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SM

Absence of Beyond the SM physics signals 1n data

The problems of the SM :  Flavour?
Neutrino masses?

Dark matter?
Higgs hierarchy?

reasons to believe there 1s more!
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Indirect observations, historically. ..
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LEP construction was
justified and motivated
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Higgs 1n the predicted range




Indirect measurements are essential!

[Future Circular Collider Conceptual Design Report Volume 2]
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SMEFT

Model independent parametrisation of the New Physics effects:

C;

LsmerT = Lsm + 550 + O(A™%)

Example @ the Z-pole: NL“C¢7¢¢ = 10°NLEP

¢/ e ~ 1072 ~ 0.003 X ¢

l l

or

AFCC—ee o 105/4ALEP ~ 18 X ALEP

(Neglecting theory and systematic errors)
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SMEFT

Operators that can be tested at FCC-ee:

h = V] h = vV

o) = (H'iD H)@Gr"q)
< Opp = (H'H)J(H'H)
O, = (¢'iDH)(Gr o,q) ’ M

One = (H'H)G, G" -
) — (1t T Aok o Oy = (H'H) [ (H'H) [ j
0P = (¢ iDiH)(Ly o ,0)

o Oy = (H'H)B, B"
Oy, = (H'iD H)(ity"u)

" On=H 'H )(QLI:IMR)
_ @HWB — (H GaH)WClyB//tI/ — T —

Ona = (H'iD H)(dy"d) g O = (H'H)(q, Hdy)

Oy, = (H'iD H)(@r"e)

Oup = |H'iD,H |

— avyx7bpyxcu
Osw = €W, W, W,

abc
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SMEFT

Operators that can be tested at FCC-ee:

=aZi (h— vV

Oy, = (H'iD H)(gr"q)

O =HH[](H'H)
@<3> — (i D“H)(qy” - q) g M

One = (H'H)G, G"
@“) — (H'iD HErHE) @HG_ ; ’ ) Oy = (H'H) O (H'H) [VVprod.J
mw = (HIHOW, W H'H)(Z,H
@@) = (¢1iDH)(Zy"o,£) Ocn = (H'H)( Heg)

O.n=(H H)B.  B"
= (HTZD H)(u}/”u) i = ) * Oun = (H H)(C]LHMR)
Opws = H' o, FOWLB™ | | 6 _ (H'E) G, Hd,)
@Hd (H' iD H)(dy”d) | , aH LR
Opp = |H'iD,H|
= (HTZD H)(e;/”e)

X \

Impact z-physics and EW precision observables

— avyx7bpyxcu
@3W — each,u WI/ Wp
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7 - physics (@ FCC-ee

N, = 10" implies 1.3 X 10'' Z — 777~ decays

Observable Present FCC-ee FCC-ee
value & error stat. syst.
(BESHI] my (MeV) 1776.86 +=0.12  0.004 0.1

(Ler]  B(r —evv) (%)  17.82 £0.05  0.0001  0.003
(Ler)  B(t — pov) (%) 17.39 £ 0.05  0.0001  0.003
(Bete) Ty (£8) 290.3 + 0.5  0.001 0.04

[Tau-lepton Physics at the FCC-ee, Mogens Dam]

1. Tests of lepton flavour universality in 7 - decays

2. Tests of charged lepton flavour violation 1n 7 - decays
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1. Tests of LFU 1n 7 - decays

[Precision Tau Physics, Antonio Pich]

:[‘7__),"’/1"7__>e § 17.90 [Tau-lepton Physics at the FCC-ee, Mogens Dam]

[LEP] |G,/ ge| 1.0018 (14) § Today (2025
%’ 17.85 —

Pre/Tusse =
[LEP]  |Gr/ G| 1.0011 (15) 17-80~

Frspu/T e 17.75 —
[LEP]  |Gr/Ge! 1.0030 (15) o

FCC-ee expected to go below 10741 I’Lnerp=t(ir7]7%r-]€|3\éef§.|;tzy I:/Ivg\r;

QED corrections known to O(a?) < 107 17'652_89 290 291

T lifetime [fs]
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Example: B-anomalies < LFUV 1n 7 decays

A quick review:

e 7/puand v/ e ~ 30 deviation ° /e ~ 4o deviation
mb — CTL Charged current inb — s f f neutral current
S
c W
5 b_
\ " g + +
- e
y 1132 :
7 7,\ 0 /M / e
e Treelevel In SM * Loop level in SM
Combined explanation ingredients
1. Approximate U(2)° flavour symmetry 2. Uy ~ (3,1),3 vector leptoquark
[R. Barbieri, G. Isidori, J. Jones-Perez, P. Lodone [D. Buttazzo, A. Greljo, G. Isidori and
and D. M. Straub, arXiv:1105.2296] D. Marzocca, arXiv:1706.07808]
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Example: B-anomalies < LFUV 1n 7 decays

[02)]@5@' = (03vL0) (@ " q),)

3 Yo’ — '
[Oéq)]aﬁij = (030", l0) (@0 v q)

[F. Feruglio, P. Paradisi, A. Pattori arXiv: 1606.00524]
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EFT for 7 decays

LEFT SMEFT

Nudzeim Selimovic

Anp

LIEFT =

2
> (L (uWéf) (] 7"el)

U

Rﬁa —

F(é@ — Eauﬂ)

afBLo

Deviation parametrised by:

=1+ 6Rgo ~ 1+ 2Re[L):F]

FSM (65 — ga I/ﬂ)
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EFT for 7 decays

| LEFT SMEFT UV) >

M+ b T ANP

VT 33" afi] I
LSMEFT = 2 _Céq)_ (ga%ﬂ 56) (C] W“U q )
LEFT - SMEFT matching (tree-level):
V,LLyaBBa  — _9 Z 0(3) ( ) ytzN NP (3)
[L’/é NP—LL J vy M) = 8772 Jy~33
y=a,8 gete! [3

Nudzeim Selimovic
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W, W2 _
97 /9 | =

Nudzeim Selimovic

(1t — evp) [Tsm(T — evp)
['(p — evv) [Tsm(p — evv)
1.008 -~
FCC-ee
1.006
~ 1.004 -
% (1t —e)/T'(u—e)
~ 1.002 4
=
-
— SM
1.000
0.998 4 LL result
0.996 -~
1.0 115 210 215 310 315 4.0
ANP | TeV ]

—1

_ 1 4 2Re[LVH

NP
UTT L

SM

4 LL result

1.5 2.0

29 3.0 3.5

Anp[TeV]

1.0

4.0

[LFU violations in leptonic T decays and B-physics anomalies,
Lukas Allwicher, Gino Isidori, NS]
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W, W2 _—
|g7' /gu | o
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(1t — evp) [Tsm(T — evp)
['(p — evv) [Tsm(p — evv)
1.008 -~
FCC-ee
1.006
~ 1.004 -
% (1t —e)/T'(u—e)
~ 1.002 4
=
-
— SM
1.000
0.998 4 LL result
0.996 -~
1.0 115 210 215 310 315 4.0
ANP | TeV ]

—1

| 2

_ 1 4 2Re[LVH

NP
UTT L

=
D
\_
=
DN
— |SM
4 LL result
1.0 15 20 25 3.0 3.5
Anp[TeV]

Full model computations are important!
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[L. Di Luzio, A. Greljo and M. Nardecchia, arXiv: 1708.08450]
[L. Di Luzio, J. Fuentes-Martin, A. Greljo, M. Nardecchia, S. Renner, arXiv: 1808.00942]

EX am le y 4 3 2 1 MO del S [M. Bordone, C. Cornella, J. Fuentes-Martin, G. Isidori, arXiv: 1712.01368, 1805.09328]
p ° [H. Georgi, Y. Nakai, arXiv: 1606.05865] [J. Fuentes-Martin, P. Stangl, arXiv: 2004.11376]

[D. Guadagnoli, M. Reboud, P. Stangl, arXiv: 2005.10117] ...

SU4); X SUB3) ., X SU2), X U(1)

8 83
Field SU(4) SU(3) SU(2), U(1),
wr=( )T 4 1 2 0
Wr=@iv)’ 4 1 1 1/2
Wep=(d3 e 4 1 1 —1/2
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[L. Di Luzio, A. Greljo and M. Nardecchia, arXiv: 1708.08450]
[L. Di Luzio, J. Fuentes-Martin, A. Greljo, M. Nardecchia, S. Renner, arXiv: 1808.00942]

EX am 16 y 4 3 2 1 MO del S [M. Bordone, C. Cornella, J. Fuentes-Martin, G. Isidori, arXiv: 1712.01368, 1805.09328]
p ° [H. Georgi, Y. Nakai, arXiv: 1606.05865] [J. Fuentes-Martin, P. Stangl, arXiv: 2004.11376]

[D. Guadagnoli, M. Reboud, P. Stangl, arXiv: 2005.10117] ...

SU4); X SUB) .5 X SU2), X U(1)
84 83

Field SU(4) SU(3) SU(2), U(1)y
Wr=(q ) 1 2 0
W= 3 )T 1 1 1/2
Wr=(d}e))’ 1 1 — L%

N =T Y N N N

i =1,2
U(2) : Ist ingredient
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[L. Di Luzio, A. Greljo and M. Nardecchia, arXiv: 1708.08450]
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SU4); X SUB) .5 X SU2), X U(1)
84 83

<Q > <Q;> >(+G’,Z,;)

U, LQ: 2nd ingredient
SU3). x SU?2), x U(1)y

Field SU(4) SU(3)’ SU(Z)L U(l)X
Wr=(q ) 1 2 0
Wr=(ds ed)T 1 1 —1/2

N =T Y N N N

i =1,2

U(2) : Ist ingredient

Q; 4 3 0 1/6
Q, 4 1 | ~1/2
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[L. Di Luzio, A. Greljo and M. Nardecchia, arXiv: 1708.08450]
[L. Di Luzio, J. Fuentes-Martin, A. Greljo, M. Nardecchia, S. Renner, arXiv: 1808.00942]

EX am 16 y 4 3 2 1 MO del S [M. Bordone, C. Cornella, J. Fuentes-Martin, G. Isidori, arXiv: 1712.01368, 1805.09328]
p ° [H. Georgi, Y. Nakai, arXiv: 1606.05865] [J. Fuentes-Martin, P. Stangl, arXiv: 2004.11376]

[D. Guadagnoli, M. Reboud, P. Stangl, arXiv: 2005.10117] ...

SU4); X SUB3) 145 X SU2), X U(1)

8 83
<Q > <Q> >(+G’,Z,;) | | s |
U\ LO: 2nd ingredient + Vector-like fermions: U(2)” breaking
SUQR). X SUR), X U(l)y Field SU4)  SU@B)Y  SU2), U(l),
- / Xr= Ly 4 1 2 0
Field SU(4) SU(3) SU(2), U(1)y a4 " ” ”
W = (qL3 fL3 3 4 1 2 0
Wr=wiu’ 4 1 1 1/2
Wr= e 4 1 1 Sy 2 c] s 7 RN
1
1 u/v ! .v’%i
1 T
1 Q ® (O_,,) 61 @ (Q&> Q
. | | = .1,2
UQ2) : Ist ingredient Lo MqQRq% 1 MELRKQL
Q, 4 3 | 1/6
Q, 4 1 | ~1/2
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4321 - SMEFT matching (@ 1-loop

Contribution to C&) = (¢5(0)2(0)H*(q)H*(—q))

of N Bl
0| = ((o,0"0%) (H'iDF o 1) 05| = (90" %) (790" )
(3) / / 0 ¢
ng
4 4 l l 4 | U 1 | Ui 1
AVAVAVAVAVA
\// ) NG
R _|_ S - wA' ‘wB _|_ wA B = q Q
H HT l:I [;rT u?;z d:}{
(3) H T H i
CH€ H H
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—1

=1+ 2Re[LVELNP  _ oRe[LV-LLNP

| W/ W|2 _ [(r — evp) [Tsm(T — evv)
9r /9 ['(p — evv) [Tsm(p — evv)

WTT L efLiLe
FCC-ee
1.007541 KFCC-ee
2 0

1.0050 -
N 10025 b N LT T )|
E = E QO

= >

= SM = [sMm
= . 1.0000 =
= . Sy

0.9975 - -

. V557 wdda / % -:4321 f0d /%

S S S
0.9925 // ///
0.1 0.2 0.3 0.4 05 0.1 0.2 0.3 0.4 0.5
LQ LQ

[LFU violations in leptonic t decays and B-physics anomalies,
Lukas Allwicher, Gino Isidori, NS]
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2. Tests of cLFV 1n 7 - decays

Decay  Present bound FCC-ee sensitivity

T — WY 4.4 x 1078 2 x 1077
T—3u  21x107° 10~19

Example: Type—I Sseesaw (Symmetry protected) [Comprehensive Analysis of Charged Lepton Flavour Violation in the Symmetry Protected Type-1 Seesaw,
Andreas Crivellin, Fiona Kirk, Claudio Andrea Manzari]

Mp = 10° GeV
Mg = 10* GeV
Mpgp = 10° GeV
Belle, 90%CL

HL — LHC

Belle — II, 90%CL

---- Belle, 90%CL
-=-==- Belle II

| |ooe

1 L |

TR T
Br(t — 3u)
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2. Tests of cLFV 1n 7 - decays

Decay  Present bound FCC-ee sensitivity
T—uy  4.4x1078 2 x 1079
T3  21x107° 10~19

[Comprehensive Analysis of Charged Lepton Flavour Violation in the Symmetry Protected Type-1 Seesaw,
Andreas Crivellin, Fiona Kirk, Claudio Andrea Manzari]

Example: Type-I seesaw (symmetry protected)

1 _

Y O3xz Y
vTlLyr M
V2 R

,U2 v —1I~xvT __

my, = —EY MR Y =0
,02
mNR:MR‘I'O(—Z)
mp

1 L |

N
Br(t — 3u)

o

o

o

| |ooe

= 10° GeV
= 10* GeV
= 103 GeV

Belle, 90%CL

HL
Be!

Be)
Be)

— LHC

le — II, 90%CL
le, 90%CL

le 11

FCC-ee

Nudzeim Selimovic
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/. LFV couplings

Decay  Present bound FCC-ee sensitivity

7 — ue  0.75 x 107 10-19-10-8
7 — Tu 12 x 1076 10~
7 — Te 9.8 x 1076 10~

Exam le: T e_I seesaw (svmmet rotected [Comprehensive Analysis of Charged Lepton Flavour Violation in the Symmetry Protected Type-I Seesaw,
p P ( Y yPp ) Andreas Crivellin, Fiona Kirk, Claudio Andrea Manzari]

—7
10 1

_ l —  ATC C r v i _ ______ 4 -\l — 10°
£ = = (0, Ni) M, (vf Np) j TEEREESE d=szzzssozzszozzzzzoas Eozozozooas ® Mp=10°GeV
105 e ® Mg=10"GeV
v 1 ~~ ) v '.-"':'5" - 3 113
O3><3 EY g: 10_9 3 . :,.7' g :t. . ‘ Mg =10 GeV
- : RPX 2 BT P RCATIL .
M,=1\ v v _10] oo AR JEIPE 1 I RIS RN | — ATLAS, 95%CL
Y MR 10 0 RRARITY- 4 IRET 3 SERT X KR T S
V2 & s T, PR Ty P Y SRR e — FCC — ee
—11 Fadag®e 0y e 355 T Sl wt e s Y
v 1vvT ﬁE 10 o < ,. 3T T ey 'L'-.. e '*:'??“.‘%::: - —— CEPC
_ Y ), — v — .f{'. ¢ 28 ¢ " .-....,.‘.".,:o..'."',- AT PR :.:’3’:.:;-';:. ~e
My, = =5 ¥ Mp ¥ =0 10-12 PEAF e fhenny SRl -==- Belle, 90%CL
RIS i SRS (gl . 3 SO g e R
13 Paiiet i Sae S s 8 S -—=- Bellell
2 10 ;::'f".'.; S oo 1.“.._ &’.\ -.:\?,dﬂ:",!. ..-,;?:.. :"

Vi o (V) o AR A YT
’\’ — !t — - v"m " -4‘ ) 'o?“&’ o."‘v (L
m + lll l' llllll' 1] L] lllllll L ] L] 1] llllll 1 1 1 llllll L] 1 LI
B (m%) 10-1° 10 10°® 1077 10°% 107°® 10°*

Br(Z — pu*77)

Nudzeim Selimovic LFUT tests & EWPO @ FCC-ee



2. Tests of cLFV 1n 7 - decays

Decay  Present bound FCC-ee sensitivity

7 — pe  0.75 x 1076 10-10—-10-8
7 — TU 12 x 10~ 10~
7 — Te 9.8 x 1076 10~

Exam le: T e_I seesaw (svmmet rotected [Comprehensive Analysis of Charged Lepton Flavour Violation in the Symmetry Protected Type-I Seesaw,
p P ( Y yPp ) Andreas Crivellin, Fiona Kirk, Claudio Andrea Manzari]

o Mp = 10° GeV
® Mgp=10*GeV
‘ MR — :.03 GeV

O3x3 Y
M, = oy Vi ATLAS, 95%CL
V2 R —— FCC — ee
)2 - —— CEPC
my,, = —7Y”M§ Y =0 -=-=- Belle, 90%CL
-=== Belle II
,02
myy, = Mr + O(—) FCC-ee
my
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Electroweak physics (@ FCC-ee

[Future Circular Collider Conceptual
Design Report Volume 1]

Nudzeim Selimovic

Observable Present value =+ error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error

my (keV/c?) 91,186,700 + 2200 5 100 From Z line shape scan Beam
energy calibration

['z (keV) 2,495,200 + 2300 8 100 From Z line shape scan beam
energy calibration

RZ (x107) 20,767 + 25 0.06 0.2-1 Ratio of hadrons to leptons
acceptance for leptons

as (mz) (x10%) 1196 + 30 0.1 0.4-1.6 From Rf above

Ry (x 106) 216,290 £ 660 0.3 < 60 Ratio of bb to hadrons stat.
extrapol. from SLD

ol?ad (x 1(}3) (nb) 41,541 + 37 0.1 4 Peak hadronic cross-section
luminosity measurement

N, (x10%) 2991 £7 0.005 1 Z peak cross sections Luminosity
measurement

sin268T (x10%) 231,480 = 160 3 2-5 From A at Z peak Beam energy
calibration

1/agep (mz) (x 10%) 128,952 =14 Small From A“Fg off peak

A?:‘g (x10%) 992 £ 16 0.02 1-3 b-quark asymmetry at Z pole from
jet charge

Ag%l‘r (x10%) 1498 + 49 0.15 <2 T Polarisation and charge
asymmetry T decay physics

my (MeV/c?) 80,350+ 15 0.5 0.3 From WW threshold scan Beam
energy calibration

I'w (MeV) 2085 +42 1.2 0.3 From WW threshold scan beam
energy calibration

as (my) (x10%) 1170 + 420 3 Small From R}

N, (x10° ) 2920 £+ 50 0.8 Small Ratio of invis. to leptonic in
radiative Z returns

Myop (MeV/c?) 172,740 = 500 17 Small From tt threshold scan QCD errors
dominate

[op (MeV) 1410 = 190 45 Small From tt threshold scan QCD errors
dominate

Mop/ )L?Ol}f 1.2+0.3 0.1 Small From tt threshold scan QCD errors
dominate

ttZ couplings +30% 0.5-1.5% Small From Ecm = 365 GeV run

LFUT tests & EWPO @ FCC-ee



Electroweak physics (@ FCC-ee

[Future Circular Collider Conceptual
Design Report Volume 1]

Nudzeim Selimovic

Observable Present value =+ error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error

my (keV/c?) 91,186,700 £ 2200 5 100 From Z line shape scan Beam
energy calibration

['z (keV) 2,495,200 + 2300 8 100 From Z line shape scan beam
energy calibration

RZ (x107) 20,767 + 25 0.06 0.2-1 Ratio of hadrons to leptons
acceptance for leptons

as (mz) (x10%) 1196 + 30 0.1 0.4-1.6 From RLZ above

Ry (x 106) 216,290 £ 660 0.3 < 60 Ratio of bb to hadrons stat.
extrapol. from SLD

o'? od (x 1(}3) (nb) 41,541 + 37 0.1 4 Peak hadronic cross-section
luminosity measurement

N, (x10?) 2991 +£7 0.005 1 Z peak cross sections Luminosity
measurement

sin268T (x10%) 231,480 = 160 3 2-5 From A at Z peak Beam energy
calibration

1/agep (mz) (x 10%) 128,952 =14 4 Small From A“Fg off peak

At;-‘g (x10%) 992 £ 16 0.02 1-3 b-quark asymmetry at Z pole from
jet charge

Af;%l’t (x10%) 1498 + 49 0.15 <2 T Polarisation and charge
asymmetry T decay physics

my (MeV/c?) 80,350+ 15 0.5 0.3 From WW threshold scan Beam
energy calibration

I'w (MeV) 2085 +42 1.2 0.3 From WW threshold scan beam
energy calibration

as (my) (x10%) 1170 + 420 3 Small From R}

N, (x10° ) 2920 £+ 50 0.8 Small Ratio of invis. to leptonic in
radiative Z returns

Myop (MeV/c?) 172,740 = 500 17 Small From tt threshold scan QCD errors
dominate

[op (MeV) 1410 £ 190 45 Small From tt threshold scan QCD errors
dominate

Mop/ )L;golg 1.2+0.3 0.1 Small From tt threshold scan QCD errors
dominate

ttZ couplings + 30% 0.5-1.5% Small From Ecpm = 365 GeV run
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Electroweak physics (@ FCC-ee

. i Observable Present value =+ error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error
[Future Circular Collider Conceptual
Design Report Volume ]] my (keV/c?) 91,186,700 £ 2200 5 100 From Z line shape scan Beam

energy calibration

['z (keV) 2,495,200 + 2300 8 100 From Z line shape scan beam
energy calibration

RZ (x107) 20,767 + 25 0.06 0.2-1 Ratio of hadrons to leptons
acceptance for leptons

as (mz) (x10%) 1196 + 30 0.1 0.4-1.6 From RLZ above

Ry (x 106) 216,290 £ 660 0.3 < 60 Ratio of bb to hadrons stat.
extrapol. from SLD

o'? od (x 1(}3) (nb) 41,541 + 37 0.1 4 Peak hadronic cross-section

Great theory effort needed to

my (MeV/c?) 80,350+ 15 0.5 0.3 From WW threshold scan Beam
energy calibration

I'w (MeV) 2085 +42 1.2 0.3 From WW threshold scan beam
energy calibration

o (my) (x10%) 1170 + 420 3 Small From R}

N, (x10° ) 2920 £+ 50 0.8 Small Ratio of invis. to leptonic in
radiative Z returns

Myop (MeV/c?) 172,740 = 500 17 Small From tt threshold scan QCD errors
dominate

[op (MeV) 1410 = 190 45 Small From tt threshold scan QCD errors
dominate

Mop/ )L;golg 1.2+0.3 0.1 Small From tt threshold scan QCD errors
dominate

ttZ couplings + 30% 0.5-1.5% Small From Ecpm = 365 GeV run
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Electroweak physics (@ FCC-ee

[Standard Model Theory for the FCC-ee Tera-Z stage,
Report on the Mini Workshop: Precision EW and QCD Calculations for the FCC Studies: Methods and Tools]

Example: Z width

Observable Present FCC-ee FCC-ee Source and
value + error (statistical) (systematic) dominant experimental error
['7 (keV) 2495200 + 2300 8 100 Z line shape scan
0.1 MeV Beam energy calibration

Current status:

['; (MeV) ['y
O(a) 60.22
O(aay) 9.11
O(aca?, ara, alag, op)  1.20
O(NZa?) 5.13
[Complete electroweak two-loop corrections to Z boson @, (N foQ) 3.04
production and decay, . O (&% OS) 051

[. Dubovyk et al., Phys. Lett. B783 (2018) 86]
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Electroweak physics (@ FCC-ee

[Standard Model Theory for the FCC-ee Tera-Z stage,
Report on the Mini Workshop: Precision EW and QCD Calculations for the FCC Studies: Methods and Tools]

Example: Z width

Observable Present FCC-ee FCC-ee Source and
value + error (statistical) (systematic) dominant experimental error
['7 (keV) 2495200 + 2300 8 100 Z line shape scan
0.1 MeV Beam energy calibration

Current status:

['; (MeV) ['y
O(a) 60.22
O(aay) 9.11
O(aca?, ara, alag, op)  1.20
O(NZa?) 5.13
[Complete electroweak two-loop corrections to Z boson @, (N foQ) 3.04
production and decay, . O (&% OS) 051

[. Dubovyk et al., Phys. Lett. B783 (2018) 86]

Compare with ol ', = 2.3 MeV

Nudzeim Selimovic LFUT tests & EWPO @ FCC-ee



Electroweak physics (@ FCC-ee

[Standard Model Theory for the FCC-ee Tera-Z stage,
Report on the Mini Workshop: Precision EW and QCD Calculations for the FCC Studies: Methods and Tools]

Example: Z width

Observable Present FCC-ee FCC-ee Source and
value + error (statistical) (systematic) dominant experimental error
['7 (keV) 2495200 + 2300 8 100 Z line shape scan
0.1 MeV Beam energy calibration

Theory error estimates:

51 52 53 54 55 ()FZ (MeV)
O(a?) O(aay) Olaa?) Olaa?) O(ai,)) \/ S0 62
THI (estimated error limits from geometric series of perturbation)
0.26 0.3 0.23 0.035 0.1 0.5 . : :
. - . . Missing 3-loop contributions
TH1-new (estimated error limits from geometric series of perturbation)
| —4 - : :
0.2 0.21 0.23 003 <100 Missing 4-loop contributions
O(NF'a?) O(aiay) O(OPQQ) O(aa?) = /O + 62 + 68 + 52
TH2 (extrapolation through prefactor scaling)
0.04 0.1 0.1 0.035 10~4 0.15
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Electroweak physics (@ FCC-ee

10 operators modifying EWPOs:

(1) gt LN Ak
0., = H"ID H)(gr'q) Ly

@(3) = ((/WD“H )(grfo.q)
0% = (H' iD H)(Cr'e)
09 = (¢"i D“H \Crho,l)

O = (H'iD H)(ity"u)
<> —

Opq = (H'iD H)(dy"d)
<>

Oy = (H'iD H)(ey"e)

Oyp = |H'iD,H |

Opp = (¢ LV,/ L)(Z e

Nudzeim Selimovic

Neutral current couplings modifications:

e
(149
SWCW gZ {

Z ¢ v ( 5’&3 + 591;23) PL¢]+ z w v (g¢5zj + 59}%@') PR@bj

Y=u,d,e
Sg7t || — v (Cgé CS’;) + 309z + 3 (Osiy — siy095)
5o | (Ch) +C2) — Yoz — & (93 — )
097" — e (Cil — il ) + 3992
o7 || —r (Chrl + c},}) — 3092 — (s — sty d97)
5g2u — 2 Chu + 5 (3%, — 53,69,)
0g5” —22Cra — % (553 — sty 09,)
0gh° —22Crie — (083, — s3,09,)

07 —X—Q (5U T lCHD)

0V Cirl — 3Cu
0s%, v c%VWfZ%V 2sy ey (00 + 5Chp) + Crws]
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Electroweak physics (@ FCC-ee

Leptonic Z-coupling modifications:

000a CJFCC  68%, 95% prob 0004 - I FCC 68%, 95% prob 0.004 . [1FCC.~68%, 95% prob
- | _iCurrent - "i__iCurrent | b Current “
0.002 - 0.002 — 0.002 ;
5g Re O Y @ o) gR:“ Of @ ) 8g O Q
_0.002- e -0.002 - -0.002 -
—0.004 - Zee -0.004 _— Zup -0.004 _|[IE§ s ,,—"'121:1:
| | | | | | | | | | | | | I | | | I | I l I L : l l‘\\l : l ;‘\ l : I : l : I : “‘ i | | 1 | l\\-}\ | | | I | ln;\-‘l | | | I |
-0.004 -0.002 0  0.002 0.004 -0.004 -0.002 0  0.002 0.004 -0.004 -0.002 0  0.002 0.004
Ze Zu /7
5gL 5gL 5gL
687l < 25107 (2.5 % 1077) 5g#| < 2.5% 107 68771 < 4x 107" (4 x 1075
5g%¢] < 3x 107 (3 x 107%) 5g2¢| < 4% 107 5g%7| < 5.5x107* (5.5 x 107%)

[11th FCC-ee workshop: Theory and Experiments CERN, Jan 9, 2019,
Jorge de Blas]
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0.1

5g§“ 0

-0.1

Electroweak physics (@ FCC-ee

Up-type Z-coupling modifications:

i FCC 68%. 95% prob
i IEEiml Zuu
1 1 l 1 1 1 1 l 1 1 1 1 I 1
-0.1 0 0.1

Zu
087
5gi"| < 1.5x 1072

5g&"| < 3x107*

Nudzeim Selimovic

LFUT tests & EWPO @ FCC-ee

0.1

......

FCC

68%. 95% prob

Zcce
l | | | | l

oZ 0.1
C
5gL

< 6X1077 (2.5x107%)
< 3%x1072 (9% 1072

[11th FCC-ee workshop: Theory and Experiments CERN, Jan 9, 2019,

0.1

Zt

-0.1

[ Fcc 68%. 95% prob
jHEPI Zit
[T T R T | 1
-0.1 0.1

0
7t
4
SgF'| < 4x 1072
8¢5 < 9x 1072

Jorge de Blas]
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Electroweak physics (@ FCC-ee

0.4

0.2

- I Fee 68%. 95% prob
AHERP Zdd
02 o ooz
5gLZd
5gFl| < 1.5x 1072
5gFe| < 1.5x 107!

Down-type Z-coupling modifications:

0.4

0.2

- | FcC

8%. 95% prob

HeP® Zss
! | I ! 1 ! | I
-0.02 0 0.02
Z
0g7"
5gFt| < 2.5x 1072
5gF°| < 3.5%x 107!

0.4
0 0
i - FCC 68%, 95% prob
i _iCurrent .
0.2
Zb
-0.2
§HEPM Zbb
_0.4 1 | 1 | 1 | | 1 1 | 1
-0.02 0 0.02
Zb
5gL
5gF% < 2x 1072 (1 x 107%)
5g5°| < 6x107* (2.5 x 1071

[11th FCC-ee workshop: Theory and Experiments CERN, Jan 9, 2019,

Jorge de Blas]

Nudzeim Selimovic
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Example: B-anomalies «& Z — 1nvisibles

05 )ais = (57,00) (@5 7" a),)

[Oéz)]aﬁw — (ELU 7u€5)( Lo ”7 qL)

Uy Js

Z Changing the effective number of LH neutrinos: N,fff

[F. Feruglio, P. Paradisi, A. Pattori arXiv: 1606.00524]
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Example: B-anomalies «& Z — 1nvisibles

2

v (1) ~ 1(3) 2
wm 2N A%Ip . 092 (1) = =5 {[Cilee(ts) = [CPNee() } o7 y
Chilas = F {62 > (Ceg Lapas v? () 3) zsv| =V —2
59& (1) = D) {[CHe]M (1) [CHe]eé(M)} v+ Nt
10004 =M 1.000 -
LL result /// L(S//{/
0.995 - 09959 L7074 ///////
S
eff eff
(\Il 0.990 - (NV 2)e><p (\ll 0.990 - N 2
= FCC-ee = FCC-ee
V' Y
0.980 -~ 0.980 A1
0.975 - 0.975 1__ . . . : : : : :
110 115 2?0 2{5 3{0 3?5 4?0 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
ANp xQ

[LFU violations in leptonic T decays and B-physics anomalies,
Lukas Allwicher, Gino Isidori, NS]
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Example: Inverse seesaw mechanism

SU4); X SUB3),,, X SU2), X U(1)

Field SU(4) SU(3) SU(2), U(l)y
W= )" 4 1 2 0
Wr=wiv)" 4 1 1 1/2
Wr=(d; ep)" £ 1 1 —1/2

predicting m, >~ m,,
Inverse seesaw mechanism:
cc N1 g+ 1 CC
— mp ~ Ap{2) £
- m, ~ Y7 (H)p ! my
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Example: Inverse seesaw mechanism

SU4), X SUB3), ., X SUQ2), x U(1Y’ (1) 3) YEIT g o
3 1+2 L [C ]33 — — [C ]33 — N
HY H? 412 . N
R N ~
Field SU(4) SU(3) SU(2), U(1), mp 1s tied to the TeV scale {
wi=( ey 4 1 2 0 — FCC-ee opportunity
Wr=wiv)" 4 1 1 1/2 K
Wr=(d; ep)" £ 1 1 —1/2
_ . 1.005 -
P = — YH ‘PLH \P}g 4391 modeh=tvg
.o 1.000 =Ll
predicting m, ~ m,
4 LL result
Inverse seesaw mechanism: ay 099"
P = y| Svc QT \Ij+ 1 Svc q a.J 0.990 - (NE" = Dexp
—  RYR*"=% R"‘Eﬂ R°R “@Za FCC-ee
0.985 - /
—> mR d /1R<Q1> + | e
v 0.980 -
0.975 - | | | | |
[WIP, Lukas Allwicher, Gino Isidori, Javier Lizana, Ben Stefanek, NS] 0.6 0.8 1.0 1.2 1.4
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Example: Vector-like Quarks

[Large t—cZ as a sign of vectorlike quarks in light of the W mass,
Andreas Crivellin, Matthew Kirk, Teppei Kitahara, Federico Mescia]

v d q HU D Q; Qs Qf T T
SUB)c13 3 3 1(3 3 3 3 3 3 3
suU2,/1 1 2 2|1 1 2 2 2 3 3
Ul)y |¥ —Y3 Y6 Y2|%s —Y3 Y6 —% /6 —/3 %3

0, Q7

D
X | X X
v | X X
X Vv v
X |V X

UIXX (NS~

XI\X XX ©

%
A XXX

X

vV | X
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Conclusions

» FCC-ee will provide unrivalled test of the SM: 1 LEP / min

e 1-2 orders of magnitude improvement 1in precision across
multitude of observables

* Theory effort needed to match great statistics:

- computing higher order corrections
- looking for new “clean” observables
- doing NP sensitivity studies
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THANK YOU!
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