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Motivation — LFUV & other anomalies

SM: unique source of Lepton Flavour Universality Violation — Higgs sector (Yukawa)

me ~ 511keV, m, ~105MeV, m,; ~ 1.7GeV
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Motivation — LFUV & other anomalies

SM: unique source of Lepton Flavour Universality Violation — Higgs sector (Yukawa)

me ~ 511keV, m, ~105MeV, m,; ~ 1.7GeV

In recent years years hints of LFUV from LHC and b-factories:

BR(B—D*) 1) and R BR(B— K™ up)

BR(B—D () tv) K = BR(BS K ee) exceed 30

Deviations in R (.) =
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Motivation — LFUV & other anomalies

SM: unique source of Lepton Flavour Universality Violation — Higgs sector (Yukawa)

me ~ 511keV, m, ~105MeV, m,; ~ 1.7GeV

In recent years years hints of LFUV from LHC and b-factories:

BR(B—D*) 1) and R BR(B— K™ up)

BR(B—D () tv) K = BR(BS K ee) exceed 30

Deviations in R (.) =

If confirmed: LFUV should also be observed in other sectors!
=> Flavour precision observables
So far: Z — 00, W — fv (LEP & ATLAS) in excellent agreement with SM

= At low energies, anomalous magnetic moments powerful probes!
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ae and (g — 2)ep

Aa, = a5 — ;M ~ (2.74£0.7) x 107° = 3.7 0 discrepancy [2006.04822]

scaling of eff. dipole ops.: 8% ~ Me ~ 5 x 1073

5 Aay, my,
MFV: £ ~ Zg 25 x 107°
I

2
A mg

NP Expectation for Aa.

Recently improved measurement of a. with Cs atoms (at 0.2 ppb):

= Aae ~ (—0.88£0.36) x 107'? vs Aa, ~ (2.7+£0.7) x 107° = ﬁ—gH ~—3x107*

o 2.50 tension in electron has “wrong’ sign and order of magnitude!
=>Another strong hint towards LFUV new physics!

Most attempts to explain both Aay e require light new physics a la dark photon, axion,

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020
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Atomki experiment: a new light resonance?

In 2015, the ATOMKI collaboration claimed a 6.8 o excess in

8Be* — ®Bey(— eTe™) transitions, compatible with a resonance [PRL 116 4, 042501]

\ /
“Be* ‘<\)>w\>
@ .X
4 fvvvvvv\éaj:’\
Ay
. 0 l\‘i,\
o Create excited *Be* from a p-beam on i .
"Li
o Nucleus de-excites emitting a ~ ® T " T o e

o Measure angular distribution of ete™

Be
form internal pair creation

Figures from [1608.03591]
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Atomki result: a new light resonance my ~ 17 MeV

In 2015, the ATOMKI collaboration claimed to have seen a 6.8 o excess in

8Be* — ®Bey(— eTe™) transitions, compatible with a resonance [PRL 116 4, 042501]
1

o 10

g

The result in particular: 2
. . = > >
o Measurement of Internal Pair Creation ° S S
i 3] e = °
Correlation g a3 =
. “w . t | o |
o Open circles “control region”: = W T o
g Ty £

asymmetric energy distribution

o Closed circles “signal region”:
symmetric energy distribution
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Figure from [1504.01527] © (deg.)
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Atomki result: a new light resonance my ~ 17 MeV

In 2015, the ATOMKI collaboration claimed to have seen a 6.8 o excess in

8Be* — ®Bey(— eTe™) transitions, compatible with a resonance [PRL 116 4, 042501]
1

o 10
The result in particular: El
o
. . 2
o Measurement of Internal Pair Creation £ > >
. ] ) o
Correlation £ = =
Q e = ©
: " L o] .,, 2
o Open circles “control region”: g 5 ; 5
asymmetric energy distribution ge ) z
X

o Closed circles “signal region”:
symmetric energy distribution

= Signal Consistent with the creation and
subsequent decay of a bosonic
resonance m ~ 17 MeV

""')X17

1 1 1 1 1 1 1 1
80 90 100 110 120 130 140 150 160 170
Figure from [1504.01527] © (deg.)
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Requirements on X77: nature & couplings to matter (1)

Possible Nuclear transitions in detail:

8Be*'(j™ =17, T = 1) = ®Be’(j" = 01,7 = 0), E = 17.64 MeV
8Be* (j" =17, T =0") = ®Be’(j" = 0", 7 =0), E=18.15MeV <«

Resonance observed in iso-spin conserving transition but absent in iso-spin violating one!

Possible candidates for X7:

o Light scalar resonance = would violate angular momentum conservation in
1t — 0" transition X

o Light pseudo-scalar: ok with angular momentum v/, but minimal models for ALP
already excluded in the required coupling range X [1609.01669]

o Light vector: ok with angular momentum v/, severe constraints on couplings
(more details on next slides)

o Light axial vector: ok with angular momentum v, explored e.g. in [1612.01525]

Other exotic possibilities have been explored from open string QED mesons to “4 bare quarks” interpretations

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020
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Requirements on (vector) X17: nature & couplings to matter (II)

Parametrise 7’ neutral currents via effective couplings to fermions (¢):

T, = ey (e); + 1 et )0

Immediate constraint: on-shell X17 = 7' must decay inside detector O(cm):

=V | 2 1.3 x 107°/BR(Z" — ete)

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020
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Requirements on (vector) X17: nature & couplings to matter (II)

Parametrise 7’ neutral currents via effective couplings to fermions (¢):

T, = ey (e); + 1 et )0

Immediate constraint: on-shell X17 = 7' must decay inside detector O(cm):
=V | 2 1.3 x 107°/BR(Z" — ete)

A fit of the ATOMKI data results in:

I'(®Be* — *Be + 2') 6
~(6£1 10 f ~ 17.01 £0.16 MeV
I'(®Be* — 8Be +7) ( )% orm ¢

Conservative range: |e,, + ¢y | ~ (2 —15) x 107*\/BR(Z" — e*e*)_1

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020
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Cross-checks of the 8Be anomaly

Only the ATOMKI collaboration published results on such nuclear transitions...

o Original result 2015; since then new
detector to re-investigate ®Be transition

0 2 4 6 8 l0em 0 2 4 6 8 l0em

a) b)

L=
T E\@
=<7
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Cross-checks of the 8Be anomaly

Only the ATOMKI collaboration published results on such nuclear transitions...

o Original result.2015;. sincesthen new § 8Be” — 8Be’
detector to re-investigate °Be transition £ by E = 18.15 MeV
. . —o—
o New result 2019: similar resonance at % A e 2016 data
490 S 10F 2019 data
o —o—
£ °a backg.
& Xp—oe'e
o
=
SIS
S
T
2| my=17.0116) MeV +
10 r [Krasznahorkay et al, '19]
1 1 1

1 1 1
40 60 80 100 120 140 160
O (deg.)
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Cross-checks of the 8Be anomaly

Only the ATOMKI collaboration published results on such nuclear transitions...

o Original result 2015; since then new §
. . e <
detector to re-investigate 8Be transition el Moy *H(p,e*e) He
o New result 2019: similar resonance at 8 E = 900 keV
£ Fpet v

490

o Similar experiment using ‘He* — “He":
similar signal at 7.2 0 compatible with
8Be (7)

1 1 1 1 1 1 1 1 1
4 50 60 70 80 90 100 110 120 130
© (degree)
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Cross-checks of the 8Be anomaly

Only the ATOMKI collaboration published results on such nuclear transitions...

o Original result 2015; since then new §
. . oe ]
detector to re-investigate *Be transition o *H(pe*e) He
o New result 2019: similar resonance at S E = 900 keV
£ Fpek »

490

o Similar experiment using ‘He* — “He":
similar signal at 7.2 0 compatible with
8Be (7)

o New study by Feng et. al. [2006.01151]
suggests both are highly consistent with
the same new vector!

1 1 1 1 1 1 1 1 1
40 50 60 70 80 90 100 110 120 130
© (degree)
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Only the ATOMKI collaboration published results on such nuclear transitions...

ol -

Cross-checks of the 8Be anomaly

o Original result 2015; since then new 2
. . e <
detector to re-investigate 8Be transition el Moy *H(p,e*e) He
o New result 2019: similar resonance at ol E =900 keV
490 & Ft v

o Similar experiment using ‘He* — “He":
similar signal at 7.2 0 compatible with
8Be (7)

o New study by Feng et. al. [2006.01151]
suggests both are highly consistent with
the same new vector!

= Has a fifth force been discovered?

- i 12

o 1 1 1 1 1 1 1 1 1
Plans to Stl.de S|m.||ar tr.an5|t|ons in “C 40506008000 100110 120 15
for conclusive confirmation © (degree)
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Model independent constraints on (vector) Xi7 =

New light vector from U(1) extension of the SM with J*, = eiy*(e); + v i5);
Recall from ®Be anomaly: |e) + &) |~ (2 —15) x 1072, |g¥,| 2 1.3 x 107°

Other constraints:
o KLOE-2 bound for eTe™ — v7'(— eTe™) leads to 1/e¥2 + €42 <2 x 1073
o NA48/2 bound for 7 — 77’ leads to |ey | S 1.2 x 1073

—1
o NA64 electron beam dump: +/|eY.|2 + [¢A ]2 2 6.8 x 107*{/BR(Z — ete~)

o Neutrino scattering (TEXONO & CHARM-II): |eir,.| S 1.2 x 107° &
leg,v, | S 122 x 1077

o Atomic parity violation (effective weak charge of Cs): |eZ| < 2.6 x 107°

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020
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Model independent constraints on (vector) Xi7 =

New light vector from U(1) extension of the SM with J*, = eiy*(e); + v i5);
Recall from ®Be anomaly: |e) + &) |~ (2 —15) x 1072, |g¥,| 2 1.3 x 107°
Other constraints:

o KLOE-2 bound for eTe™ — v7'(— eTe™) leads to 1/e¥2 + €42 <2 x 1073
o NA48/2 bound for 7 — 77’ leads to |ey | S 1.2 x 1073

o NA64 electron beam dump: +/[eV.]2 + [¢A]2 > 6.8 x 107*\/BR(Z — e*’e‘)i1

o Neutrino scattering (TEXONO & CHARM-II): |eir,.| S 1.2 x 107° &
leg,v, | S 122 x 1077

o Atomic parity violation (effective weak charge of Cs): |eZ| < 2.6 x 107°

= Can we explain the g — 2 anomalies (hinting at LFUV) with this light Z'?

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020
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A U(1)p—r model

o Extend SM by U(1)g—L: Z’ coupled to baryons and leptons

o New scalar singlet hx: spontaneously breaks U(1)p—L below EW-scale

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020 10 / 15
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A U(1)p—r model

o Extend SM by U(1)g—L: Z’ coupled to baryons and leptons

o New scalar singlet hx: spontaneously breaks U(1)p—L below EW-scale
g o . . i o
Lyuk. 2 — y,’ hsmlrper + v, hsml, Nj — Qyﬁth}'chﬁ — AN hx( L% — MP L1 LY,
—NihxEiel, — MEE: B — h7 hswLy EL + k7 hsmE LY,
o Right-handed neutrinos N{% for anomaly cancellation = type-l seesaw for free

o 3 vector-like doublet leptons Lr, g to suppress 7' — vv couplings

o 3 vector-like singlet leptons Ez, r to suppress axial 7' — ¢¢ couplings

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020 10 / 15



New physics contributions to g — 2

2 types of new contributions:

o « can be attached to any charged line
and hx

o Dominant contributions by
o Mass-insertion o ho and o kg

o Since m, ~ 17 MeV,
are too large

Jonathan Kriewald LPC
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New physics contributions to g — 2
2 types of new contributions:
o ~ can be attached to any charged line f f,
o Dominant contributions by Z’ and hx R,L eL,R
o Mass-insertion o< hn and o ko
o Since m» ~ 17 MeV, contributions
are too large Z/’ Z7 W
o But loop-functions for f f/
scalar/pseudo-scalar and vector/axial / /
couplings have opposite sign! R,L \ , L,R

Jonathan Kriewald LPC
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New physics contributions to g — 2
2 types of new contributions:
o ~ can be attached to any charged line f f,
o Dominant contributions by Z’ and hx ER,L eL,R
o Mass-insertion o< hn and o ko
o Since m» ~ 17 MeV, contributions
are too large Z/’ Z7 W
o But loop-functions for f f/
scalar/pseudo-scalar and vector/axial / /
couplings have opposite sign! R,L \ , L,R
=> axial and pseudo-scalar couplings in N R L/
— (L and hx — (L provide partial RS
cancellation th H

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020 11 /15
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Cancellation of scalar/vector contributions leading to Aa., Aa,

10-10

10-114

107124

Aa,

107194

10"
—+— comb. —+— comb.
Z 10-7 — 7
—— hy —— hx
_‘=::’— —————— Whg—0  ee=mm]
_____ ; -’ S e >
- ¥ < - N,
/ / N
/ / 7\
! 10-10 7 f
|
) \! i
b |
I -1
]
1012
6x 1074 Tx 1074 8x107* 9% 107 103

101

1079

3x10°¢

4%10°¢

o Mg = Mg ~90GeV, A\ = g = ML /vx(~6.4), mn, ~ 70 GeV,

gL =2x107% e=—-8x10"% ke =k, =107

o Dashed lines: change of sign when pseudo-scalar contribution larger than scalar

and/or axial larger than vector

= Asymmetry in h and k provides “effective’ LFUV

Jonathan Kriewald LPC
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Remaining parameter space: impact from Aa., Aa,

(9-2). (9= 2

1072 10

1072

hy

<10

10°°
10

1076

1077 1074 4
10710 10°% 1076 101 1072 1077 10°% 107° 1071 10°% 1072

o Black line: (g — 2). explained v/ coloured region: (g — 2), explained v'v/
o Mg is still mostly free
o Curious hierarchy between h; & k¢ (= could hint on residual Z,,-symmetry?)

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020 13 /15
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Conclusion

o Exciting hints towards LFUV new physics in (g — 2),, e
o Exciting hints of a fifth force discovered by ATOMKI
= Parameter space to be probed soon (completely) by NA64

= All 4 anomalies are explained in a single and very predictive model

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020 14 /15
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Conclusion

o Exciting hints towards LFUV new physics in (g — 2),, e
o Exciting hints of a fifth force discovered by ATOMKI
= Parameter space to be probed soon (completely) by NA64
= All 4 anomalies are explained in a single and very predictive model

o Should measure parity non-conservation of y's (REDTOP, muonic ARC),
u-scattering)
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Conclusion

o Exciting hints towards LFUV new physics in (g — 2),, e
o Exciting hints of a fifth force discovered by ATOMKI
=> Parameter space to be probed soon (completely) by NA64
=> All 4 anomalies are explained in a single and very predictive model

o Should measure parity non-conservation of p's (REDTOP, muonic ARC),
u-scattering)

Model might also explain:
o Ngr could be a dark matter candidate

o Ry(.) at very large hadronic recoil

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020 14 /15
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Thank you!!!
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Backup: Requirements on (vector) Xi7: Nucleus & electron couplings |

Neutral current of fermions 1; can be parametrised with effective couplings:

T, = epiy* (el; + 1 e )0

Most obvious constraint: on-shell X17 = 7’ has to decay inside detector O(cm):

1
—_ A7 €y (=
(7 = ete) = (e + |€fe|2)M

... leading to |eX.| = 1.3 x 107°y/BR(Z" — ete™)

A fit of the ATOMKI data results in:

241mm

I'(®Be* — ®Be+ 2') _6
T(*Be* = *Be+7) (6£1)x10 for m_, ~17.01 £0.16 MeV

1/14
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Baclup: Requirements on (vector) Xi7: Nucleus & electron couplings Il

With a vector resonance the nuclear matrix elements cancel:

I'(*Be* — °B 212
e ) = el [1- ()
I'(®Be* — 8Be + ) 18.15 MeV
... leading to |e) + )| ~ 1.2 x 1072/BR(Z — e*e*)_1

Including iso-spin mixing effects:

I'(®Be* — ®Be 4+ 2') v,V vV V2 m 2
~ |0. . - 1- (e
TEBe™ 5 "Bet ) = |0-05(Ep Fen) +095(e, —2n)l (18.15 MeV)

3
2

... leads to ~ 15% modification and a heavier leads to smaller width % ~0.5x 106

Conservative range: |e,, + ¢y | ~ (2 —15) x 107*\/BR(Z" — e*e*)_1

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020 2 /14
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Backup: Minimal model ingredients

o New vector coming from gauge extension of SM — new U(1)-gauge group
o We need a new scalar breaking U(1) and giving a mass around ~ 17 MeV

o We need couplings to nucleons (hadrons) and electrons

= Could be a dark photon A’?

“Pure’ A'-couplings due to kinetic mixing with photon: ¥ =&} =0, s;,/ =—e¥
Recall from ®Be anomaly: |e) + &) |~ (2 —15) x 1072, |g¥,| 2 1.3 x 107°
= KLOE-2 bound for ete™ — yA'(— eTe™) leads to \/eV2 +eA2 <2x 103X
Furthermore NA48/2 bound for ° — vA’ leads to [} | < 1.2 x 1073 XX

Protophobic scenario: proton couplings smaller than neutron, dark photon excluded!

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020 3/14
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Backup: Constraints: direct searches
Also NA64 (electron beam dump) is looking for light neutral vectors:
1072

o Very recent result [1912.11389]

o Either el + €7 < 1.1x 107'¢

(negligible production)
V2 A2 > 6.8x10"*
o Or |Eee| + |8€6| BR(7 —ete)

(decay inside beam dump) -

= Globally allowed range: ¥
3 A2 (0.68—2)x1073
ele|? + |ede]? ~

VBR(7' —ete)

(NA48/2 does not directly apply in
protophobic case)

1074

i 2 1
— BaBar

Jonathan Kriewald LPC
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Backup: Constraints: (atomic) parity violation

Search for parity violating Mgller scattering at SLAC E158 yields a bound
leVoed | <11x1077
Much more severe is atomic parity violation (effective weak charge) in Cs:

IAQu| = |£47roz€ 27+ N) + %2 + 2N)]%| <071

At low energy, the nucleon couplings are 81‘,/ ~2eV, +ev and e) ~eV, + 26y,

= For ®Be nucleon couplings and m -+ ~ 17 MeV: upper bound |eZ.| < 2.6 x 107°

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020 5/ 14
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Backup: Constraints: neutrino-electron scattering

Neutrino-electron scattering provides very stringent constraints:

For LFU couplings and Dirac v: /[e%eV,,,| <7 x 107" cf. [1608.03591] and TEXONO data

For Majorana v the vector coupling vanishes! = new (LFUV) fit with Majorana v:

1072

—— CHARM-II
TEXONO

o CHARM-II: SPS experiment o NAGH Lt

v, — e scattering ''''' = == KLOE-2 Limit "
o TEXONO: Reactor experiment e :\

Ve —escattering 0909090 % BT s

!
Cee

1%
= Bound for lowest allowed #

eV ~6.8x 107 1073 e
left L | S1.2x107° &
e v, | $12.2x107°

1072 — —
1076 10° 10 1078

e

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020 6 /14
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Model recipe

o Extend SM by U(1)B-L: coupled to baryons and leptons

o New scalar singlet hx: spontaneously breaks U(I)B_L somewhere below
EW-scale

=> triangular gauge anomalies
A [U(I)B_L(SU(Z)L)Q] JA [(U(I)B_L)a} JA [U(l)B_L(U(l)y)2] JA [G.2 X U(l)B_L]

. remaining B — L = 3 = add 3 gens of sterile Majorana Ng with Q%% = -1

= with Q=% = 42 for hx: dynamical type-l seesaw neutrino masses “for free"!
Lyvuk. 2 yg hSMgLeR + y,, h’SMéLNR — *y i hXN;gCN‘}i

Coupling to nucleons now determined by photon kinetic mixing and B — L-current:

eY «xgp_r, m% xg%_pv%k = fixing vev of hx to vx ~ 14 GeV

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020 7/ 14
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Gauge boson mixing
U(1)p-L is kinetically mixed with the U(1)y:
e 5 _Lp e L gy S e
kin o =2~ gl L +§ v
~+ consequently mass mixing between U(1) g_r-boson and W3 with tan 20’ ~ —2—<k

1—ep
Diagonalising kinetic and mass mixing gives physical (gauge) couplings (at leading order):

sin O,

~ g .2 . . B—L
Dy~0u+...+ e (T5 5 —sin® 0,Qf) 7, +ieQs Ay +ie(eQs +ep-1Q5 )
with ¢ = & 50w COSQ;” and ep_p = 2=
lfek_ e\/lfek
= Nucleon couplings and mass: ¢; =ep_r —¢, €, =ep_r, m> ~4dep_vX
= But also: €2, = —&Y neutrino coupling 10? too large! XXX
IRN Terascale
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Kiergne IN2P3
Les deux infinis

Vector-like leptons: Neutrino cancellation

0
Solution: Add 3 gens. of vector-like lepton doublets L1, r = (f,) with QB_L =+1

o VL-fermions do not add further gauge anomalies
o Choice of charge to not spoil LFU SM-boson couplings
= Mass mixing of L%, with SM v, will modify Z’-couplings
iy o T . o o
Lyvuk. 2 =y, hsmlrel + vy, hsml Ny, — gyﬁthﬂcNé — AN hx0 L — ML LR
o /\iLj needs to be (almost) diagonal to comply with LFV bounds: /\'Z — ALa

o sz can be chosen to be diagonal; collider bounds: mass scale ~ 100 GeV
= 7 -vv-couplings get modified: €,,,, ~ep—1 (1 — L
(o3
= A2 0% ~ M2 is fixed for each lepton generation « !

Jonathan Kriewald LPC IRN Terascale 6. Novembre 2020
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Zianmont IN2P3
Les deux infinis

The charged component of Ly mixes with the left-handed SM leptons

Vector-like leptons: atomic parity violation

) A2 ’112
=957~ -+ (71’\}% X
(3

Solution: Add 3 gens. of charged vector-like lepton singlets E', g with QF =11

- 1) ep—r, but right-handed couplings unmodified

i o P U G .
Lyuk. D — yethMéLe% + yVJhSMéLNIJ? — iy]\i[hXNkCNé — /\?hfoL]R — MzJLtLLJR
— /\gth’Lega — MgE-iLEjR — hijhsm.i/iLEjR + kijiLSM.E-iLLjR
= i, ~ L (gt Mgtk Apa is fixed for the 1. gen!
Eeuga =3 m — T& EB—L = AEa IS TIXe or e l. gen:
2 2 2 2
= el =+ (% + '\11‘3/[+Ux —2) ep_r = fixes e ~ —(8 — 20) x 10~*
La Ea
= 2 new Yuk. matrices h*/ and k*/ (assumed to be diagonal): if different, their
asymmetry will generate axial and pseudo-scalar couplings in — (L and
hx — ¢L interactions
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Kiergne IN2P3
Les deux infinis

Backup: Gauge boson mixing

AP cos 0y, sin 6, 0 B*
Z* | = | —sinfy,cosd  cosBy,cosd  sinf’ wh
AR sinfy, sinf  —cosfy,sin®  cos6’ B'#

YN 72
tan 20 = 269 Vg +g

6'2 g/2 + 4m23//v2 _ 92 _ g/2

2 2 2 ’ 1|2
g v |1 [ +4m% /v g' cosOy e
M :O M ;= — | = _ 1
A ; Z,Z COS@w 2 |:2 ( g2+g/2 + + g sin 20
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IN2P3

Les deux infinis

Backup: Charged lepton masses

v vx
, ) vz Mgy 0 er
_ v _
Lmass = (6[, L EL) 0 My, hﬁ LR
vx v E
g 75 kﬁ Mg R
1— ALvy Apvx APk (kAL Mp+hAp M +AEMEy)vvx
aM3? V2M  4av2M3 2M3
U, = Aok apux 1— ALk (kMg Mp+h(ME+M3E))v
L w2ME T VaMy 4M7 V2M3
(PALMp-AgMpy)vox _ (EMpMp+h(Mg+MZ))v 1
3 3
4Mg, V2M3
1— AZo% Apvvx  Ap(BMpMp+h(ME+MZ))vvx Agvx ARk
4MZ 2M?2 2M3 My, V2MEg 4/2M3
(RAE ML -\ Mgy)vvx 1 (hMpMp+k(MZ4+M32))v
2MpM3 V2M3,
Mook Agux _ (hMpMp+k(MZ+MZ))v 1— Ao
4vV2M3, V2Mp V2M3, 4MZ,
IRN Terascale 6. Novembre 2
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Toborctore de Physave de lrmont Auvergne |N2P3
Le:

s deux infinis

Backup: Neutrino masses

v vx
0 Y5 0 >‘L\/§ v
v vX c
LY _ (VT NeT  poT LOcT) c | YMA 0 0 N
s L 0 0 0 M L
0
AL “); 0 My, 0 L™
1— )‘%'Ug( _ v2y121 VYp ALvx ALvx
aM? 205 y3, vx y12\4 , 2My, 2My,
~ _ _VYv _ VY 0 0
U, = VXYM 203 Y%,
_ ALvx __ALvyy 1 AL v% 1 Aok
V2My, V2Mrpynr V2 4v2M3 2 4v2M?
1 1
0 0 V2 V2
2. 2
Yy v - .
my, ~ — , U, = U,diag(Up,1,1,1)
VXYM

9 12
—%Wg S SN G Wiant Pu(Us)asvy + He.

a=e, p, T i=1 j=1

ﬁwi =
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Lﬁb s nco Kiergne IN2P3

Les deux infinis

Backup: Collider bounds

CMS Vs =8 TeV L=19.5fb"
1 T T T T T 102

95% CL CLs NLO+NLL Exclusions
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Recast searches for slepton/neutralino pair production: hx — x°, E,L — [

= my, 2 50 GeV and physical vector-like lepton mass > 120 GeV
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