TeV)
— CLIC
10 . ‘ ‘ ‘ ‘
5 10 50 100 500 1000
my, (GeV)
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On-shell production H2: e*ef — Ci€/$ + H2 [Li,MS 1907.06963]
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On-shell pl’OdUCtiOﬂ H1‘3#‘: ete” — ey + H1’3 [Li,MS 1907.06963]
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On-shell production A1’3: ete” — (i(/$ + A1~3 [Li,MS 1907.06963]
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On-shell prOdUCtion AQ,[L: e+ef — v("i([‘/¥ + A2 [Li.MS 1907.06963]
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LHC: gg,gg — /'




cLFV at the Large Hadron Collider (LHC) [Cai, MS 1510.02486]

Processes at LHC: pp — Lil; + jets

g q
q 0 q li g 0
i g q
q
q ‘
q
q 4 q 4 ¢ q ¢

Signal: opposite-sign different flavour pair of leptons — existing searches:

e ATLAS 7 TeV: LFV heavy neutral particle decay to ep atias 11035550
e CMS 8 TeV: LFV heavy neutral particle decay to ey cvs-pas-exo-13-002

e ATLAS 7 TeV, 2.1 fb™ 1, exclusive:
LFV in ep continuum in R SUSY arias 12050725

e ATLAS 8 TeV, 20.3 fb !, inclusive:
LFV heavy neutral particle decayarias 150304430
e CMS 8 TeV: LFV heavy neutral particle decay to ey cwms 1604.05239
e ATLAS 13 TeV, 3.2 fb~!: LFV heavy neutral particle decay atias 1607.08079

e ATLAS 13 TeV, 36.1 fb ! atLas 1807.06573 ”n
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cLFV at hadron colliders: quarks

_ — _ _ — Cai, MS 1510.02486
uu, dd, §s, cc, bb

1030 — T = m— ()] wem ¢ = LHC8 |
_ _ w7 (fy )\ (y
= Tl
2 1| - - -
5 101, = = = =
1Oollii.... —0fE | —8— [—— — IIIII
i T - g g -
107!

e ue Te eT nT T

ATLAS 8TeV 1503.04430; ATLAS 14 TeV, 300 fb~! projection

Qedg = (L70)(d Q™) , Qi) = ((*0)eap(Q°u)
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cLFV at hadron colliders: quarks

103
10

10!

A [TeV]

100

1071

wu, dd, §s, ¢c, bb

Cai, MS 1510.02486

v}

T (N w—
T—=Lfy

m— N — (v

= | HC8

ep

ue

Te

eT

nT

Th

ATLAS 8TeV 1503.04430; ATLAS 14 TeV, 300 fb~! projection

Qledg = (L*0)(d Q") ,
LHC more interesting for vector operators with right-handed quark
currents due to weaker constraints from intensity frontier

1
o),

[C_]’Yu PRq] [E'Yu PR,Lf]

(L*0)eas(Q7u)
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cLFV at hadron colliders: gluons

Oy.z
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Ok Ok
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LHC
T
0.43 oeo- coupling — form factor
C—- -5
1I+42
Baur, Zeppenfeld hep-ph/9309227
Cai, MS, Valencia 1802.09822
0% = asGS, G (eriLj - ¢ + L; - deri)
o oo [ 00—t (3t s o)
@')/( = iusGS,,Ga’“’ (éR,vL o* — [/ . gbeR;)
OY = asG2, G (&riLj - 6" + L - deri)
o [ 0L = 10,6 G DL,
117 - 08 = i asG2, G2, n" &R D" e
Il
T T M A+ A [TeV]
0.1 0.5 1 15 2.5

LHC searches: ATLAS 13 TeV, 3.2 fo—! (ey, er, ju7) 1607.08079, CMS 13 TeV, 35.9 fb~! (eu) 1802.01122
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Searches for cLFV in decays of Z and Higgs boson

CMS 36.0 b (13 TeV)

CEPCHucurrent -
1073

10

10~

107

1075 )

10°  10* 10% 102 10% h

1079 | g 1Y, -
13

CMS 1712.07173 [ P

T Ia
VP4 Yoo P Y3 Pr+ Y Pr
Harnik et al 1209 1:;\7\\\

v

R(Z — flfz)

ELHC

10712 T
AN & N ¢ AN v
1 1 1

Z — €L ATLAS 14085774, CMS EXO-13-005

Z — 07: DELPHI (ur), OPAL (er) P —

Qin et al 1711.07243

miLc
B CEPC(FCC-ee)

similar sensitivity as LFV 7 decays
250 GeV, 4 polarizations, £ = 2 ab™!

— complementary probe
P yPp CEPC /5 = 240 GeV, £ = 5 ab? o4
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Conclusions




Conclusions

colliders provide complementary way to search for charged LFV

Off-shell production/EFT

e 1 <> e flavour: stringent limits from low-energy precision exp.

e 7 > ( flavour complementary sensitivity at colliders
On-shell production

e possibly no constraints from LFV decays
e 1 <> 7 flavour: constraints from LFU [Hy, A3] and a,, [H]

e e «» { flavour complementary sensitivity at colliders
EFT

e colliders test more Lorentz structures

e best for operators which are difficult to constrain at low energy
25
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cLFV Z boson decays

CEPCHncurrent

103

)

< 1076

/]\

N

& 107°) 1
10712 T T

Ve ¢ N ¢ s \y&
1 1 1

Z — ep: ATLAS 1408.5774, CMS EXO-13-005
Z — ¢1: DELPHI (u7), OPAL (er)
ATLAS, 13 TeV, 36.1 fb™! 1500.00568

almost same sensitivity for pr
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cLFV Z boson decays

CEPCHncurrent

103

)

< 1076

/]\

N

& 107°) 1
10712 T T

Ve ¢ N ¢ s \y&
1 1 1

Z — ep: ATLAS 1408.5774, CMS EXO-13-005
Z — ¢1: DELPHI (u7), OPAL (er)
ATLAS, 13 TeV, 36.1 fb™! 1500.00568

almost same sensitivity for pr

No tree-level FCNC in SM
induced at 1 loop in SM +m,
w o
2
z v o SEMy o~ 1072
w o
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cLFV Z boson decays

CEPCHncurrent

1073
)
< 10-°
/]\
N
2 10—97 =
10712 T T
eN ¢ N

177 7

Z — e[L: ATLAS 1408.5774, CMS EXO-13-005

Z — {r: DELPHI (ut), OPAL (e7)
ATLAS, 13 TeV, 36.1 fb™" 1s0s00s68
almost same sensitivity for pr

No tree-level FCNC in SM
induced at 1 loop in SM +m,
w o
2
z v o SEMy o~ 1072
w o

Observation clear sign of new physics
e.g. due to a leptoquark

0

today typically less stringent as low-energy
precision experiments

but will be more interesting with new Z
boson factory
or if there is a signal to disentangle physics
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cLFV Higgs decay

Dimension-6 SMEFT operators cusdsii et i 1008 4884

2
- mi; Cij v -
Y Y
L=|Y;+ 2 (H'H)| L;PrtjH+h.c. — + —L | ht;Prl;+h.c.
i /\2 ! J v \@ N2 ! J
T
R R A B cMS 359 (13 Tev)
ATLAS Preliminary — observed u,, 0 Jets ‘I‘ AR R ¢
Vs=13Tev,36.1f0" & Expected + 1o 051% (0.43%) | h—yut: BOT fit
Expected * 2¢ uxh,llel I * Observed
et, VBF " o007t 0.53% (0.56%) | X__ Median expected |
ng}EQ‘;’, !l .07 1 24 u‘}v“ets -I [ 68% expected
et,,; VBF _ 060 0.56% (0.94%) [ 95% expected
097 fexp) H=-0350g [~ *
0.84 (obs) ur, VBF I
ex, non-VBF 0st 0.51% (0.58%)
081 (oxp) fi=025%
0.80 (obs) H, 0 Jets I'
non-VBF . o 1.30% (0.83%) | i
e 0 wr, 130t B
er, n:n 1.34% (1.19%)
030' - 1
82‘3 et - ur,, 2 Jets =
N 027 2.27% (1.98%)
0540 n=0.237 — -
83 im : j, VBF m
et H 1.79% (1.62%)
i ii-0157
67 (65 R P R Hﬂuvzfﬁ%(m%)
ol e b b b b b |
95% CL upper limit on B(H — e1) in % 0 2 4 6 8 10 12 14
BR(h — eT) < 0.479 95% CL limit on B(H- 1), %

ATLAS-CONF-2019-013 BR(h N /[T) < 0.25%

CMS 1712.07173 28
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cLFV Higgs decay cont.

BR(H — 1)

8T (SM)
VIV P+ 1Yo =
[Yor 1Y mn 1— BR(H — (1)

CMS

—107 ey
> E ATLAS Preliminary =~ ——— Observed ]
L Vs=13TeV,36.1fb" == Bxpecledtlo 7

ey

R o
;o S E

wotor

- i i "
Y5 P+ Y Pr Y; Y Pr \’,‘, PL+ Y, Pr \:["I’,, + Y Pr -
\\ Harnik et al 1209.1397 \\ i i

P

36.0 b (13 TeV)

CMS 1712.07173
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General (type-lll) 2 Higgs doublet model

50.0
(a) .
54
10.0+ ”
EFT 500
2
m; cj v —~
L= |—5; Y| he;Prl; ?
{v U+\/§A2} RS 1.00
0.5}
two neutral CP even Higgs EWPO
Higgs decay channels |
% |
oi=(vi+¢)/V2 =t -02 -01 00 01 02
Vi cos(f-a)
SM nggs h _ 7sa¢1 + Ca¢2 001 Benbrik, Chen, Nomura 1511.08544
with Yukawa couplings ()
Sa M cos(B — ) /mim; o.00ty
Yij=——"0;+ Xij g
g VvV (6] 4 A
L1074 f s
Not suppressed by v?/A? — large contribution S :99_7% S 7
02 02 2 2 oy (O] 955% b
BR(h — ) x (Ixasl + [\l ) cos’(B—a)(1+tan’ B) | e ssoe i

1076 !
-0.15 -0.10 —=0.05 0.00 0.05 0.10
cos(f—-a) 30
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Example: Zee model

logo(Br(h — 7))

[see Herrero-Garcia et ai 1605.06001 for Higgs cLFV in other neutrino mass models]

Non-zero neutrino masses ¥
ht > - OF
generated at loop level zee 1080 , \\
L |
Simplest model with 2 Higgs doublets and ) g
charged singlet scalar h* dt
i
2 -2
-4 =4
S
3
< p
- X p
-6 & -6
Normal ordering O 20 region Inverted ordering O 20 region
mp < my < m3 W 10 region m3 < mp < my W 10 region
B -8 6 4 2 B 8 6 4 2
log,o(Br(h — Te)) log,o(Br(h — 7e))

Herrero-Garcia et al 1701.05345
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Future lepton collider

ELHC
HiLC
102} HCEPC(FCC-e0)
5.x10™
1.x10™
5.x107°

Yeu Yer

yHr
Qin et al 1711.07243
LHC CMS-PAS-HIG-16-005, CMS 1607.03561

ILC /5 = 250 GeV, 4 polarizations, £ = 2 ab™!
CEPC /5 = 240 GeV, £L = 5ab~ !
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Future lepton collider

50
LHC
————— ILc
CEPC(FCC-ee)
10} Hosbb (Ap=1)
5l
s
E
1
05
0.1
~1.0 -05 0.0 05 1.0
cos(a-p)
ELHC Qin et al 1711.07243
miLC
403} HCEPC(FCC-ee) 50 T
LHC |
5.x104F pam MM MW - ILc '.
CEPC(FCC-ee) i
10 H-bb (A,=0.5) , ‘
\
1.x107 \
\
5.x107° N
N
. P ~
Yeu Yer Yur _ - .
Qin et al 1711.07243 Pt =~ -
LHC CMS-PAS-HIG-16-005, CMS 1607.03561 L o5 00 05 10
ILC /5 = 250 GeV, 4 polarizations, £ = 2 ab™ ! } costap) ’
CEPC /5 = 240 GeV, £ =5 ab™ !
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Scalar Operators

Qg = ([°0)(dQ%) Q) = ([*0)eas(Q"u)
Relevant Wilson coefficients =%9 of SM EFT
(1)
— L= U kk (Qledq)u kk += —U kk (Q/equ> i Kk +h.c..
Effective four fermion Lagrangian

Lar = =i, k/(VLIERJ)(deULI) += =ij, k/(éLIERJ)(dedLI)

+ =5 (il (dukurr) + =% (PLitry) (Akurr) -
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Scalar Operators

Qledq = (L"0)(dQ) QY = ([°0)eap(Q°u)
Relevant Wilson coefficients =% of SM EFT
_ — 1
- L= :3',kk (Qledq),-j,kk + =ik <Q563u>ij Kk +he. .
Effective four fermion Lagrangian
Lar = Egi/(DLiij)(JRkUL/) + E,{J\{C{(/(ZLiéRj)(JdeLI)
+ E;JC-ff(/(ﬁLiﬁRj)(aLkURl) + Z5% (OLilRy) (AL urr) -

Thus the most general four fermion coefficients are

—Nd __ —d —Cd —d
—ij,kl — Uu’ Vlk —ij,kk —ij,kl — u’ Vlk —i'j kk
=Nu __ Uk \ yux —u —=Cu vk | yd* =u
—ij,kl — —U Vk/ —ij, Il —ij,kl — U Vk/ —i'j

In general there is quark flavour violation.
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Scalar Operators

Qg = (L°0(dQ%) Ol = ([*N)eas(Q”u)
Relevant Wilson coefficients =49 of SM EFT

_ (1)
L= U kk (Qledq)u kk + _U kk (Q/equ> i kk + h.c..

Effective four fermion Lagrangian
Lo = Egi/(ﬂLigRj)(JRkULl) + ES{C{(/(ZLigRj)(JdeLI)
+ =5 % (PLilry) (dicurr) + Z%(PLilry) (kv -

Choose basis in which charged lepton mass matrix is diagonal as

=N?
well as =i kk

=Nd __ —d =Cd __ g *
Sk = Ok=ij ki Z5% = Ui Vi 2%,
—=Nu __ —u =Cu __ yy*
—ij,kl — _6k/—ij,kk —ij,kl — Ui Vk/ _I_] I

= No tree-level FCNC processes.
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Scalar Operators

Qg = (L°0(dQ%) Ol = ([*N)eas(Q”u)
Relevant Wilson coefficients =49 of SM EFT

_ (1)
L= U kk (Qledq)u kk + _U kk (Q/equ> i kk + h.c..

Effective four fermion Lagrangian
Lo = Egi/(ﬂLigRj)(JRkULl) + ES{C{(/(ZLigRj)(JdeLI)
+ =5 % (PLilry) (dicurr) + Z%(PLilry) (kv -

Choose basis in which charged lepton mass matrix is diagonal as

=N?
well as =i kk

=Nd =Cd *
—ij,kl — 5/(/—1] kk —ij,kl — U Vk/ I_j kk
= — p =Cu __ y*
—ij,k/ - _6k/—ij,kk —ij,kl — Ui Vk/ _I_] /]

= No tree-level FCNC processes.

We do not consider top quark because of different phenomenology. 2



Renormalization Group Corrections

e Main effect are QCD corrections q ¢

q - - q q ¢

e Following the standard discussion at NLO

Buchalla,Buras, Lautenbacher hep-ph/9512380

= = o) (200

as(fo)

with coefficients

fo=11—-2ng/3 and 79 =6C(3)=38

34
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Renormalization Group Corrections

e Main effect are QCD corrections q ¢

q q q ¢

e Following the standard discussion at NLO

Buchalla,Buras, Lautenbacher hep-ph/9512380

=0 = =) (200

as(fo)

with coefficients
fo=11—-2ng/3 and 79 =6C(3)=38

e Wilson coefficients become larger at smaller scales.

= Increases reach of precision experiments
34
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Precision Experiments

7

o e g

N

1 — e conversion in nuclei

MO

e

N

-
o
MO
T — IMO
¢F
M+
v
Mt — €fu

35



i — e Conversion
e Agnostic about mediation mechanism K
e Following discussion in
N N

Gonzalez, Gutsche, Helo, Kovalenko, Lyubovitskij, Schmidt 1303.0596

Dimensionless p — e conversion rate

paz) _ T +(AZ) = e +(AZ))
KT T+ (AZ) 2 v+ (AZ 1)

with muon conversion rate

peEe (Mp + M,)?
21

M(n+A.2) = e +(A.2) = =5

2
’ X F X
JF depends on mediation mechanism

No dependence on phase of = if there is only one operator.

36
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i — e Conversion

e Agnostic about mediation mechanism K €
e Following discussion in
N N
Gonzalez, Gutsche, Helo, Kovalenko, Lyubovitskij, Schmidt 1303.0596
48Ti 197Au 208Pb

Rre* 43x1071 7.0x1072 4.6x 10

Gu 1100 [870] 2100 [1700] 760 [610]
dd 1100 [930] 2200 [1900] 780 [680]

5s 480 [-] 950 [-] 340 [-]
cc 150 [-] 290 [-] 110 [-]
bb 84 [] 170 [] 61 []

Direct nuclear mediation [Meson mediation]

36
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i — e Conversion

e Agnostic about mediation mechanism K

e Following discussion in
N N

Gonzalez, Gutsche, Helo, Kovalenko, Lyubovitskij, Schmidt 1303.0596

48Ti 197Au 208Pb

Rre* 43x1071 70x1072 46x 101

Gu 1100 [870] 2100 [1700] 760 [610]
dd 1100 [930] 2200 [1900] 780 [680]

5s 480 [-] 950 [-] 340 [-]
cc 150 [-] 290 [-] 110 [-]
bb 84 [] 170 [] 61 []

Direct nuclear mediation [Meson mediation]
Strongest limit for first generation quarks,
but non-negligible for other quarks if pure direct nuclear mediation


http://www.arxiv.org/abs/1303.0596

LFV Semileptonic 7 Decays

e Only light quarks u,d,s =
e Weak dependence on phase
for @ teri k content T
® fo: wm parameterises quark conten
e Quark FCNC parameterised by A
MO
A L V/ —=d _ /\:d V.
Sk = A=V i = A=j ek Vi
decay Brj* cutoff scale A [TeV]
=u =d =d
= Zijdd Ziiss

T~ = e 7 8.0 x 10~8 10 10 -

T e 9.2x10°8 34 34 7.9

e 1.6 x 1077 42 42 12

™ — e K2 2.6 x 1078 - 7.8V 7.8V

77 — e (£(980) — wtr) 3.2x 1078 13 v/sinom 13 v/sinm 16 ,/cos o,

T~ = p 70 1.1x 1077 9.0 - 9.6 9.0 - 9.6 -

TT = uTn 6.5 x 1078 36 — 38 36 — 38 8.4 -89

T —=un 1.3x 1077 42 — 46 42 — 46 12-13

™ = K2 2.3 %1078 s (7.8 -8.3) VA (7.8 —8.3) VA

77 = (£(980) = wtwT) 3.4x 1078 (12 -14)\sing, (12— 14)\/sing, (15— 16),/cosom
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Leptonic Neutral Meson Decays M° — ¢

Quark FCNC parameterised by A or
=g = AZE,V =4 g = A= L,V
ij kI ij Il VK ij kI ij kk Ykl
MO
For A\ = 0 only constraints from #°, n(’) decays
G
decay Bri"* cutoff scale A [TeV]
=u =d =d =u =d
—ij,uu —ij,dd —ij,ss —ij,cc —ij,bb
70 — pte~ 38x10710 22 2.2 S S =
w0 = et 34x1079 1.2 1.2 - - -
70 = pute +pu~et 36x10710 26 2.6 - - -
n—ute  +puet 6 x 1076 0.52 0.52 0.12 - -
n — eu 47x107* 0.091  0.091  0.026 = =
K? — ety 4.7 x 10712 - 86V 86V - -
DO — etuF 26x1077 6.4V = . 6.4\ =
B — ety T 2.8 x107° - 10V - - 6.6 VA
BO — e*r¥ 2.8 x107° = 097V - - 0.62vx
BO — pytr¥ 2.2 x 1072 - 0.18VA - - 0.12vVX




Leptonic Charged Meson Decays M+ — (v

e Ry — Br(Mt —etv) g;l—
M = Br(Mt—utv)
e Theoretical error for R, (Rk) about 5%
+
e Improvement by factor 20 (2) possible M
) . indicates constraints
) 1

e Second index of A corresponds to charged lepton

decay constraint cutoff scale A [TeV] Wilson coefficients
A Merppr = =94 =0, =, =4
ue.eq,eT Te,T T am ij,dd ij,ss ij,cc ij,bb

Re R £5% 25-280 25-260 @ @ - - -
Rk RE® +5% 24-160  24—150 v - [ ) - -
Br(D* — etr) <88x107° 2.8-29 2.9 - v - v -
Br(D} — etr) <83x107° 32-33  32-33 - - v -
Br(Bt — etr) <9.8x1077 2.0 2.0 v - - - @
Br(rt — ptv)  Bro® +£5% 19-74 19-94 @ @ - - -
Br(K* — utv) Bro® +£5% 17-58 17-74 - [ ) - -
Br(D* — utv) (3.824033)x10™* 1.1-27 11-34 - v - v -
Br(Df — utv) (5.564+0.25)x 1073 13-43 13-53 - - v @ =
Br(BT — ptv) <1.0x107° 19-27 17-30 v - - - [ ]
Br(D* — 7tv) <12x1073 0.21-0.78 023-073 - @ - v =
Br(Df — rtv) (554+0.24)x1072 033-12 033-11 - - ® O -
Br(Bt —» 7tv) (1.14+0.27)x107* 049-13 049-12 @ - = - @




Invariant Mass Distribution of e Pair for Different Quarks

5000} - - U]
d 7|

@ 4000F ~ | e
2 . S
>3000f 7 _
: _ --- ¢
5 2000 °
<

1000 _

. ‘ B T,
0 500 1000 150 2000

M(ep) [GeV]
Production cross section normalised to same value for each quark.

e Sea quarks s, ¢, b peaked at low invariant mass

e Valence quarks u, d shifted towards larger invariant mass
40



|nteresting ATLAS searches [Cai, MS 1510.02486]

Recast limits of most sensitive previous searches

ATLAS 1503.04430

ATLAS 1205.0725

8 TeV
20.3 b1
e, eT, ut

inclusive

including arbitrary number of jets

7 TeV
2.1 b1
ep
exclusive

separated by number of jets

41
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|nteresting ATLAS searches [Cai, MS 1510.02486]

Recast limits of most sensitive previous searches

ATLAS 1503.04430

ATLAS 1205.0725

8 TeV
20.3 b1
e, eT, ut

inclusive

including arbitrary number of jets

7 TeV
2.1 bt
ep
exclusive

separated by number of jets

41
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|nteresting ATLAS searches [Cai, MS 1510.02486]

Recast limits of most sensitive previous searches

ATLAS 1503.04430 ATLAS 1205.0725

8 TeV 7 TeV
20.3 fb! 2.1 fb1
el, er, ut el
inclusive exclusive
including arbitrary number of jets  separated by number of jets

Projection to 14 TeV

e Assume 300 fb—1

e Follow searching strategy of exclusive 7 TeV search
41
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ATLAS SearChES [Cai, MS 1510.02486]

Events / 25 GeV

Data / SM

e
<
i

>
3
I
>
o

Data/SM

o

Events / 20 GeV
.
1)

ATLAS

_[Ld\:ZHb

~0 100200 300 400

TSl B B
# Total Background
Top

500 600 700 800 9001000
mg, [GeV]

ATLAS 7TeV 1205.0725

EVs=8Tev, 203 fb?

T T T T

« Data 7' (0.75 Tev)
Y, (1 Tev) [llJet fake

Wz - [ [3

[Mothers Total SM

L

s i

600 800 1000 1200
Dilepton Mass [GeV]

ATLAS 8TeV 1503.04430

Events / 20 GeV

Data/SM

Data/SM

Events / 20 GeV
=
9

T T T
« Data 7' (0.75 TeV)

FVs=8TeV,203 b —b (1Tev) [Jetfake
Wz-w Wi
[Mothers Total SM
eu
[ )
M ), I
2 ——
1 R o P SY I J
200 400 600 800 1000 1200

Dilepton Mass [GeV]

T T T T

« Data 7 (0.75 Tev)
¥ (@ Tev) [l et fake

Wz Wi

“T [@others Total SM

ATLAS
Vs=8TeV,20.3fb*

(ISR —

200 400 600 800 1000 1200
Dilepton Mass [GeV]

ATLAS 8TeV 1503.04430
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ATLAS SearChES [Cai, MS 1510.02486]

> : . . T T
8 10°=ATLAS « Data Z'(0.75 TeVy
e AR A o [Vs=8Tev,203fb? —¥ (1Tev) MJetfake
3 ATLAS v Signal - 95 BeV) & 10k . Wi
O 10° B #5 Total Background ~ E
10° I Ldt=2.1fb Top g E Mothers Total SM
Q W2y e 3 10°H] e
N B Fake Background o E U
0 10% Diboson £ e
€ 1075
Q E
@ 10 108 +i
1 1k == E
35 A o |
» 107 =
5! : el L1 ! g
S°9™160 200 300 400 5 0 % 2
Me, [GeV] g iy
e 200 400 600 800 1000 1200
ATLAS 7TeV 1205.0725 Dilepton Mass [GeV]

e Main backgrounds: tt, WW, Z/y* — 77~ "Terrmess
also W/Z plus jets, WZ/ZZ, single top and W /Z + ~

= Efficiently reduced in exclusive 7 TeV analysis
by rejecting jets and E’T""SS < 20 GeV

e Modelling of main background agrees with ATLAS
e Fake background estimated from data

= Use background from ATLAS publications 4
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SM Background

T T T
« Data 7' (0.75 TeV)

> 5 T
S 10°EATLAS b
e s <aaere: FVs=8TeV,20.3 1" —¥ (1 Tev) [lJetfak
3 ATLAS v Slanal (=35 BaV) & 10 L .; E “E ) =ﬁe ake
Ot g I Ldt=2.110 m:gypal Sackaround 2 E [Mothers Total SM
] iy o 5 10°k e
Ny B Fake Background & E "
0 10? Diboson £ e
< 10°F]
z :
@ 10 106!
S1sf E
2 E e
= e EL LA, | L =
= ' =
0.
A 0 100200 300 400 500 600 700 800 9001000 @ 2
Mo, [GeV g e
e 200 400 600 800 1000 1200
ATLAS 7TeV 1205.0725 Dilepton Mass [GeV]

ATLAS 8TeV 1503.04430

e Main backgrounds: tt, WW, Z/v* — 77
also W/Z plus jets, WZ/ZZ, single top and W /Z + ~

= Efficiently reduced in exclusive 7 TeV analysis
by rejecting jets and E’T""SS < 20 GeV
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SM Background

> : .
8 10°=ATLAS « Data Z'(0.75 TeVy
e AR A o [Vs=8Tev,203fb? —¥ (1Tev) MJetfake
3 ATLAS v Signal (- 95 BeV) & 10k . Wi
O 10° B #5 Total Background ~ E
10° I Ldt=2.1fb Top g E Mothers Total SM
Q W2y e 3 10°H] e
N M Fake Background o E U
0 10? Diboson £ e
€ 1075
Q E
& 10 108 +i
1 1k == E
35 A o |
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=Y : el L1 ! g
S°9100 200 300 400 5 0 % 2
Me, [GeV] g iy
e 200 400 600 800 1000 1200
ATLAS 7TeV 1205.0725 Dilepton Mass [GeV]

e Main backgrounds: tt, WW, Z/y* — 77~ "Terrmess
also W/Z plus jets, WZ/ZZ, single top and W /Z + ~

= Efficiently reduced in exclusive 7 TeV analysis
by rejecting jets and E’T""SS < 20 GeV

e Modelling of main background agrees with ATLAS
e Fake background estimated from data

= Use background from ATLAS publications "
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Selection Criteria

Same selection criteria as in ATLAS 7 and 8 TeV analyses.

oppositely charged leptons

Electrons: Er > 25 GeV, |n| < 1.37 or 1.52 < |n| < 2.47, tight
identification criteria

Muons: pr > 25 GeV, |n| < 2.4
Tau: Er > 25 GeV, 0.03 < |n| < 2.47

Lepton isolation: scalar sum of lepton pr within cone of AR = 0.2(0.4)
is less than 10% (6%) of lepton pr for 7 (8) TeV search

Jets reconstructed anti-kr algorithm with radius parameter 0.4

7 TeV analysis: jets rejected if pr > 30 GeV or EP™ < 25 GeV
Invariant mass of lepton pair: > 100(200) GeV in 7(8) TeV analysis
azimuthal angle difference A¢ > 3(2.7) in 7 (8) TeV analysis

14 TeV projection

Same as 7 TeV exclusive analysis and pr(£) > 300 GeV and EF™ < 20 GeV
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Limits from LHC on Cutoff Scale in TeV

it _ _ _
_ eu er nT
4q
7TeV 8TeV 14 TeV 8 TeV 8 TeV
iu 2.6 2.9 8.9 2.4 2.2
dd 2.3 23 8.0 2.1 1.9
5s 1.1 1.4 4.0 095 0.88
cc 0.97 1.3 3.6 082 0.78
bb 0.74 1.0 2.7 063 061

e 8 TeV analysis gives only a slight improvement compared to 7 TeV
despite 10 times more data because of large background

e o7 and u7 limits weaker than ep because of low 7-tagging rate and

higher fake background

e 14 TeV projection: same search strategy as 7 TeV exclusive search
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cLFV D8 operator with 2 gluons and 2 leptons

process exp. limit ‘ operator A [TeV]
eu

Br(p~ 38Ti — e~ 25Ti) <43x10712 | O, (?X 2.11

Br(n~ H5Au— e 1%Au) <7x1078 | Ox, Ox 254
et

Br(rt — etntn™) <23x107% | Ox, Ox 042

Br(t— = e KTK™) <34x107% | Ox, Ox 037

Br(r~ — e 1) <9.2x107% | 0%, O)  0.40

Br(r— — e77/) <1.6x1077 | Ok, O) 044
WT

Br(r— — p~7wt7n7) <21x10°% | Ox, Ox 043

Br(t— — pu~KtK™) <44x10°% | Ox, Ox 036

Br(r™ — pn) <65x107% | 04, 0) 042

Br(r— — u7 1) <13x1077 | 0%, O) 046
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cLFV at the Large Hadron Collider (LHC)' gluons [Cai, MS, Valencia 1802.00822]

Processes at LHC: pp — Lil;
g 0
Signal:
_ opposite-sign different flavour pair of leptons
g ¢

Most sensitive searches

ATLAS 1607.08079 CMS-PAS-EXO-16-058 1802.01122

13 TeV 13 TeV

32fb! 35.9 fb~*
el, eT, uT en

inclusive inclusive

newer ATLAS search: 13 TeV, 36.1 fb—! 1807.06573
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EFT scattering amplitudes

~ S s—oo
A2
= Violation of perturbative unitarity

A(s)
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cLFV at the Large Hadron Collider (LHC)' gluons [Cai, MS, Valencia 1802.00822]

Processes at LHC: pp — Lil;
g ¢
Signal:
opposite-sign different flavour pair of leptons
g 7
Most sensitive searches Solutions:
ATLAS 1607.08079 CMS-PAS-EXO-16-058 1802.01122 ° UV—compIete models/simplified mode|s
13 TeV 13 TeV e apply unitarization procedure, e.g.
—1 —1 . . . .
321fb 35.9 tb K-matrix unitarization
ep, €T, uT eu Wigner 1964; Wigner, Eisenbud 1947; Gupta 1950
inclusive inclusive Recent application to monojets: Bell, Busoni, Kobakhidze, Long, MS 1606.02722

newer ATLAS search: 13 TeV, 36.1 fb—! 1807.06573

) i e couplings — form factor
EFT scattering amplitudes

Baur, Zeppenfeld hep-ph/9309227

S s—oo

= Violation of perturbative unitarity
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