Institute of Nuclear Physics Polish Academy of Sciences, Krakow

Future Circular Collider Project
FCC-ee Detector

Studies of B 2 K* |l decays
Searches forZ 2> 1’

Searches for Heavy Neutral Leptons

Summary




FCC — Future Circular Collider

» FCC project — 100 km circular tunnel infrastructure in Geneve area

v p-p collider: FCC-hh — flagship, 100 TeV (16T magnets)
v e-e* collider: FCC-ee — potential first step, preceding the FCC-pp

v e-p collider: FCC-he — additional option
» Goal: CDR and cost review by the end of 2018

— European Strategy for Particle Physics 2020

- _‘“\."
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(G ) FCC Collaboration

* 119 institutes fcc.web.cern.ch

31 countries

25 industrial partners
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EuroCirCol project

EASITrain ITN

Poland @ FCC: v |nstitute of Nuclear Physics PAN, Krakéw
v’ Silesia University, Katowice
v" Wroclaw University of Technology

v Cracow University of Technology
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» Collider: two rings; four interaction points; flat beams; non-zero crossing angle, crab waist

FCC-ee Physics Programme

> Four working points

Parameter

E [GeV]

| [mA]

No. Bunches/beam
Energy loss/turn [GeV]
Synchrotron power [MW]
RF Voltage [GV]

B*x/y (mm)

&, / &, at collision

L (1034 cm2s1)/IP
Statistics (4 expts)

2.1 x 10%! em 257!

FCC-Z FCC-WWwW FCC-ZH FCC-tt
45.6 80 120 182.5
1390 147 29 5.4
16 640 2 000 393 39
0.036 0.34 1.72 9.21
100 100 100 100
0.1 0.44 2.0 10.93
150/0.8 200/ 1 300/ 1 1000 / 2
0.37 0.36 0.21 0.19
230 32 8 1.5
10137/ 6yrs | | 3x107 WW/2yr 106 ZH/5yrs 106 tt / 5yrs
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T.Lesiak Flavour Physics@ FCCee

Okuw

Higgs
factory

Epiphany 2018

MegaTop

Jan. 2018

LEP2
104.5

3.34
22
3.5

1500/ 50

0.01
0.012




(G=2D))

] '| ] ] ]
Z (91.2 GeV) : 4.3x 10" cm?s" m ,
FCC-ee (Baseling, 2 IPs)

[ LEPX1 05'] ILC (Baseline)

_ILC (Lumi/Energy Upgrade) ...
W'W (161 GeV): 6.4 x 10" cm's"

R
L1 1117

ey i gy
['I*.-l-.;.l'”r:i;f‘.‘lr-_l‘l ‘

l'-']-,.,,..
|

¥

ity [10°

&

e
o
)

A CLIC (Baseline)

B CEPC(Baseline, 2 Ips)

HZ (240 GeV) : 1.7 x 10° cm'%s"!

i

|
|

IIII

N T
-
L
L —
p—
Do
D —
: ;_
. o L
-
z H
—
——

MegaTop
it GeV) : 3.8 x 10 cms"
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HZ : 1.5 = 107 cms" .
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FCC-ee Detector s

CLICdp inspired

Ultra low-mass
vertex detector
with 25 um pixels

Main tracker, silicon-
based (large pixels

and/or strips) Solenoid Magnet,

B =4T,R,=34m

Forward region with / : | D EA
LumiCal and BeamCal - '

Instrumented return yoke
Return yoke (Fe) y
Fine grained calorimetry with detectors

used in Particle Flow for muon ID Double Readout Calorimeter
(PFA), Depth: 1+ 7.5 4,

Ultra-light Tracker
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s LHCbdata © ATLAS data
= Belle data CMS data

Anomalies: L ; I SM from DHMV -;

2 SM from ASZB

0 o from SM vons G2 1GeV Y

-+ JHEP 02 (2016) 104 « ATLAS-CONF-201
+ PRL 118 (2017) CMS-PAS-BPI-15-008

Lattice —#-Data
B —K*pyi
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Lepton universality tests
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» Concentrate on t decays to three prongs (t = a,v)
— two neutrinos missing (6 d.o.f.)

» HOPEFULLY the secondary vertices of K*2> Kn

and t provide sufficiently many constraints:
B flight distance -2 d.o.f. arXiv: 1705.11106 [hep-ex]
T flight distance -4 d.o.f.
T masses -2d.o.f. (€ Not all independent)

Ll I Ll L]

1013 Z decays
ILD detector

signal

EEEEEEEEEEN BSAD:DS_K*O(SQQ}
EEEEEEEEEESR .B_O—}D:K*G(SQZ)T_IZF

» The crucial role of secondary
and tertiary vertex resolution

Resolutions:

Momentum: 10 MeV
PV: 3 um
SV: 7 um
TV:5 um

» FCC-ee: 1000 signal events expected,
assuming typical (ILD-like) detector
and FCC-ee baseline luminosity

Events / (0.02 GeV/c?)

> Belle 2: 10 events expected

> =» angular analysis feasible (?)
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(G== ))] Studies of charged Lepton Flavour Violation (cLFV)

* Evidence for neutrino oscillations:
=» at least two neutrinos are massive fermions AND (neutral) lepton flavour is not conserved

* So far there is no experimental evidence for charged Lepton Flavour Violation (cLFV)...

1. Search for cLFV in the decays of Z bosons /=N 2N AN N USRI

Massless neutrinos: cLFV forbidden at any order of perturbation theory
Massive neutrinos: cLFV processes |21’y present at the one-loop level
but strongly suppressed by GIM

SM:

BR(Z — e*1F) ~BR(Z = e*77) <107 @ BR(Z — p*77) ~ 107>

BSM: BR(Z —1l") ~ 1079 - particularly for models with new sterile fermions

(v are physical states, i= 3+N, N — numer of extra Majorana states)

Any observation of Z 2 | I’ would be a clear sign of New Physics
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Studies of charged Lepton Flavour Violation (cLFV) iﬁ

1. Search for cLFV in the decays of Z bosons SRR SR RN,

Expt BR(Z — et pF) < 7.5 x 1077 (ATLAS) ATLAS: PRD 90 (2014) 0720210
xpt:
BR(Z — eifer) <98x10°° (LEP) OPAL: Z.Phys C67 (1995) 555

BR(Z — ru,ifr:F) <12x107° (LEP) DELPHI: Z.Phys C73 (1997) 243

‘ ( FLE ) ’ Sensitivity up to 10°-1010. The stringent constraints in pt final state JHEP 04 (2015) 051

=>» Identify a clear T decay in one hemisphere
=>» Look for ,beam energy” e or uin the opposite hemisphere

Backgrounds: = _ E— (two very soft neutrinos) depends strongly
T = Dule, T —re Delr .
on energy-momentum resolution

Z — qq (low mult.)

Z—->Wlv, W' — 1o,
PR D93 (2016) 093005

Complementarity between FCC-ee and low energy cLFV searches (I’=> ly, n to e conversion...)
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EN\E BR(T — ppp) < 1077 | particularly SUSY, Little Higgs, 4gen...)

Expt:

T.Lesiak

Belle : BR(1 — pup) < 2.1 x 1078 PL B687 (2010) 139
BaBar : BR(T — pupup) < 3.3 x 1078 PR D81 (2010) 11101

LHCD : BR(7 — ppup) < 4.6 x 107° JHEP 1502 (2015) 121

New Physics effects can be parametrized in a general way using the Effective Field Theory
approach including beyond the Standard Model operators with different chirality structures

(as in the LHCb analysis ; see ref above).

arXiv: 1609.04617 [hep-ph]

This approach is integrated with the TAUOLA package (IFJ PAN)
Sensitivity up to 1012 Belle2: sensitivity up to 1010
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» The masses of light neutrinos are efficiently generated via the see-saw mechanism upon the
inclusion of sterile right-handed neutrinos VTR
- n L.Canetti, M.Drewes, T.Frosard, M.Shaposhnikov,
» Example: Neutrino Minimal Standard Model (vMSM) Phys. Rev. D87 (9) (2013) 093006

,sterile”, HNL — Heavy Neutral Leptons

- can generate Baryon Asymmetry of the Universe (BAU)
if my, Ny, > 140 MeV

— DM candidate
Search for Ny — vy

A "physical left-handed neutrino” produced e.g. in the Z° decay
is a mixture of the light and heavy state |ySEEEPyRCRY IRy \aETy?

with the mixing angle RASKIIHYL I

SNl 2y, € (1 —50) keV 0 (1077 —10~13)
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» The HNL production

» The HNL decay
The Charged Current

» The background (4f)

Lo . = Absent for HNLs decaying
etem - Z —->W'W = v qq : . withe.g. L~ 1 m
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Normal hierarchy

“NuTeV

SSLRRLLL|

3 [Cm] A.Blondel et al., arXiv:
|U|2 . (mN[GeV])6 1411.5230 [hep-ex]

m~

-

BAU

||||rIT| .I.I LLLL

— ] = 3.0 GeV
=mm= M =10.0 GeV

For 10137 decays

E
i M = 20.0 GeV E
=rme M —30.0 GeV E
e M =50.0 GeV
= M =60.0 GeV :E
E
E Seesaw
= 1 il L 1 ]

10
HNL mass [GeV]

|| Mean Decay Lengnt (m)

» The sensitivity FCC-ee up to 1012

Viw,

'"'1-'-'|:|-|Irl-._ [ |r-|,|-\|‘|.|"'| 1 I;T:‘H
10" 0™ 0" 10" 107 10 » The results of LEP searches: 104
U2 = |Ue|® + |Uul? + |U7|? (N — v couplings)

Weak decay

Electromagnetic decay
2 2 [
|U|* o 6 -

ALEPH

mpy = 50 GeV 6k = - DELPHI
N — :‘. BLARTLLULAAL A A INLLARY AL Ll . =
m, ~ 0.05 GeV DELPHI

Decay length ~1 m e

2 1012 : . , - )
U] By HNL mass [GeV

-
1 IIIIIII| 1 IIIII\I‘ L IIIII\I‘
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The Z Invisible Width
— Number of Light Neutrino Species

» ,Direct method”: N, determined at LEP1 from the Z line-shape scan:

5
Ftot — Fee + F,u,u, + FTT + quq + Nr/wa NL’ — 2’984 :I: 0'008

i=1
A hint of non-unitarity of the PMNS matrix?

Only small room for improvements: precision limited by the theoretical
uncertainty on normalization, i.e. on small angle Bhabha cross section
(0.0046 at LEP1).

> Alternative ,indirect method”:

e Radiative return process from the higher masses than the Z resonance
* Monophoton events (normalized to gamma-lepton-lepton events):

LEP1: AP AAE=IE (statistics too scarse).

Relatively small theoretical uncertainties.

Photon selection common for both final states = cancellations of systematics. \ N4
N, can be measured vs sqrt(s) =» sensitivity to NP at high energy scales. ‘
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() The Z Invisible Width
— Number of Light Neutrino Species ot
» Both methods are independent and complementary: data sets, systematics, theoretical input...

> Sensitivity (( ECC ) )

direct: AN, = 0.00008(stat) =+ 0.004(syst)

indirect:

Vs = 161 GeV 1 year of running : 3 x 107 vZ(inv) evts AN, = 0.0011

\/E = 240 and 350 GeV 5 years of running AN, = 0.0008

i ] AN, =000

( opportunity to measure directly e*e" > H) ( stat)
( running parasitically)
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Summary

FCC-ee offers a vast potential for flavour physics studies,

in particular for the selected topics, discusses in this talk:

e Studies of B 2> K* Il decays
e Searchesforz-> 1/

 Searches for Heavy Neutral Leptons
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(GE=2))] Proposals for New ete” Colliders:

Luminosity [10%* cm2s-]

T.Lesiak

—_
o
Mo

10

Z(91.2 GeV) : 4.6 x 10 cm%s" m
\ FCC-ee (Baseline, 2 IPs)

FCC-ee (with 10% safety margin)
ILC (250 GeV baseling}

ILC. {with Jumifenergy Upgradel....................
Na WW (161 GeV): 6.4 x 10%° cms” A CLIC (Baseline)

CEPC (100km, double ring})
HiggsFactory

HZ (240 GeV) : 1.6 x 10* cm%s”

MegaTop

{35[) GeV) : 3.6 x 10™ cm 25
ft (365 GeV) : 3.0 x 10*
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Cnmpac! Linear Collider (CLIC)
BN 380 GeV - 1.4 km (CLIC380) ,,'.

| B 1.5TeV-29.0km (CLIC1S00)

3.0 TeV - 50.1 km (CLIC3000) 4

. Schematic of an
4 B80-100 km
¢ long tunnel
\.
L ]
.

| Compact Linear Collider (CLIC): CERN

B ete, Vs: 380 GeV, 1.5 TeV, 3 TeV

Fapyuun*

Future Circular Collider (FCC-ee): CERN

Internatlonal Linear Colllder (ILC):
| Japan (Kitakami)

e*e’, Vs: 250 — 500 GeV (1 TeV)

Length: 17 km, 31 km (50 km)

e*e’, Vvs: 90 - 350 GeV; FCC-hh pp
Circumference: 97.75 km

(CEPC), China
e*e’, Vs: 90-240 GeV; SPPC pp,
Circumference: 100 km




=) FCC-ee operation model

working point luminosity/IP |total luminosity (2 IPs)/ | physics goal | run time
[1034 cm2sl]  |yr [years]

Z first 2 years 100 26 ab/year 150 ab! 4
Z later 200 52 ab*/year

w 30 7.8 ab/year 10 ab! 1
H 7.0 1.8 ab/year 5ab?! 3
machine modification for RF installation & rearrangement: 1 year

top 1st year (350 GeV) 0.8 0.2 ab!/year 0.2 ab’! 1
top later (365 GeV) 1.3 0.34 ab/year 1.5 ab! 4

total program duration: 14 years - including machine modifications
phase 1 (Z, W, H): 8 years, phase 2 (top): 6 years



FCC-ee RF staging scenario

“Ampere-class” machine
« three sets of RF cavities to cover all options for FCC-ee & booster:

Y tof (GV)  [n_bunch I_beam [ma) ] )
. o (._ﬁ'D-L * installation sequence comparable to LEP ( = 30 CM/shutdown)
* high intensity (Z, FCC-hh): 400 MHz mono-cell cav, ~1 MW

0.8 5260 152
source
TED 30
o p * higher energy (W, H, t): 400 MHz four-cell cavities
(4/cryomodule)
“high gradient”™ machine
e tthar machine ecomnleament: 0N MHz7 five-cell cavities (4/cryom_)
RF system re-alignment e LEP record: ~ 32
26 and modifications CM in one
T i shutdown
* Possibly 1 year of
DODDBDDBDDDBDBRE o
between ZH and
T T T T T ttbar operation.
machine () (DD ] o=} * spread 800 MHz
26 42 T T 74 20 RF power &
booster o) D (O odni| cozz booster
1 5 23 82 20 installation over
RF power  208x0.5 MW 64 x 0.5 MW 328 x 0.1 MW 80 x 0.1 MW the preceding

shutdowns



Alignment Shafts Query

Geology Intersected by Shafts Shaft Depths

Choose alignment option Shaft Depth (m)

Vavariation_v2017-2  [v]

Geology (m)

Point  Actual Molasse SA Wildflysch Quaternary Molasse Urgonian Limestone
Tunnel elevation at centre:322mASL A
Grad. Params B
Azimuth (%) 238 c
Slope Angle x-x(%): 03 D
Slope Angle y-y(%): 0.08 E
LOAD SAVE CALCULATE F
Alignment centre G
X 2499041 ¥: 1107760 H
CP1 cP2 I
Angle Depth Angle Depth J
LHC 37 49m -40° 83m K
SPS 121m 126m
L 172
T2 121m 126m —
2 6 2 892
g i —_ Total 2449 66 0 492 189; o 0
Alignment Profile
— —Quaternary
—Lake
1600m — Wildflysch
-Molasse subalpine
1500m —Molasse
1200m Limestone
— —Shaft
Eiooom = +Alignment
@
< 200m
E
B00m

10km

20km B0km 70km

40km 50km
Distance along ring clockwise from CERN (km)

Geology Intersected by Tunnel Geology Intersected by Section

G0km

4.7%

Optimisation criteria:

e tunneling rock type,

* shaft depth
accessibility

* surface points, etc.

Tunneling:

* Molasse 90%,

* Limestone 5%,

* Moraines 5%

Implementation:

* 90-100 km fits well
geological situation
in Geneva basin

* Shallow variant,
30 m below lake-bed

e Connected with LHC
or SPS



(( ek )) Technical Schedule for each the 3 Options

SC Magnets

Dlpole short models

28

30

32 34

Techmcal Des|gn Phase b Strategy Update 2026 assumecf proulect decl:lsmnI

FCC-hh

6T magne

16 T dipoles preseries i :
16 T series production

Civil Engineering FCC-hh ring

ts

LHC Modification e dadll
Installation + test FCC-hh
i .

FCC-ee

CE FCC-ee ring + injector

FCCee

| HE-LHC

sc
- — earliest possib

hed

ule

con

stra

* FCC-hh: 2043
« FCC-ee: 2039
* HE-LHC: 2040 (with HL-LHC stop LS5 / 2034)

|
ned by

16 T

ma

e physics starti

| |
gnets & CE

l I l Installation + test FCC-ee

ng dates



FCC = global “Swiss army knife” of colliders

global R&D effort fixeq
100 TeV heavy-1o" raD effort oo, 2reet
pp 8ra
nO\ogy . . \\'\s'\O“S - . hest-e“ergv te Mms
e et collisions __ ~ co ' hig llider o7k,

. "O_y/’

D ef; ort 3
PoP exp’ts gamma Factory ()




CFE=)) EU H2020 Design Study EuroCirCol €xpico

/j TAMPERE = =
UNIVERSITY OF TWENTE. &JFN =¥ vuversin or European Union Horizon 2020
g> 74 TECHNISCHE plreteleir
"0 Darmstaor  * Support for FCC-hh study

« 3 MEURO co-funding

Finland

= ﬂ(IT - Started June 2015, ends in May
é% Q Unit;—d = o Karlsruher Institut fir Technologie 2019

gprnenad T 1o S g Scope:

G

]
H
g
-

Erance KIT, TUD I_(_:f():l_l-_ |'(?>l.\jr].'En_‘H;_\:|;1:lit -
I@ CEA, CNRS \\ SV;LTFZL‘,?U:&‘:E'_ PEDERALE DE LADSANNE FCC'hh CO"Ider
wivessiTy or * Optics Design (arc and IR
& Italy ):;\{ F\I:_ @ LIVERPOOL P _ gn ( )
<> i[J;;nUE/;A{ T% * Cryogenic beam vacuum system
% - /52, UNIVERSITE design including beam tests at

%>’ DE GENEVE ANKA

EuroCirCol consortium, federating 16 partners, 1 from Japan and 1 IEIO

jema * 16 T dipole design, construction
)*-\ ?rw’;:ue (E) MANCHESTER P gn,

folder for demonstrator magnets

OXFORD




European Advanced Superconductivity Innovation and Training Network
> selected for funding by EC in May 2017, started 1 October 2017

SC wires at low temperatures for magnets (Nb,Sn, MgB,, HTS)
Superconducting thin films for RF and beam screen (Nb,;Sn, TI)
Electrohydraulic forming for RF structures

BEE%R 4 Columbus  HZB.... u“;u.. {'Eﬂ?
13 Beneficiaries TECHNISCHE : WU et o
Iy TU ) POy = |-CUBE @
1 2 Pal"tners E}T?;( ))) AS G ag::;:(ﬂfjgell GmbH @%ggiﬂ ?IrﬁEE“ @E@‘g‘g IMPIANTI S,
- 3R Redl_?fu_.ullMEDI»"\ a research > @ m
m(:..f{:\m oA ey ) @ MSUMENts  gurmndiapr @

Turbocompressor for Nelium refrigeration
Magnet cooling architectures

Horizon 2020 program

Funding for 15 Early Stage
Researchers over 3 years
& training




Outline

Energy at center of mass [GeV] 208 91

Bunch spacing [ns] 247 [ 494 7.5 2.5
Number of bunches 4 30180 91500
Emittance (horizontal) [nm] 22 0.2 0.09
Emittance (vertical) [pm] 250 1

Beam current [mA] 3.04 1450

Peak luminosity (for 2 IPs) 0.012 207 90
[10%4 cm2s1]
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CE

Rh

FCC-ee collider parameters

parameter Z ww H (ZH) ttbar

beam energy [GeV] 45 80 120 175 182.5
beam current [mA] 1390 147 29 6.4 54
no. bunches/beam 16640 2000 393 48 39
bunch intensity [101] 1.7 1.5 1.5 2.7 2.8
SR energy loss / turn [GeV] 0.036 0.34 1.72 7.8 9.21
total RF voltage [GV] 0.1 0.44 2.0 9.5 10.9
long. damping time [turns] 1281 235 70 23 20
horizontal beta* [m] 0.15 0.2 0.3 1 1
vertical beta* [mm] 0.8 1 1 2 2
horiz. geometric emittance [nm] 0.27 0.28 0.63 1.34 1.45
vert. geom. emittance [pm] 1.0 1.0 1.3 2.7 2.7
bunch length with SR/ BS [mm] 3.5/121 3.3/7.6 3.1/4.9 25/3.3 25/3.2
luminosity [1034 cm2s-1] >200 >30 >7 >1.5 >1.3
beam lifetime rad Bhabha / BS [min] | 70/>200 500/ 20 42/ 20 39/24 39/25




(=) FCC-ee operation model

working point luminosity/IP |total luminosity (2 IPs)/ | physics goal | run time
[1034 cm2sl]  |yr [years]

Z first 2 years 100 26 ab/year 150 ab! 4
Z later 200 52 abt/year

w 30 7.8 ab/year 10 ab! 1
H 7.0 1.8 ab/year 5ab?! 3
machine modification for RF installation & rearrangement: 1 year

top 1st year (350 GeV) 0.8 0.2 ab!/year 0.2 ab’! 1
top later (365 GeV) 1.3 0.34 ab/year 1.5 ab! 4

total program duration: 14 years - including machine modifications
phase 1 (Z, W, H): 8 years, phase 2 (top): 6 years



G=

hadron collider parameters (pp)

parameter FCC-hh HE-LHC (HL) LHC
collision energy cms [TeV] 100 27 14
dipole field [T] 16 16 8.3
circumference [km] 100 27 27
beam current [A] 0.5 1.12 (1.12) 0.58
bunch intensity [10'] 1 (0.5) 2.2 (2.2)1.15
bunch spacing [ns] 25 (12.5) 25 (12.5) 25
norm. emittance yg, , [um] 22 (1.1) 2.5 (1.25) (2.5) 3.75
IP 8, [m] 1.1 0.3 0.25 (0.15) 0.55
luminosity/IP [1034 cm2s-1] 5 30 28 (5) 1
peak #events / bunch Xing 170 1000 (500) 800 (400) (135) 27
stored energy / beam [GJ] 8.4 1.4 (0.7) 0.36
SR power / beam [kW] 2400 100 (7.3) 3.6
transv. emit. damping time [h] 1.1 3.6 25.8
initial proton burn off time [h] 17.0 3.4 3.0 (15) 40




(GEGED)
(( FCC Y
4) The documented studies - B9 = K™ 1*+T —

» Makes use of partial reconstruction technique to solve the ‘E | 1 . ]

kinematics of the decay. Sensitivity relies on vertexing 3 9 FcC-eel 3

performance. tau decays in 3 prongs. [0 .

G 50 | 3

ol ' ]

» Backgrounds: (pink) and (red) (signal in green). g " L] E

» Conditions: baseline luminosity, SM calculations of signal ;u; 30 | J ‘ A. Semkiv et al. _

and background BF, vertexing and tracking performance o 'I; ’ :” : ;

as ILD detector. Momentum — 10 MeV, Primary vertex T 20 ﬂ_ Al =

—=+ 3um,SV = 7um, TV —= 5um { ',! H * ]

I 4 ‘-‘ . ':l __:

10 + A ? { A, III o

F t i der: o), (Dt LT g ML it el L
ew comments are In oraer: 45 5 55 6 6.5

M., GeV/c?

* At baseline luminosity, 103 events of reconstructed signal. Angular analysis possible.

* With a LEP-like vertex detector performance, the signal peak can’t be resolved.

* Another interesting and even more challenging mode is Bs — 71 : tuples with the same
parametric detector have been produced and are currently being studied.

Kamenik&Montelil . Flavours @ FCC-ee
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4) The documented studies - B? = K*0 1+

& 1 S =4 &
> 1 > - b >
[0} {4 o C ] @
O] 1 5 100 4 O
o 4 N C ] o
o 1 2 ¢ 1 S
e ] 2 8¢ 1 <2
e 1¢gaf ] ¢
) 1 @ C ] o)
> - > L n >
Ll E U 40 - in]
E 20 .
] T ;
45 5 55 6 6.5 5.5 6 6.5
mg, GeV/c?
Performance / Conditions ILD-like
Efficiency of the identification of the correct solution (%) 42 .3 52.6 62.0
Invariant mass resolution (core) [MeV/c?] 42(1) 36(1) 27(1)
Kamenik&Monteil 5 Flavours @ FCC-ee
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(=) b—> s I* I Transitions

* The transition B? = K*0 t+1 can be fully solved. In equations:

U—rh + R (14}
B+ e & Squaring bath sides of the equations (1) and (13}
o e =Freiin = pralFrdnl s T B = Bt B B (15)
B, =Fre—, =T — ol 0 = pealFrs — Br o]l B -pR i roph ]
A ks e o | e Py wed Fay . Rarwritn ke sqastion [3): Subtracting (18] Bem [18) wa got:
el By~ i e & m2, = B2 — ol + P + Eapa -l (17

Muhighring boik sides of this sqpuadion by [3 - + (& Z0)7a], we get:
Fr-fEr - — (& -7 Fal[E - + (F-70)a] = Now Jet's take into account that pef = pif (Fom (14)):

]

WS et e mi, = E3, = gl + g+ Baper ~phuh) i18)
O, dnking indn seccum kel o) m el el =12
e e Raarmunge squation (1), taking into aceoust that g, = /857 + 2
—fisi [Fr - + {#r—n7E]
Th, P, — B+l - p ek - B RS 0)
,,_-_i.%:%‘r-_mm_ Densting 20 = ml, - E2,+ pli - pi3, taking into neeount that pf = pif and
el + {5 dul] i squaring both sides of the squation [10), wo gst:
R et
p— HeRR P+ 0+ ophil - B + ) o)
! ) Fr-=dprs + B qany Eaarmnging equation [20):
Here )
A= Brsr- = [BrsTull-Za) (B3, - PRt - 20y +BLpr - 2F -0 1)
T— [Eredr-]
ued L o Ths ooly unknown quantity in this aquation is ply. Salving this quadmtic
e _.Fa‘rli'r- * |'_'-‘FJ“| oquation yislds:
Eae =t fy (22
0.2 Tertiary vertex 1 Hara: ;
' Cpe
Enargy and momenta coassrdion P m
Lt En iy i
) N T A. Semkiv et al.
Heru Eyy and fyg wre sunmary ssrgy wad momests of all pions eepestivdy P
aned i in b merriring sk am, Bawrits the squatio (13): MNow we can uso this exprossion in equatica (15] te find the wlus of pr. and
memsdcd, ) than find the valua of pg nsing equatices [10) and (3]

» Nothing complicated but quite ... cumbersome.

* This can be generalized even to decays where the secondary

vertex is NOT reconstructed. Thinking of B9%— t+1 for instance.
Flavours @FCC-ee 16



b—> s I* I Transitions

only very few results from direct searches for rare B decays with taus in
the final state are available

» strongest current bound (BaBar, PoS ICHEP 2010, 234)

q  BRGB— KE ) e
BR(B — KI 0™ ) g2

BR(B — KT*Ti)[14‘23lmax] < 3.3 x 1073

» expected sensitivity at Belle Il to BRs of O(10~4) ~ O(1079)

BR(B Kot 1 (model-dependent) from B — K*)viz
Fn’,’f = BF{((B_) KH*‘“ ))[1‘6] = 1.00023-+0.00063 » strongest current bound (BaBar, PRD 87, 112005 (2013))
— Rere— [1.6]
BR(B —- Krt+— » expect order of magnitude better sensitivity at Belle ||
e ( )[14.18,max]
Ft’K = BR(B . Ke' e_)[ | = 1.161+0.040 » constraints from B — Kviz if e.g. only right handed
14.18,max taus involved
BR(B — K77~
R = ( T nassmad _ 4 ygg. 0 039
BR(B — Ku' 117 )[14.18,max]
(Bouchard et al. 1306.0434)
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Decay mode  B" — K*(892)e"e~ B — K*(892)t't By(B")—u‘tu- By — DK
Belle 11 ~ 2 000 ~ 10 n/a (5) n/a

LHCb Run | 150 - ~ 15 (-) ~ 6000
LHCb Upgrade ~ 5000 - ~ 500 (50) ~ 200000

FCC-ee ~ 200000 ~ 1000 ~1000 (100) few 10°

Table 1: Comparison of order of magnitudes for expected reconstructed yields of a selection of decay modes
in Belle II, LHCb upgrade and FCC-ee experiments. The Standard model branching fractions are assumed.
The yields for the electroweak penguin decay B — K*(892)e* e~ are given in the low ¢ region.
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. q .
Ly = 7(fv — fars) + (ifm + fEVs)0p0-

ﬂ:‘fw

L,

Little Higgs with T-parity

ke
zH

Z

Valentina De Romeri

T.Lesiak Flavour Physics@ FCCee
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=P CcFLV s

In the standard model (SM), neutrinos are considered massless and thus lepton
flavor violation (LFV) is forbidden at any order of perturbation theory. Even if the

theory is extended with massive neutrinos, LE'V transitions such as £; — £;v would

be induced up to the one-loop level and would be strongly suppressed due to a
GIM-like mechanism: it was found that BR(p — ey) ~ 1072% — 10=*® in the SM
extended with non-diagonal lepton flavor couplings and massive neutrinos with a

mass m,, of a few eVs. ) Any signal of LFV would thus be a hint of new physics.

The task of the proposal aiming at studies of LFV phenomena in two separate classes of
decays are briefly characterized in the following. The first category of charged lepton flavor violating
processes encompasses two-body Z decays Z — ( (* (1#°, e u", e v, u 1) whichare
forbidden in the Standard Model (SM) by virtue of the GIM mechanism [29]. Moreover, their
branching ratios remain vanishingly small (typically below 10™) even when the SM is minimally

extended to allow for flavor violation in the neutral lepton sector in terms of neutrino masses and
mixings [30-31]. However, the rates of processes Z — (' (~ are significantly enhanced (up to 10™")
[32-39] particularly in the models postulating existence of new, sterile fermions. The latter are
expected to interact very feebly with the Standard Model particles and may be sufficiently heavy to
have escaped direct observation at current experiments. In particular, sterile neutrinos are considered
as a popular solution for the dark matter (DM) problem [40]. So far the stringent limits on the
branching ratios for cLFV decays were determined by LEP experiments using the data collected at
center-of-mass energy corresponding to the Z mass: BR(Z - e 1) <98 x 10 °[41,42] ,BR(Z—u'1)
< 1.2 x 107 [41, 43]. The LEP bound for the final state eq was improved recently by the ATLAS
experiment to be [44] BR(Z —e'n)<7.5x 107"

The important aim of this proposal is to examine/determine experimental sensitivity needed for
discovering the decays Z — (' (* process, employing the setups of the detectors proposed for the
International Linear Collider (ILD collaboration [18]) and on a circular one (FCC-ee collaboration

[4]). It is worthwhile to underline that any new e’e collider is very well suited for the proposed
studies. The rare cLFV decays Z — ([ (, [=e,u, areexpected to provide a very clear signature.

would typically lead to more ambiguous final states, depending on

However, the decays Z — e (u)t

the subsequent t decays. The experimental sensitivity to all these processes is to major extent limited
only by the expected luminosity. Taking into account that the samples of Z bosons, intended to be
collected at future e’e” collider, span the range 10''-10", it is reasonable to expect improvements in the
T.Lesiak itivity for the decay modes in question by 4-6 orders of magnitude.




The second topic of studies will be devoted to the decays T — pu'n and v — pwy (including
also charged conjugate states), which are among the cleanest probes in search for charged lepton flavor
violation [40]. Their expected branching ratios are below 10* in the SM which is minimally extended
to allow for cLFV induced by neutrino oscillations [40]. Asin the case of Z — [ [* decays, the
processes T — W W and T -y are significantly enhanced, up to 10, in many extensions of the
Standard Model like Minimal Supersymmetric Standard Model [46], little Higgs scenarios [47-48] and
models with four generations of fermions [49]. New Physics effects can be also parametrized in a
general way, using the effective field theory (EFT) approach including beyond the Standard Model
operators with different chirality structures [50-51]. For the LFV in t lepton decays the strongest limits
so far were set by HFAG collaboration [51] which were evaluated by one of this grant team member:
M.Chrzaszcz (Ph.D dissertation of Marcin Chrzaszcz, supervised by Tadeusz Lesiak (also team
member), defended with distinction in February 2015). In this study It was found that, depending on
the form of the NP operator, the limit changes significantly and is in range (4.1 - 6.8) x 10™ [52].

The overall aim of this task of the proposal is to describe the LFV processes of t and Z
decays in terms of the Effective Field Theory approach [45-46], in which the new physics processes
are expressed via effective operators multiplied by corresponding Wilson coefficients. This approach
allows to describe LFV in a model independent way. Having derived all relevant NP operators one
will implement them to KKMC and TAUOLA [49] Monte Carlo generators to provide a quantitative
description of this kind of decays in the experimental conditions of future electron-positron colliders.
Such implementation of the EFT approach in both KKMC and TAUOLA generators will be useful not
only for Giga-Z colliders but for other future experiments, in particular Belle2. Furthermore KKMC
and TAUOLA codes were originally written by the team members (S. Jadach and Z. Was). The
expertise of physicists from the IFJ PAN in this domain was highly appreciated, starting from the
period of data analysis of LEP experiments. Thus, extensions of this packages and their overall
maintenance would be of paramount importance in positive recognition of Polish contribution to the

physics at future electron-positron colliders.

T.Lesiak Flavour Physics@ FCCee Jan. 2018




FCC

[l == i

T.Lesia

[29] S. L. Glashow, J. Iliopoulos, and L. Maiani, "Weak Interactions with Lepton-Hadron
Symmerry”, Phys. Rev. D 2 (1970) 1285.

[30] I. Cortes Maldonaldo, A. Moyotl and G. Tavares- Velasco, “Lepron flavor violating
decay Z— 1,1, in the 331 model”, Int. J. Mod. Phys. A26 (2011) 4171.

[31] T. Riemann and G. Mann, “Nondiagonal Z decay: Z — eu”, in Proc. of the Int. Conf.
Neutrino’82, 14-19 June 1982, Balatonfured, Hungary (A. Frenkel and E. Jenik, eds.),
vol. IL, pp. 58-61, Budapest, 1982.

[32] J. I Ilana, M. Jack and T. Riemann, “Predictions for Z — ut and related reactions”,
preprint arXiv: hep-ph/0001273.

[33] T I Nllana and T. Riemann,”Charged Lepton Flavour Violation from Massive Neutrinos
in Z decays”, Phys. Rev. D 63, (2001) 053004, preprint arXiv:hep-ph/0010193.

[34] A. Ghosal, Y. Koide and H. Fusaoka,”Lepion Flavor Violating Z Decays in the Zee
Model”, Phys. Rev. D 64, (2001) 053012, preprint arXiv:hep-ph/0104104.

[35] E. O. Iltan and 1. Turan,,”Lepton flavor violating Z—l,+1,- decay in the general two
Higgs Doublet model”, Phys. Rev. D 65, (2002) 013001, preprint arXiv:hep-ph/0106068.

[36] A. Flores-Tlalpa. J. M. Hernandez. G. Tavares-Velasco and J. J. Toscano, "Effective
Lagrangian description of the lepton flavor violating decavs Z—lilj”, Phys. Rev.
D 65, (2002) 073010, preprint arXiv:hep-ph/0112065.

[37] C. x. Yue, H. Li. Y. m. Zhang and Y. Jia,"Lepron flavor violating Z—l1],in flavor-
universal topeolor-assisted technicolor”, Phys. Lett. B 536, (2002) 67, preprint
arXiv:hep-ph/0204153.

[38] I. Cao, Z. Xiong and J. M. Yang,"Lepron flavor violating Z-decays in supersvmmetric
see-saw model”, Eur. Phys. J. C 32, (2004) 245, preprint arXiv:hep-ph/0307126.

[39] E. O. Iltan, "Lepron flavor violating Z—l,+1,- decay in the general nvo Higgs Doublet
model with inclusion of non-umiversal extra dimension”, Eur. Phys. J. C 41, (2005) 233,

preprint arXiv:hep-ph/0409032

[40] M. Frigerio, C. S. Yaguna, “Sterile Neutrino Dark Matter and Low Scale Leptogenesis

from a Charged Scalar” Eur.Phys.J. C75 (2015) 1, 31, preprint arXiv:hep-ph/1409.0659.

[41] O. Adriani et al. [L3 Collaboration], "Search for lepton flavor violation in Z decays™,
Phys. Lett. B 316 (1993) 427

[42] R. Akers et al. [OPAL Collaboration), “Measurement of the tau—h-h+h-tau-neutrino
and tau—h-h+h->=1 pi0 tau-neutrino branching ratios”, Z. Phys. C 67 (1995) 555

Flavour Physics@ FCCee

[43] P. Abreu et al. [DELPHI Collaboration], "Search for lepton flavor number violating Z0
decavs”. Z. Phys. C 73 (1997) 243.
[44] G. Aad et al. [ATLAS Collaboration], "’Search for the lepton flavor violating decay
Z—eu in pp collisions at \s = 8 TeV with the ATLAS detector”, Phys. Rev. D 90 (2014)
7,072010, preprint arXiv:hep-ex/1408.5774.

[45] M. Raidal et al.. "Flavour physies of leptons and dipole moments” Eur. Phys. J. C57 (2008) 13,

preprint arXiv:0801.1826.

[46] 1. Aitchison, (2005), "Supersyvmmetry and the MSSM: An Elementary Introduction”,
preprint arXiv:hep-ph/0505105.

[47] A. Melfo et al., "Tape II Seesaw at LHC: the Roadmap” Phys. Rev. D85 (2012) 055018,
preprint arXiv:1108.4416.

[48] M. Schmaltz, “Introducing the Little Higgs”, Nucl. Phys. Proc. Suppl. 117 (2003) 40,
preprint arXiv:hep-ph/0210415.

[49] L. Carpenter, A. Rajaraman and D. Whiteson, “Searches for Fourth Generation Charged
Leprons™, (2010), preprint arXiv:1010.1011.

[50] S. Turczyk, (2008), "Model-independent analvsis of Tau—lil' decays”, preprint
arXiv:0812.3830.

[51] B. Dassinger et al., “Model-independent analvsis of lepton flavour violating tau decays”,
JHEP 0710 (2007) 039, preprint arXiv:0707.0988.

[52] M. Chrzaszcz, et. al. “Averages of b-hadron, c-hadron and t-lepton properties as of
summer 20147, preprint arXiv:1412.7515.




cLFV — EFT approach

cLFV resulting from BSM theories can de described in a model independent
way in terms of the following dimension six operators:

= (L. L)(L*L),

= (L7, L)(LT*y* L),

= (RyuR)(RY"'R).

= ( fﬂ-;,-# R) [ii.-‘::.-# L), of Higgs fields, L(R) are the left(right)-handed fields and o = i[-;,ﬂ. V.

= -g‘r { E.HD.#H H.:I B'“ 1 1
=g I: E T i H I:.T# , R:l l-ui- L .

The respective decay widths cab v=be presented in the form of Dalitz distributions

They were derived in the following five cases corresponding to different lepton
chirality structures

¥

(The following dimuon masses [RUEERIITEN(TE S DL my_ =may = (D,_ + pu+)°,
are defined: miz = m> + 3-m.'i —m?_—m>_,
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cLFV — EFT approach

e Four left-handed leptons (O operator):

i R

)g{}u L7)(LyuL#)

mz} — (2m2, — m? —3m )2

dm3ydmi, - A4 256m3m3 (13)

e Two left-handed, two right-handed leptons (4 operator):

. 2
(LuL7)(R,R*) . 9 ;
dgl"'%fL”RR} ‘gv J J ) (m?2 — i*ﬂ.i}2 — ilm (m2 + ’m — miy)

dm3,dm?, A 512nrsms

) (2??1?3 _ m% . 3.?71_3)2 + (Emgg m — 3m ]2 (14
102473m3 |

e Radiative right-handed 7 leptons (R operator):

2
(LuRT) 2
A2 5 |9rad V" [m? (m? _mz).z 1 1
rad _ &2 £ H 1
dm3sdm?, Al 12873m2 mis  mis

mﬁ(m — 3m? m .+ Qm ) 2m2y — Bmﬁ
_|_

12873 m 3m2 m2 12873 m3
53113 :

(m?2, + ??123)(??112 + miy + miq — G-m.i(-m.'ﬁ +m?2))

256m3m3m3a,m?,
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cLFV — EFT approach

e [nterference between Oy and Fy:

¢ (Lu LT )(LpL*) +LuRT ‘ y
27 EDI(RR) , 2vRe |gy g } {ﬂlfz — 3m?

i rad #
= ¥ - -
dm3,dms, o A4 647m3m2

m.ﬁ (m?2 — 1y, )2(m3y + ??1%3)}

12873 mg-m% 7”-%3

e Interference between 04 and Fy:

Ll ) (RuRe) <L, R”

_|_

= Xem

(FLJ(RRJ 2vRe |g v Grad } [m."‘ mlz 3??1“

4"‘14
mz (m2 —m;,)(mis + m%g)}

d?ﬂ-ga dmf? 25673 m?2

— . 17
2563 m2 m%gmflza (17)

and my 1s the mass of corresponding lepton, gy 1s the corresponding coupling
constant and v 1s the element from the Higes matrix. The Dalitz dostribu-
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cLFV — EFT approach

TAUOLA

TAUOLA

Tt

3 0

me GeVic?
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Systematic assessment of heavy neutrino signatures

at colliders

Remarks on Displaced Vertex signature:

m Heavy v with M < My and small mixing |#|* may be “long-lived” .

m Visible displacement of the secondary vertex from the interaction point.

t=0

electron-positron
collision

. /\ N
e : e e
interaction
point

Eros Cazzato (University of Basel)

T.Lesiak Flavour Physics@ FCCee

No SM background, very promising!

N

0 < t <lifetime of N

production of N
and propagation

Searches for heavy neutrinos

Epiphany 2018

lifetime of N< t

decay of N into
detectable particles

detectable
particles

EPS-HEP 17

Jan. 2018




Heavy neutrinos at electron-positron colliders

Large Electron Positron Collider (LEP): Future Circular Collider (FCC-ee):

m 27km ring m 100km ring

m high precision: 110 ab—! of data at
Vs =90 GeV

Heavy v signatures at e e™ colliders to leading order:

Always one light v in the final state, no
unambiguous LNV and LFV signature.

P
Name | Final State [ [0], Z pole | 0], /s > my
10600 ”
02
10c6al”
02

same flavour dilepton boalavr |9|2 |60 |“2

lepton-dijet bavjj |0a ‘2

mixed flavour dilepton Lolgry |6 |2

dijet vvji 162 16,2

invisible RNy |6|“2 |0 |2
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FCC-ee sensitivities to heavy neutrino signatures
(available from previous works)

‘ Displaced vertex search @20 |@]2%=|6|?2
| e EWPOs @20: |0 |?=|6, |2+|6, |2
| mmm== EWPOs @20: |0 |%=|6,|?

e
High lumi of FCC-ee (10'? Z) al-
lows for efficient indirect searches.

50 100 150 200 250 300 350
M [GeV]

The golden channels of the FCC-ee:
m For M < My : Displaced vertex searches
m For M > My : Indirect searches via EW precision data

For the considered physics program:
110 ab™! for /s =90 GeV; 5 ab~! for /s =240 GeV; 1.5 ab™! for /s = 350 GeV

Eros Cazzato (University of Basel) Searches for heavy neutrinos EPS-HEP 17
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== HNL

Motivation for sterile neutrinos

Three Generations
of Matter (Fermions) spin %

2.4 Mev ] 1276ev |

. W

0 3 v name up ‘ _r.harm |
0 -V:n Mev .%m- Mev i
\ /4 : |

strange

¥

0

Yy ¥

\ T oSt Mey | 105.7 Mev
- 5 |1 1 “
g i

electron | muon

d
e

orce

Shaposhnikov et al.

» Neutrino oscillations: at /east two massive light neutrinos.

» No renormalisable way in the SM therefore;
= evidence for new physics.

» Sterile neutrinos for type | seesaw mechanism.

Oliver Fischer An example of synergy in BSM physics: Right-handed neutrinos
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The “naive” type | seesaw

» The simplified version: (1 v, 1 vR)
« M tri 0 m ith m = <M
asS matrix m M) Wi m = y,VEw .

) ) 1 VE2;WT|)/V|2
x Light neutrino mass: m, = Ry
R

» More realistic case: (2 v, 2 vR)

Yv — (,Vu

= The m,, fix a relation between y,, and Mg.

Oliver Fischer An example of synergy in BSM physics: Right-handed neutrinos
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Symmetry Protected Seesaw Scenario

Benchmark model for FCC studies, defined in Antusch, OF; JHEP 1505 (2015) 053.
Similar to e.g.: Mohapatra, Valle (1986); Shaposhnikov (2007); Gavela, Hambye, Hernandez (2009)

Collider phenomenology dominated by two sterile neutrinos N;
with protective symmetry, such that

1— —
Ly = —§N}?M(N,2Q)C — o NLo! L + H.c.

Further “decoupled” sterile neutrinos may exist.
Active-sterile mixing: 6, =y, \‘}“:‘;W 62 = Y a CHE
The leptonic mixing matrix to leading order in 6,:
Nel Ne2 Ne3 —ﬁge

Mt.l -/\/7(1.2 MB _ﬁgu

N'rl NT2 N‘r3 _ﬁQT

0 ; %
\ 0 0 -0 —5(1-%) H(0-%) )

Oliver Fischer An example of synergy in BSM physics: Right-handed neutrinos 5/ 14
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Present Constraints (dominated by LEP)

DELPHI (Z pole search) @20: |©|2=|8| 2
e | HC (Higgs decays) @10: |©]%=|6|?

s ALEPH (e"€* >4 leptons) @10 |0|2=|6, | 2
m— Precision constraints @20: |©|2=|6, | ?
==m=m=m= Precision constraints @20 |©]2=|6,|?

Precision constraints @20: |©| %=|6;|

M [GeV]
Antusch, OF; JHEP 1505 (2015) 053

» /Z pole search: limits from Z branching ratios .

Abreu et al. Z.Phys. C74 (1997) 57-71
» Higgs decays: Best constraints from h — 7.
» Direct Search: 50&(‘{‘/ = 0.0115¢5t + 0.007 gys¢

OPAL collaboration, Abbiendi et al. (2007)

Oliver Fischer An example of synergy in BSM physics: Right-handed neutrinos
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Most promising search strategies for sterile neutrinos
FCC-ee:

» Displaced vertices (Z-pole S. Antusch, E. Cazzato, OF: JHEP 1612 (2016) 007
( )

A. Blondel et al. [FCC-ee study Team], Nucl. Part. Phys. Proc. 273-275 1883

» Electroweak precision measurements (mostly Z-pole)

S. Antusch, OF; JHEP 1410 (2014) 094

» Higgs boson production and decay modes

FCC-hh:
» Displaced vertices
» Lepton-flavor violating di-leptons plus jets™

» Lepton-number violating di-leptons

FCC-eh:
» Lepton-flavor violating lepton-trijet™
» Lepton-number violating antilepton-trijets

* S. Antusch, E. Cazzato, OF; 1612.02728

Oliver Fischer An example of synergy in BSM physics: Right-handed neutrinos
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THE STANDARD MODEL IS COMPLETE .....

But at least 3 pieces are still missing

Three Gensrations

Three Generations
of Matter (Fermions) spin 52

of Matier (Fermions) spin ¥
' i | | [ 1l
- L 7.4 MEy 1T Gev 1733 Gev

% % o mass — .4 MEV 137 Gev 1FA2 Gy [i]
charge ~ |35 u c t o g charg= - |34 u 3 C 3 t L g
risrTE g charm tap gluean name ~ up charrr = ghuen
. 4.8 Hew 10 baEy 4.7 G ] 45 MY 104 el 4.2 Gev o
*d |I°s [FDb Y *d |"s |I’b Y
] doem Sirenge battcam phaton S swange Beton photon
-
— |2 Gev u 126 eV 100 leth el ey = |m.2 Gew “ 128 G
Veo/ |V Vg Bz B H VN VYN TNy B2 B H
ey = Emy 4
" slirpe — et na it peus C [ —
Q511 Mew 105.7 Mew 1.77F Gew = 0.4 eV spin 0 0.511 Mew 105.7 Mew 1.77F ey B4 Gew spin 0
= |1 1 1 = | = |22 1 | tl
e Ll T W e L T | ¢ 2
= lectron Pl A o 1': = wlectron rucn tau = ::

neutrinos have mass...
and this very probably implies new degrees of freedom
=>» Right-Handed, Almost «Sterile» (very small couplings) Neutrinos
completely unknown masses (meV to ZeV), nearly impossile to find.
.... but could perhaps explain all: DM, BAU,v-masses



Search for heavy neutral leptons

Baare 458 CeV Prae: 28—Au q—1536
DASD P-Aug—iged Scam f—Sap—1596
02:04:44 TantDET

searche*e 2> v N
N-> V('Y/Z)*é monojet

Find: one event
in 4x10°Z:

! t 7
; A ;
? % 20 g5
B -_7-7_""-—-, - P ,_‘.-‘ { > C::"' T + -
{ ; T " 3 £
‘. I‘ g .‘ 7 - e e
Fig. 3. Surviving event m the monojet search. It has an invariant mass of 300 MeV/c? and a missing p¢ of 6 GeV/e and is probably an e"e™ — e*e~ v ’/\S\f\}/'

interaction

g *
3 09 DELPHI Global eff.
=08 - - low mass (monajet)

E - high mass (acolinear jets)
0.7 E
E -

0.5
0.4
0.3
0.2
0.1

Tt | 1010

90 100 Fig. 4. Efficiency of the monojet search (Sect. 3) and
y (GeVic’) the acollinear jets search (Sect. 4). The full curve shows
" the efficiency of the two searches combined




Sterile Neutrino searches @ the Z pole |

Weak decay
Electromagnetic decay

ALEPH
DELPHI

DELPHI
TN U T WYV I Y W S T W N T 0 T T W O | R T 1

my*(GelV/e™)

DELPHI collaboration, Abreu et al. (1997)

» Search for Z — v N in Z—pole data at LEP.

» Null results = Upper limit on active-sterile neutrino mixing.
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(FEE)

Search for Sterile Neutrinos at FCC-ee

-

* Number of neutrino families from LEP Nv=2.984+0.008 N, ~ o(e*e~ — v¥y) / 20(e*e~ — wru-y)

* potential to improve to £0.001 using e+e—>Zy (not enough

statistics at LEP) A A
 Search for sterile neutrinos in Z decays: 0 NN = S N

Z — Nv;, with N — Wl or Z%v,

* Number of events depends on mixing between N and v, and my

arXiv:1411.5230 (Very) Displaced SV
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Lepton Flavour Universality

* In SM, couplings of leptons to gauge bosons do not depend on lepton
flavours

» Lepton Flavour Universality (LFU)
» Any observation of LFU violation = Unambiguous evidence of new physics!

+ Some hints of deviation from SM predictions in recently measured semi-
leptonic B-meson decays.

* B—KCI+I-, B—»D0lv
* R(D™), R(K™), Angular observable Ps’
« Experimental and theoretical uncertainties greatly suppressed by taking ratio

d d

W.Ootani, “Dipole Moments and Charged Lepton Flavour Violation”, 2017 ICFA Seminar, Nov. 6th-9th, 2017, Ottawa, Canada
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Lepton Flavour Universality Violation

T.Lesiak

R(D™)

- Test LFU at semi-leptonic decay B—D0)lv

B(B — DYrv)

(¥)) —
R(D™) = B(B — D®)(v)

- Experimental and theoretical uncertainty greatly
suppressed by taking ratio

* 4,10 deviation from SM in combination of R(D) and R(D*)

pt/rt

BaBar, PRL109,101802(2012) ' )
Belle, PRD92,072014(2015) Ay” = 1.0 contours
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015)
LHCb, FPCP2017 R(D)=0299(11) ENAL/MILC (2015)
) Average R(D*)=0252(3) S. Fajfer et al. (2012)

=== SM Predictions
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P{x)=7l.6l%—:

P |
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W.Ootani, “Dipole Moments and Charged Lepton Flavour Violation”, 2017 ICFA Seminar, Nov. 6th-9th, 2017, Ottawa, Canada

Flavour Physics@ FCCee Epiphany 2018 Jan. 2018




Lepton Flavour Universality Violation

R(K™) Bt | B ke
| J T B(BY — KOJ/(— ptpn)) [ OB(BY = KOJ[$(— eter))

* Test LFU at semi-leptonic decay B—KU)/+I-
» Very precise SM prediction in double ratio
* LHCb: 2.1-2.30 (2.4-2.50) deviation from SM in low (central) g2 (JHEP 08(2017)55)
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