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* IV masses and oscillations implies that physics beyond the SM does exist!

N

+ I/ masses can be add as in the SM quark sector — £ = vy, HLN + h.c.

» Dirac neutrinos and Y, =~ 10~1°

\_ s ) . J

* NNV isin areal SM representation and admits a Majorana mass
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* The new sterile states interact with the SMvia v — /N mixing

Vmass = COSO v +sinf N 9~ WU My,
Nmass:_Sin9V+COS(9N MN MmN
* Heavy neutrino decay via charged / neutral currents
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* They decay after macroscopic distances 10|
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N

O(10'* — 10"*) Z bosons
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Tiny 0 in the seesaw limit
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+ The naive seesaw scaling can be challenged with .y > 2 |

| 0 YI/ (V) 1

Mimass = my = ’U2Y M_YT U*’m,(,d) UT
YVTU MN N
— _ : _ — 7 7 : - , :
* One can express the Yukawa matrix as physical masses

0 0

| 1 . .
| L, — \/_, / M Wwith VUNH = | —sin z/m9 % cos z/ms
(% CoS 24/m3 =sin z,/m3

 Which can then be written as

1 < [ cosz =£sinz
YVE;U*Vm’R’VMN R= —sin z 4 cos 2

» The angle z can take complex values! 2 = « + 27y

S
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* This allows @ to departure from the seesaw limit
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Exponential enhancement of the mixing angle
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Direct searches contraints

* All three regimes possible

* Motivates searches for prompt [N
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|
| ? * Are GeV scale RH neutrinos the only BSM states”

» Assume extra NP at a scale A > v, My
oM + N

* At low energy their effects are parametrized with the EFT language

h b

. __'_____’___§ >
A Y9 Xy

1
SMA+N + ) 0"

n>4

* Higher dimensional operators are built out from SM and N fields: vSMEFT

\_ - -
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* At dimension-5 only three operators are present

Ow = (LH)(LH) Weinberg operator

Ong = NNH'H

Genuine YSMEFT operators

Ons = No"" NB,,
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* Many more at dimension-six.... [YiLiao+’16]

Operator i Operator
O% vr (LHNR)(H'H) + h.c. ORe (NrY*Nr)(€rVueR)
O%NB (EU“VNR)BMVﬁ + h.C OZVU ( _RfYMNR)(ﬂ_RPY;LuR)
O?;NW (I_JU“VNR)O"'W,‘}‘,,H + h.c Oé\ld ( _R’Y“ NR)(C{R’YudR)
Oy | (NayNa)(H'i'D 1) O | (Nwy*Ne)(@yar)
6 . o One (Nrv*Nr)(LryuLe)

ONeH (NR:}’HGR)(}{ v D #H) + h.c. OJGVN (NR’YMNR) (NR")’MNR)

Oiv | (N&Np)(NglNr) + hc. O%an | (@ndndi)Ni + hic
ONeau (Nry"*er)(dry,utir) o‘équ (75eqrd%,) Ng + h.c.
O?VLqu (NRL) (q_LuR) + h.c
OF Nqd (I}NR)G@LdR) + h.c
Ogqu (IidR)e(ch_NR) + h.c
O%NLe (LNR)E(LBR) + h.c

* Interestingly, these operator can change the prompt/displaced behavior
[DB+ ’20]
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NN  Contribution to [N Majorana mass

- Onyg=NNH'H

’ AN N | |
New interactions
hh N N
* New Higgs decay mode I'(h - NN) ~ ifmh\/l _ m_%\f
21 A? mi

* And additional production channel relevant for FCC-ee

_I_
C h v JE%C_MO ~ 180 tb

= !

Z

e .
Independent of the mixing angle
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* |t could also be the main production mode for RH neutrinos at FCC-ee

Normal Hierarch
FCC-ee 240 Ge

BR(h->NN)=10%

10—4 i
. BR(h>NN)=1%

ONH > Omix

B ﬁR(h—)NN) =01% """~

6, bound

M 7l .
qim 10 .

10—107 .

* |t offers a complementary way to search for RH neutrinos
Provided A is not too large...

Daniele Barducci The seesaw portal at FCC-ee FCC-ee meeting 11



* The RH neutrino decays via mixing through neutral and charged-currents

Final state Channel Mediator
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* And produced in pairs give rise to a plethora of final states

Channel

Fully-leptonic

4 Fr
20 Py

Semi-leptonic

302q Er
20 4q
20 2q Er
¢ 4q Br
€2q Br

<y 88

Fully-hadronic

4q Er
2q ET

Invisible

Er

Channel

SS

Fully-leptonic

30T Erp

20 21 Fr
E T ET

¢ 31 Ep
A1 B
21 B

v

Semi-leptonic

ZETquT
021 2q Br
{1 4q

€T2QET

Channel | SS

31 2q Br
2T 4q
2T 2q ET
T 2q Br
T 4q Br

Semi-leptonic

e Final states with Same-Sign leptons can be particularly clean
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* The BRs in the final state depend on the choice

0.0,1.0
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* We can choose benchmark points that maximizes/minimizes the mixing with

1st+2nd generation leptons

of the CP phases of the PMNS

7\ 0.0

1.0 [Caputo+ ’17]

CBPlnm: 13 ir2gir2=0.10:0.68 :0.22
|
iL BP2Nny : 724 :Thy T2y = 0.05:0.15: 0.80

BR(NN — 204q) ~ 0.16

BR(NN — 274q) ~ 0.12
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< 0.1 cm
Z lab
\ N
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* First and second generation mixing

-Askfor Z —s 070~

- Ask for m}$5_ = my, Select Higgs-Strahlung process

- Require an extra pair of SS leptons Suppress SM backgrounds

- Accépténc;;—fSr N‘N —>ée4q
0.8f
0.6 | Low acceptance at low mass
< | j due to isolation requirements
0.4+ i
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IV cannot PS5 - PARTON LEVEL,
decav promptl | 214g Same Sign o
y Pty | Limits from untagged

H decays [De Blas+ ’19]

e Sensitivity down to per-mill exotic Higgs branching ratios can be achieved!!

» Corresponds to A ~ 500 TeV
» Can the flavor structure be determined once NV is detected? Work in progress
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* Third generation mixing

- Ask for Z — 00~

Select Higgs-Strahlung process
- Ask for mp$5_ = my, 99 IP
— — 0
T~ = 1T U, ~460% of BR €. 90% Tran+ ’15
- Ask for  _ T ° Th [ ]
T — T Ur
T — 7r_7r07r01/T
L {1=5ab----------._ PARTON LEVEL]
| 211449 i
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o
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Parameter space not |
covered by indirect 0.001|
searches can be tested |

10_45
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* Limits from Higgs invisible decays BR(h —

00——————
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h—invisible

Inside Detector Decay

10

inv) < 0.22% [De Blas+*19]
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* First and second generation mixing

-Askfor Z —s 070~

- Ask for m)$5- = my, Select Higgs-Strahlung process

Prompt!

* From the exponential decay law compute the probability to have two RH
neutrinos decaying with a selected Al

BR(h->NN)=1% |
BR(h—NN)=0.1% -
Edispl=80% ]
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* FCC-ee offers a great handle to search for long-lived RH neutrinos

[Antush+ ’16, Blondel+ ’16]

|
~ * The naive seesaw scaling can be challenged when more than one
- RH neutrino is present in the spectrum

* RH neutrinos can decay promptly, displaced or be detector stable

* D>4 operators in the ySMEFT add new production and decay
channels for RH neutrinos

e These extra production modes can be efficiently tested at future lepton
colliders as FCC-ee both in at the Z-pole and at the Higgs threshold
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* FCC-ee offers a great handle to search for long-lived RH neutrinos

[Antush+ ’16, Blondel+ ’16]

‘l
~ * The naive seesaw scaling can be challenged when more than one
- RH neutrino is present in the spectrum

* RH neutrinos can decay promptly, displaced or be detector stable

* D>4 operators in the ySMEFT add new production and decay
channels for RH neutrinos

e These extra production modes can be efficiently tested at future lepton
colliders as FCC-ee both in at the Z-pole and at the Higgs threshold

Thank you!
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