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Particle Physics @2025

No direct signs of New Physics at LHC after Higgs boson discovery

However, we have a strong theoretical bias for expecting NP around TeV
(Naturalness, flavour anomalies, ...)

Can we anticipate and guide possible future direct discoveries”
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1. Introduction

FCC-ee

~ 90 km circumference e Te "collider (start ~ 2045)

Mature and solid proposa
ot of effort and studies into feasibility

Paves the way to & 100 TeV FCC-hh collider

Working point Z, pole WW thresh. ZH tt

Vs (GeV) 88,91, 94 157, 163 240 340-350 365
FSR Lumi/IP (1034 cm—2s~1) 140 20 7.5 1.8 1.4

Lumi/year (ab—1) 68 9.6 3.6 0.83 0.67
2025 Run time (year) 4 2 3 1 4

Integrated lumi. (ab™?) 205 19.2 10.8 0.42 2.70

2.2 x 10° ZH 2 x 10° tt
Number of events 6 x 10127 2.4 x10° WW + + 370k ZH

65k WW — H +92k WW — H

~ 10° more than LEP!
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1. Introduction

BSM at Tera-/

Tera-Z offers incredible indirect BSM opportunities

& ~ 1()_6 (stat. limit)
07
00, g%véw
0, A2 A ~ O(100) TeV Tree-level
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1-loop
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2. Observables and BSM from EFT viewpoint

FSR 2025,

Sources of unce
- real observables, experimental (*

=W

D

Observables: Z, W pole at FCC-ee

°G 2025
tainty:

- conversion exp.

— EW pseudo-observables (“TH-
- SM theory prediction (“TH”)

We developed three benchmarks:
® S1: theory limited, conservative

® S2: theory limited, aggressive

® S3: exp. only

Greljo, Stefanek, Valenti (2025)

=XP”)

PO

Scenario S1

Scenario S2

Scenario S3

Observable| TH PO+TH agg.+EXP (107°) | TH agg.+EXP (10~ °) |[EXP Only (10~°)
Iz 1.55 0.820 0.510
Ohad 4.33 2.06 1.93
R, 2.21 1.05 0.410
R, 2.20 1.02 0.330
R, 2.20 1.03 0.350
Ry 20.1 1.63 0.180
R, 100 1.19 0.260
A%p 126 25.7 25.2
AL 125 21.1 20.6
ALp 126 23.3 22.8
Abo 87.8 6.42 5.50
ASp 89.1 10.2 9.62
Asp 88.2 10.7 10.2
sin® Oy 6.87 0.780 0.730
A, 87.9 9.78 9.20
A, 90.1 22.1 21.8
Ar 90.5 23.4 23.2
Ay 11.7 10.5 10.5
A, 16.9 9.00 8.99
A, 14.2 13.2 13.2
My 0.490 0.320 0.300
T'w 16.1 16.1 16.1
Conservatve =~ —  Aggressive
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2. Observables and BSM from EFT viewpoint

Observables: Z, W pole at FCC-ee

FSR 2025, EW PPO 2025

We developed three benchmarks:
® S1: theory limited, conservative
® S2: theory limited, aggressive

® S3: exp. only

Greljo, Stefanek, Valenti (2025)
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2. Observables and BSM from EFT viewpoint

Observables: Z, W pole at FCC-ee

S1 to S3 impact on BSM can vary significantly!

Examples
Higgs-bottom current operators (R,) b
(—) _
EW&I‘S&W D [CHd]BS(HT DuH) (d37ud3) Z M\’<
<= <—~>
+[Cy )33 (H' D W H) (@37 a3) + [Chyolss(HY D LH) (@377 g3) b
b V2 (1) (3) b V2 *
8L =~ ([CHQ]% t+ [CHQ]%)» 08g = = 7 1Cral3 S1 S3
AHd 33 7(18)TeV| 74 TeV
AR, _(1-R )2&5& + 28r08g :> ’ (18)
R, b g2 + g2 AHq(l,B),33 16 (40) TeV | 173 TeV

*leading bound in bracket from 1",
11



2. Observables and BSM from EFT viewpoint

Observables: Z, W pole at FCC-ee

S1 to S3 impact on BSM can vary significantly!
Examples

S, [ parameters
~ FCC-ee projection (95%CL)

V\A/O\N\/\ HVV(p2)~f+p2§+p4VAV,IA/+... 1

o

T > > X 0
t t X

ESILHDW(H DMH)(H D'U“H) F )
S , > L. > . —1r

i (i/(H"'D ,H)0, B* + ig(H''D L H)o, W' ) | S

—2F —— 7, W pole S1

S1: 5,7 = {242,129} x 107>, p = 0.856 S S

S3: 5,7 = {1.71,0.63} x 107>, p = 0.885 Grelio, Stefanek, AV (2025) S % 10°
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2. Observables and BSM from EFT viewpoint

Observables: Z, W pole at FCC-ee
More systematically: U(2)°> SMEFT

H% and H*D?
Qu (HH)? (LL)(LL) (RR)(RR) (LL)(RR)
Quo | (H'H)O(H'H) R N
oy, (e’Y,u ) (£y*€)pprr Qee (evue)(ev"e)pprr Qe (yul)(ev*e)pprr
Qup | |H'D,HP . o _
i | (@)@ Qmr | Quu | @) @rwmr | Q| (Eruf) (@ wpprr
Y2H2D X2H? and X* ) . n I L
> _ ) H rr d Hd) pprr 14 Hd r
QY | (#'iD, H)(Iy0),, | Que | H'HGAGAW ag | (@t @)(@yHT ‘I)g;’rp Qdd (dvud)(dy )%«p Qed by, €) (dyHd) pp
1 _ — _ _
Q) (HTz'B:{ H)(tr'"v"0)pp | Quw HTHW. Wi ng) (£7u0) (@Y Q) pprr Qeu (evue) (uy u)pprr Qqe (77.9) (eY"€)pprr
g ‘ —_ —_
Que | (H'iD, H)(ey'e)y, | Qus | H'H BB Qs | Pyut ) (@ T pprr | Qea (Evue)(dvd)pprr = (qvuq) (@YH ) pprr
Qg | (H'iD H) @0 | Quws | HIT'HW/,B Qud (@yuw) (dyHd) pprr g | (@VuTq) @V T4%) ppry
S) | (gtiDI H) (G~ ABC qAv i Br O B _ B _
Qg | ( 1 )@ q)pp | Qe J; N Iu J f;{ QSZ) (wy, TAw) (dyPTAd) e Q((IZ) (37,9) (dV"d) pprr
QHu (H 1D H)( ) QW € %4 VWprp H _
o ’ QY | (@vuT4q)(dy*TAd)ppry
Qra | (H'iD, H)(dv"d)pp

mw N 1
1-loop e.g.
2-l0ops

Minimum order
(Except 41)

13



2. Observables and BSM from EFT viewpoint

HY
(1)[33]

CH€
Ciie
(1)(33]

CH(]

Observables: Z, W pole at FCC-ee

More systematically: U(2)° SMEFT

Allwicher, Cornella, Isidori, Stefanek (2023)
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2. Observables and BSM from EFT viewpoint

Observables: Higgs couplings

FSR 2025
Coupling HL-LHC FCC-ee
kyz (%) 1.3* 0.10
kw (%) 1.5* 0.29
Kk, (%) 2.5* 0.38/0.49
kg (%) 2 0.49 / 0.54
k. (%) 1.6* 0.46
ke (%) -~ 0.70/0.87
Ky (%) 1.6* 1.1
kzy (%) 10* 4.3
ki (%) 3.2* 3.1
ko (%) 4.4* 3.3
ks (%) - o7
'y (%) -~ 0.78
Biw (<,95% CL) 1.9x1072* 5x1074
By (<,95% CL) 4x107%* 6.8 x 1073

Sources of uncertainty mainly experimental,
not theory limited

B HL-LHC S2 + LEP/SLD B ILC 250GeV
B CEPC Z/WW/240GeV B ILC 250GeV/350GeV
B FCC-ee Z/WW/240GeV B ILC 250GeV/350GeV/500GeV
B FCC-ee Z/WW/240GeV/365GeV| P(e”,e*)=(70.8,+0.3)
10° ¢
> -
()
= F
Tk
0.1

B CLIC 380GeV

B CLIC 380GeV/1.5TeV

B CLIC 380GeV/1.5TeV/3TeV
P(e”,e")=(¥0.8, 0)

OH OWW OBB OGG O}’t ch O}’b O}’r pr
de Blas, Durieux, Grojean, Gu, Paul (2019)
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2. Observables and BSM from EFT viewpoint

Fermion pair production above the Z pole

Opportunity to probe new 4F operators at tree-level

Ri= P I prgiRR

Lo _
Zqr=1/t,a’,s,c,b 6(6 € = qq)

e Theory uncertainty: AR}Z/RZ\ y < 10~* @FCC (same as Z pole)

theor

e Experimental stat: O(10™%) (WW : N;, ~ 6 X 107
® Fxperimental systematics?

No dedicated study yet — No problem! We assessed it Greljo, Tiblom, Valenti (2024)

16
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2. Observables and BSM from EFT viewpoint

Fermion pair production above the Z pole

Mean number of events 2 : 2 A A

per bin (7 = g, g;) / 1+ ;5 —_ Taggers
< j_ . : :
total untagged L T t' € = prob. tagging flavour 1 as J
events AQronIC ratios | = J = True Positive rate
| # ] = False Positive (mistag)
2

(N;j — N 22

—2log L = R ' J

Og exp 62

17

e Systematic uncertainty on taggers: elf — 6{( 1 + x{), 0, from MC/exp. det (identical for simplicity)

e Fit parameters: szf+ Nigps el.i — avoid unnecessary uncertainties (e.g. precise luminosity knowledge)
e Other relevant background: collimated jets (eTe™ — VV — 4f). Ok if known at percent level (MC)

17



2. Observables and BSM from EFT viewpoint

Results

FCC-ee taggers from Blekman et al. (2024), 6. = 1 %

Observable/FCC-ee Rel. Err. (107°)|WW Zh tt

N
assuming Ry 0.17 0.36 0.96 — E/':nlj%a {fgo Ijg/
o e Rs 3.7 5.8 10 Y

| R 0.14 0.27 0.69 Small correlations:

g WW

\ stat — R: S - 1.9 SO
1 —0.006 —0.22
stat < Rf,u 0.16 0.35 0.97 p = (0.006 1 0.006)
syst (theory) « Re 0.50 0.52 0.64 ~0.22 —0.006 1

O(107) improvement compared to LEP-II

Room for further improvement: s-tagging

18
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2. Observables and BSM from EFT viewpoint

BSM impact: flavour conserving, non-universal 4F interactions (SMEFT)

e Tree-level: 2g2¢ + 4¢ operators involving eTe™ (prst = 11ii) e
£q

(Loyplr)(Gsy" qe)
X L O | Cyur" ) (@7 719:)

e q> ¢ Ocu | (Epyuer)(@syus)

Oca | (Epyuer)(dsy"d:)

2q25< Ot ( pYulr) (Usy ur)

Owi | (pyulr)(dsydy)

Oge (Epyuer)(asy qr)

Oteqd (Lrer)(ds q7)

e” qi> oL, Be)en(@u)
Opo) | (Byover) ek (T ur)

Oce | (bpyulr)(lsy L)

45 Oce | (pyulr)(Esy er)

Oece (epyuer)(€sy er)

19



2. Observables and BSM from EFT viewpoint

BSM impact: flavour conserving, non-universal 4F interactions (SMEFT)

® Tree-level: 2g2¢ + 4¢ operators involving eTe™ (prst = 11ii)

e 1-loop: 2g27 + 47 + 4q, all indices prst = 11]] (gauge running)

(TpYuar)(@sY"qt)

(@pYnar)(Usy ut)
(@pVugr)(dsy*de)
(up'?’uur)(uﬂ’“ut)
(dpyudr)(dsy"d:)
(Upypur)(d S’Y“dt)

2q2£<

(C.TPTI’YMQT) (C.TSTI’YM Qt)

4¢

(Lpyulr)(@s7" qt)
(Eoyut €r) (@7 T1Gt)
(Epyuer)(Usy ur)
6p’7uer)(ds’7udt)
pYulr)(Usy ut)
P’YME )(d S’Y“dt)
epYuer)(qsv qt)

(Byer)(dui)

(
(€
(
(

(Lpyulr)(LsyHLy)
(Lpyulr)(Esy"er)
(ép’Yuer) (éS’Yuet)



2. Observables and BSM from EFT viewpoint

BSM impact: flavour conserving, non-universal 4F interactions (SMEFT)

® Tree-level: 2g2¢ + 4¢ operators involving eTe™ (prst = 11ii)

e 1-loop: 2g27 + 47 + 4q, all indices prst = 11]] (gauge running)

® | ikelihood including the 3 runs, one operator at a time

— ARf/(Rf)SM ~ s/ A*: growth compensates
porecision deterioration!

e.9. Njes311 = 117.8,17.4,16.6} Tev
WW ZH 1t

21

2q2f<

4¢

(Lpyulr)(@s7" qt)
(Eoyut €r) (@7 T1Gt)
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ep’Yuer)(ds’Y“dt)
pYulr)(Usy ut)
pYulr)(d S’Y“dt)
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LHC
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P-|; R;fratios
e (HL-)LHC: high-p;gq — e"e™ tails

1
Ay

Note: Z, W pole from FSR 2019 ~ S1

e FCC-ee Z-pole: 1-loop RGE ——— 7

o |

2. Observables and BSM from EFT viewpoint

|A9L] punoq 1omory
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https://link.springer.com/article/10.1140/epjst/e2019-900045-4

(95 % CL)

1 FCC-ee: R,, Ri above Z-pole

|||||||||||||||||

(yt2 for top, gauge others)

I FCC-ee: Z, W-pole

| HL-LHC

1122

2072¢
1 LHC

P-|; R;fratios
e (HL-)LHC: high-p;gq — e"e™ tails

Note: Z, W pole from FSR 2019 ~ S1

e FCC-ee Z-pole: 1-loop RGE ——— 7

o |

2. Observables and BSM from EFT viewpoint

|ASL] punoq 1emory
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2. Observables and BSM from EFT viewpoint

|ASL] punoq 1emory
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oo .
P-|I: R, ratios

e FCC-ee Z-pole: 1-loop RGE*
%
£

o |

* tree-level G (muon decay)
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2. Observables and BSM from EFT viewpoint
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2. Observables and BSM from EFT viewpoint

LSMEFT D

flavour conserving, non-universal 4F

A

W

2
4mW

(DPWSI/)2

Oblique corrections

A

Y

EoM.:

2
4mW

(0pBuv)*

(TL in fermion pair-prod.)
+
Higgs-fermion current operators
(TL at Z-pole)

W x10° Y x10°
Current (LHC) [—19,5]  [—31,14]
HL-LHC (—4.5,6.9] [—6.4,8.0
FCC-ee pole observables| [—3.1,3.1] [-1.1,1.1
FCC-ee above the pole |[[—0.60,0.60] [—2.2,2.2
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Note: Z, W pole from FSR 2019 ~ S1

- FCC-ee projection (1o)
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3. Impact on selected benchmark scenarios

Beyond SMEFT: naturalness

Recall Tera-Z allows in-depth exploration of the TeV scale at loop-level

&
Vi
Naturalness is the motivation for expecting loop-level NP at (s (>ré ) TeV

t 1
N\
_h ____________ }Z 2 3yt 2 5mh
Q om; = 0 —Ap  Anp R TeVs = ( 2 ) <1%
f

Naturalness models are key benchmarks for FCC-ege!
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3. Impact on selected benchmark scenarios

Natural SUSY

Natural SUSY remains one of the most motivated naturalness frameworks. Our focus.
(For CHM see Rattazzi et al (2024), Stefanek (2024))

1. Pick concrete natural SUSY scenario:
— R-parity conserving MSSM with MFV  See e.g. Martin (1997)

Well-known, simple, allows focusing on Z and Higgs factory physics

2. Employ realistic set of observables:
— FCC-ee: Scenarios S1 to S3

3. ldentify and study key sectors efficiently probed at these facilities:

— Heavy Higgs doublet, Stops, Higgsino & Gauginos
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3. Impact on selected benchmark scenarios

Heavy Higgs doublet

Constrained Type-ll 2ZHDM. Only field coupling linearly to SM: TL + 1-loop effects

~ B 2
LoD —qrP(cot BYMup 4+ qr@(tan Y M)dr + 01, ®(tan S Y M)ep 982 sin48|H|*®"H + h.c.

Decoupling limit: m, > m,, match to dim-6 SMEFT

2ySM (1) Yt4 2 mC% Ytzyz 2 C%
Coy x g7Y7 " sindfitan f C X cot” f log — X tan” f log —

H------- : H ------- .
T o Ji R : " @ &
H ----::.>.......--- QL E(D tR ; @
t 9. :
H - Ir H k. qr H ' br
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3. Impact on selected benchmark scenarios

tan 3

Heavy Higgs doublet

Constrained Type-ll 2ZHDM. Only field coupling linearly to SM: TL + 1-loop effects

_ - 2
LoD —qrP(cot BYMup 4+ qr@(tan Y M)dr + 01, ®(tan S Y M)ep 982 sin48|H|*®"H + h.c.
4 2 2,2 2
: Y m YiY
Cry o g%YfSM sin4/ tan f [Cg;]33 % 32;2 cot? B log m—; [Cry4a3 3; ” tan” A log m_iz)
----------------- ] oor—————-———————7————
FCC-ee S1 3 : FCC-ee S3 ~
i 5():_ : _
- T 40
(LL + finite) ] o _ :
Zh (h — bb,77) % 30F :
ST A f f
| | Mj, too light _ 2(); -
10_ ) - LHC current _ IOL_ _
1 2 3 4 5 10

M, |TeV]
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3. Impact on selected benchmark scenarios

Stops

Crucial to accomodate my, ~ 125 GeV: need m; 2 1 TeV and X, ~ X;"**

2 ™ See e.g.
Lotop O YuXu @b Hudr rimary source of fine-tuning within MSSM (little hierarchy) Carena, Haber (2002)
— yuyL (Hu(jL)T(HugL)
max H, .. —.H H e H 5 (E——
X = \fomgms OAy o< ™ % =
H¢¢¢' \3,."___“’:: ~~~~ H ono ......... ' ----- H H H
v Vi X7 v X/
2 .
5VEW O< H ;~....,.:’. ..... H H----< ---- H
Vi X;
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3. Impact on selected benchmark scenarios

Stops

Crucial to accomodate my, ~ 125 GeV: need mi;

2 1 TeVand X, ~ X;""

12 ™ See e.g.
5 ) . e
Lotop D YuXu i Hudr rimary source of fine-tuning within MSSM (little hierarchy) Carena, Haber (2002)
T yuyf}; (HuQL)T(HuQNL)
ymax _ 6 H . T L’ H I'I~ 0 sl H H-- -- H ~
y = \/ mtlmtz 5A/H m ~:x ‘:, \:’:::x : T!
H R ""......a". ~~s H H," ...... _ _____ H H-- --H (C )
HD
v VX Vi X,
2
5VEW X H st H = H-wi o b H
Vi X
H . H qL. ~H qr. --H
. sY,_.J"' v""Jf R ]
K u 2‘ ::: :;: b m Hu S HM
g,y H L""\.\_’ H \"‘\—\_\_’ 1.3 q ‘“H q R A v
C 2 2y2 (C( ’ )) L 4 L 4472
( Hg,HB,HW) Yi Vi X; Hg Yt Vi X
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Stops
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3. Impact on selected benchmark scenarios

Higgsinos & EW Gauginos

Naturally light (A(u) = 4/42/m§), classical DM candidate (LSP)
—asily evade direct searches (compressed spectra): typical LCF benchmark

Natural SUSY at Tera-Z Alessandro Valenti | University of Basel



3. Impact on selected benchmark scenarios

2000+

1500k

GeV]

= 1000}

Natural SUSY at Tera-Z

Naturally light (A(u) = 4/42/m§), classical DM candidate (LSP)

Higgsinos & EW Gauginos

500|

. FCC(C-ee S1
FCC-ee S2
FCC-ee S3

LCF (1 TeV)

000

1000 1500 2000

M2 [Ge\/]

—asily evade direct searches (compressed spectra): typical LCF benchmark

Tera-Z: 5, 1T, W, Y

leading and additive:
inescapable reach on u, M, up to 500 GeV!

® Closes compressed gaps
(uncompressed LHC M, 2 TeV)

® (Greater reach than direct searches of 1 TeV LCF!

35 Alessandro Valenti | University of Basel



3. Impact on selected benchmark scenarios

CMS+LHCb (3 + 4)o tension (actually open debate)

b — st

CMS Preliminary
- Lo L | T | T | [ | |
Q : LHCb PRL125, 011802
1 __ Aif CMS PLB781 (2018) 517 ]
- —— CMSRun2
0.5F 4‘ =
of % B ﬁ
-0.5F +:%: + £ .
—1 :_ R _:
:I L1 | | 1 | | | I- | I 1 1 1 | | L 1 | | | 1 1 | 1 1 1 | I:
0 2 4 6 8 10 12 14 16 18

q? (GeV)
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Beyond SMEFT: 5 anomalies

b — ctU

~ 3.10 tension (HFLAV FF)

A
p— Moriond 2024
- LHCb®
B llell

Be

1le*
/|
NN

68% CL tontours

BaBar -

Belle’ ( \ [

-

- . b
— +HFLAV SM P R(D)=0.342 0.026101211 —
= R(D) =0.298 R(D*) =(0.287 * 0.01210&11 —
(D*)=0.254 +0. p=-0.39
P(x2) = 35% |
L | 1 L 1 | 1 1 1 1 | 1 1 1 1 | 1 1 L
0.2 0.3 0.4 0.5

R(D)

Benchmark: BSM models accounting one/lboth discrepancies



3. Impact on selected benchmark scenarios

l. Vector LQ for b — s£¢ and b — ctv

SU _ _
& > ==U, (gr"¢;+5,. q:r"¢;) + h.c.

NG

Buttazzo, Greljo, Isidori, Marzocca (2017)

Parameters: r [/ = g [/ / M lJ/ & ﬂ ST Cornella, Faroughy, Fuentes-Martin,
Isidori, Neubert (2019, 2021) ...
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3. Impact on selected benchmark scenarios

l. Vector LQ for b — s£¢ and b — ctv

SU _ _
&> ==U, (g r"¢}+P,. qir'¢}) + h.c.

NG

Buttazzo, Greljo, Isidori, Marzocca (2017)

Parameters: r [/ = g [/ / M lJ/ & ﬂ ST Cornella, Faroughy, Fuentes-Martin,
Isidori, Neubert (2019, 2021) ...

e TL contrib.to b = ctv

e 1-looptob — sCC
robs:
4,y
S
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3. Impact on selected benchmark scenarios

l. Vector LQ for b — s£¢ and b — ctv

SU —3 . u 3 =2 U3
Z D ﬁUﬂ (g7 +P,. aiv"e;) +h.c.

. — Buttazzo, Greljo, Isidori, Marzocca (2017)
Parameters: 1, = g1,/My; & D,

Cornella, Faroughy, Fuentes-Martin,
Isidori, Neubert (2019, 2021) ...
e TL contrib. to b — ctv

e 1-looptob — sCC

® 1-looptot — uvv

40



3. Impact on selected benchmark scenarios

l. Vector LQ for b — s£¢ and b — ctv

U _ _
L > ==U, (@' Ci+p., o' e}

Parameters: 1, = g,,/M;, & .. o20]

e TL contrib.to b — ctv 0.153_
e 1-looptob — sCC =

® 1-looptot — uvv

0.00
0.0
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3. Impact on selected benchmark scenarios

l. Vector LQ for b — s£¢ and b — ctv

FCC-ee:

e O(10) improvement in 7 — uvv
& OS50) W — v




3. Impact on selected benchmark scenarios

l. Vector LQ for b — s£¢ and b — ctv

FCC-ee:
e O(10) improvement in 7 — uvv

& O50) W — v b,t T,V
e /-pole: 1-loop contrib. 7 ~ ”(2/

to/ — 17,/ — inv
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3. Impact on selected benchmark scenarios

l. Vector LQ for b — s£¢ and b — ctv

FCC-ee:

e O(10) improvement in 7 — uvv
& OS50) W — v
e /-pole: 1-loop contrib.

to £ — 17,4 — inv 7.y
¢ Fermion pair-prod.: 1-loop contrib.

toeTe” — 11,67¢” — gq
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3. Impact on selected benchmark scenarios

l. Vector LQ for b — s£¢ and b — ctv

FCC-ee:
e O(10) improvementint — uvv 0:20]
& OS50) W — v .
e /-pole: 1-loop contrib. =
0.10 -
to/ — 11,/ — inv |
) ] . : — Present fit (Rp) +b — sl + 1)
¢ Fermion pair-prod.: 1-loop contrib. 0.05¢ FCCoco at Z-pole: AZ, R, N,
4+ — 4+ - _ : FCC-ee: 7 = lvv +W — 11
tO € € —> TT, € € — qq — FCC-ee above Z-pole: R,, R,
oooL——— — 1
0.0 0.5 1.0 1.5
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3. Impact on selected benchmark scenarios

Greljo et al (2022)
". Z/ fOr b —> Sf f A||anagijce)tea|?2023, 2024)

Z D g Zﬂ/ (Qiy”q£)+gf Zﬂlz (LZL;/”L”L + éRg//"eR) + N.C.
e,U,T
Parameters: 1, = g,./M,



3. Impact on selected benchmark scenarios

Greljo et al (2022
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3. Impact on selected benchmark scenarios

Greljo et al (2022
" Z/ fOr b —> Sf f A||anaéijgtea|?2é)23 2)024)

Z D giZ, <QLy'qu>+ng Z £ 17" + egyeg) + h.c.

e,U,T
Parameters: 1, = g,./M,

e TL contrib.to b — s£¢
e TL contrib. to B, — B, mixing
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3. Impact on selected benchmark scenarios

Greljo et al (2022
" Z/ fOr b —> Sf f A||anaéijgtea|?2é)23 2)024)

Z D giZ, <QLy'qu>+ng Z £ 17" + egyeg) + h.c.

e,U,T
Parameters: 1, = g,./M,

e TL contrib.to b — s
e TL contrib. to B, — B, mixing
e TL contrib. to ete™ — ff

T UV models: (r,1,)* < %((rsrf)2 + (r,1,)%)

LEP-II, FCC-eel

€
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3. Impact on selected benchmark scenarios

Greljo et al (2022
" Z/ fOr b —> Sf f A||anaéijgtea|?2é)23 2)024)

Z D giZ, (%7’”%)"‘8%2 Z £iri'e) +6R7'M€R) +N.C.
e.l,T

Parameters: 1, = g,./M,

0.2+

. — FCC-ee R,, R,
\\\‘
N — FCC-ee R,

e TL contrib.to b — s£¢
e TL contrib. to B, — B, mixing

e TL contrib. to ete™ — ff

T

LEP-II, FCC-eel




3. Impact on selected benchmark scenarios

lIl. Scalar LQ for b — s£¢

Sakaki et al (2013)

Dorsner et al (2016) g D Z S Z’ﬂa (/lb 7 3+/IS qzz>

a=e,l

Parameters: 1, . = A4, /M



3. Impact on selected benchmark scenarios

lIl. Scalar LQ for b — s£¢

Sakaki et al (2013)

Dorsner et al (2016) g D Z S Z’ﬂa (/lb 7 3+/IS qzz>

a=e,|
Parameters: 1, . = A4, /M

e TL contrib.to b — s£¢

52

Fs



3. Impact on selected benchmark scenarios

lIl. Scalar LQ for b — s£¢

Sakaki et al (2013)

Dorsner et al (2016) g D Z S Z’ﬂa (/lb 7 3+/IS q;,Z)

a=e,|
b, s
Parameters: 1, . = A4, /M
e TL contrib. to b — s€C
e TL to gqg — £ high-p;tails (LHC & HL-LHC) b ¢
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3. Impact on selected benchmark scenarios

lIl. Scalar LQ for b — s£¢

Sakaki et al (2013)

Dorsner et al (2016) g D Z S Z’ﬂa (/lb 7 3+/IS q;,Z)

a=e,|
b, s

Parameters: 1, . = A4, /M

e TL contrib. to b — s£¢

o TL to gg — £ high-p; tails (LHC & HL-LHC) -

e TL to above the pole e"¢~™ — gg (LEP-1l & FCC-ee)
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3. Impact on selected benchmark scenarios

lIl. Scalar LQ for b — s£¢

Sakaki et al (2013) _ _
Dorsner et al (2016) < D Z Sa fg (/lb q2a3—|—/ls qz,Z)

a=e,l

Parameters: 1), ( = 4, /M
V4

e TL contrib.to b — s€C
o TLto gg — £ high-p; tails (LHC & HL-LHC) b, s 2

e TL to above the pole ¢ "¢~ — gqg (LEP-Il & FCC-ee)
e 1-loop to Z-pole EWPO (LEP & FCC-ee)
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3. Impact on selected benchmark scenarios

lIl. Scalar LQ for b — s£¢

Sakaki et al (2013)

Dorsner et al (2016) g D Z Sa KIOJ{ (/lb QZ’B-F/IS gz,z)

a=e,l
] 2
Parameters: 1, . = A, /M ’ L4 ; ’
e TL contrib.to b — s S S ~ (VbI”S)ZMSZ
o TL to g — £ high-ptails (LHC & HL-LHC) _L_b
g /IS /Ib

e TL to above the pole ¢ "¢~ — gqg (LEP-Il & FCC-ee)
e 1-loop to Z-pole EWPO (LEP & FCC-ee)

e 1-loop (box) to B, — B oscillations
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3. Impact on selected benchmark scenarios

lIl. Scalar LQ for b — s£¢
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4. Conclusion

e Tera-Z unprecedented precision enables to test new physics up to O(100) TeV

This requires significant improvement in SM predictions, target for the next 2 decades
e | ots of other interesting possibilities away from the pole complementing Tera-Z

E.g. R, R, above the Z-pole probe 4F up to O(50) TeV!

e FCC-ee impact on some concrete benchmarks:

- probe the hierarchy problem at multi-TeV (MSSM), testing sub-permille naturalness

- guaranteed rule out/discovery of models for currently standing B anomalies!

Thank you for your attention!






4F operators around the Z-pole?
Ge et al (2024)

2

S O S —m
Key: AN 2\2 22 22~ -
(s —mz)-+ mz2l7

OsM.7 A?

\ﬁ om, X S GeV: larger stat but relative effect suppressed

Comparing results: stronger bounds above the pole



Above pole R, toy model

Two flavours only: b, j (%)2 _1- 6%52 t—;bg((;); f)) 5 True positives stat
0 b
G }j\’;t(i};ge(ge)g(;eg D) ¢; — False positives stat
| 4(R;g(1§)22(62 h (6)° + O ((¢})°) — False positives syst
TR RS e S S SRS @ DeepJet Transformer ROC curves at FCC-ee

e Realistically o, ~ 0.01, consider WW run

10-1 4 — D VS u-je

b vs g-je r

e Minimize AR,/R;, with ejb = ¢? (elf) (conservative)

AR :
b _ Basically saturates
| — 2 ~2%x107% Y __
Rb exp. stat limit!
0.0 0.1 0.2 0.3 0.4 0.5 0. .7 ) . 1. qemlnder LED_”. ARb/Rb N 10_2
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FB asymmetries above the pole

op(ete” = 4T47) —op(ete” = £T47)

Ay =
‘ op(ete™ = {4T¢~)+oplete” = £TL7)
AA, AN#N5 »
= = {3.3,8.8,27} x 10
Ar |gtat \/(NF — Np)*(Nr + Np) { }

Observable/A [TGV] Aﬁﬁ,lla:a:(AEE,l:c:cl) Aﬁe,lla::c(AEe,a::cll) Aee,ll:c:c

Ry 29.8 18.4 28.9
Ay 11.7 18.1 11.2

e Bounds comparable to R, or weaker, irrelevant for us (but can lift flat dir. in global fits)
® Requires realistic detector geometry for syst. uncertainties estimation
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3rd-gen only new physics

Pure RG effect,

both at Z/W and
IN fermion pair-prod.

63

AP [TeV] Z, g/ggof:—l—'r a,b(f\gCZ-GSOIe
Ay 15.7 1.1
Ay 14.0 5.1
Acu 16.2 1.6
Aed 1.5 1.3
Asu 15.4 1.5
Asa 1.5 1.3
Age 16.7 1.1
Aeg 1.0 1.0
Age 2.1 1.5
Ace 3.5 2.4
ALY 13.1 2.4
A 8.4 7.1
AG 9.4 1.4
ALY 3.1 0.9
Av 12.1 1.9
Ada 0.4 2.3
A 2.8 1.9

-

- 2q2C

4¢

e //W: bounds stronger
forg, u ( ~ yt2 running)

® Above pole: stronger for
SU(2); currents (g% > g%



Flavour violation above pole? (AFf = 1)

R.. =
’ zk,l o(ete™ = qiq))
Consider only bin Nij
(contrib. to other bins negligible)
E[S] ~ s/o, Result
————————

0, ~ (b + Z Ulik)l/z
k

R, S 1.645—"— (95% CL)

1 ~J
Niot€/€]
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o(ete™ = Guqp) + olere™ = Gg)

Energy

WW

2.80 -
3.44 -
0.28 -

10~
10~°
107°

6.37 -
6.08 -
1.10 -

107
10~°
10~4

1.79 -
1.93 -
2.70 -

107°
10~4
10~4



Flavour violation above pole? (AF = 1)
SMEFT interpretation: 2g2¢ tree-level, AR;; ~ 52 /A

A112s| > 16 TeV for Op, 04, Oa, Ocdy Oge,
Ai113| > 9.4 TeV for Oy, 0,7, O, Ocd, Oge
Ai112] > 8.1 TeV for Oy, 05, Oy, Oy Oge

Bounds weaker than current ones from g; — qj-e+e_(hadronic decays)

(Exception: O, , ¢ = u high-ps currently comparable)
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