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Run plan for FCC-ee %) T
o 1 07 — Wvl\zlusion e'e = v,V H) E
; Ll
Z; ; .2(«;9:94 GeV) o  FCCes @2 1Ps) | ; 10 — Csléig'e w _?
E - & ILC (DR, upgrades) § 10° & i E
;r) CLIC (CDR, upgrade) - ]
5 b = 10% ¢ ——
>, — - - =
0 1 10F =
3 — - - 7]
- - 10 £ ﬁ/ §
§ . 1E E
15_ ] ] ] (es06el) ] ] |_E —15|||||||||||||||i|||||||||||||||||||E
100 150 200 250 300 350 400 10 50 100 150 200 250 300 350 400
fs [GeV] (s (GeV)
Energy
Working point Z years 1-2 | Z, later WwW HZ tt
\/5 (GeV) 88, 91, 94 157, 163 240 340-350 365
Lumi/IP (10**cm™2s71) 115 230 28 8.5 0.95 1.55
Lumi/year (ab™', 2 IP) 24 48 6 1.7 0.2 0.34
Physics goal (ab™1) 150 10 5 0.2 1.5
Run time (year) 2 2 2 3 1 4
10 HZ + 108 tt
Number of events 5x 1012 7 108 WW | 25k WW — H | +200k HZ
+50k WW — H

A C.C UM A C Y e
[FCC Snowmass 2021, 2203.06520] 2
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Accuracy complements energy (ACE) at FCC-ee

® As a general principle, FCC-ee will have similar sensitivity to a given EFT operator
both on and off the Z-pole in two main ways:

1. The same operator enters at leading order off the Z-pole, as well as at next-to-
leading order on the Z-pole (similarly for NLO vs NNLO).

-1
avono U ez [Nz o0 o 10 e
Zpole/ZH 162 N. ’ N, ~ 1012, Ny ~ 109
T~ €zH ZH z~ 107 Nzg ~

2. The same operator enters at leading order both on and off the Z-pole, but
receives an enerqgy enhancement off the pole. This wasn’t the case at LEP!

2 ~ 102

aLoro Mz €z Ny ~ O(1) Eyw ~ 200 GeV (Nz/NywLge ~ 10
Zpole/WW E2 N ’ 1 o )
Www Eww 474 Nz ~ 1075, Ny ~ 10 (Nz/Nyw)ecc ~ 10

[Maura, BAS, You, 2412.14241] 3
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Four fermion operators
Pure 3rd gen. 4F operators

. . ' [3333] FCC-ee FCC-ee
® SO far, this case has received the most attention A [TeV]| W-pole-+ |above Z-pole
in the literature. The general summary is that 4F Ay 15.7 1.1
operators with electrons are better off pole, while Agy 14.0 5.1
4F operators with tops are better on pole. ﬁe“ 116;52 12
' . . . i ed . .
Otherwise, ACE holds + there is similar sensitivity. A 15.4 15
Lu " .
Agg 1.5 1.3
Age 16.7 1.1
ey, 1.0 1.0
Age 2.1 1.5
Ace 3.5 2.4
a) Four-fermion operator ) Z-vertex correction (c) ete” = ff A((;}I) 13.1 2.4
A 8.4 7.1
ALY 9.4 1.4
® \Ve use the recent dedicated flavor tagging study ALY 3.1 0.9
forete™ — ff at FCC-ee. Don’t miss the ‘?\’“‘ 102;11 ;2
. dd . .
fOr the deta”S Aild) 2.8 1.9

on this very nice analysis.
[Greljo, Tiblom, Valenti 2411.02485]

<& See Alessandro’s talk for more!
[Maura, BAS, You, 2412.14241] 4
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Four fe rmion Operato rs [Allwicher, Cornella, Isidori, BAS, 2311.00020]

<&® See also Lukas Allwicher’s talk

® NLO contribution of top operators at the Z-pole (SMEFT perspective)
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H lggS thSlCS <® See also Sally Dawson’s talk

® The cross-section o(ete™ — ZH) is sensitive to 3 (4) dimension-6 operators at LO
(NLO) that can modify Higgs couplings:

Oy = (H'H)(H'H), Oy = HHY,
Opw = (HH)W, W' Oup = (H'H)B,,,B" .

® All of these operators also enter the Z-pole at one higher loop order:

4 ) (" , )
co «,VVWH; - Chv S
_____ I ‘m W '\A/vq71 W

(a) Higgs self-energy (b) ete” — ZH (c) Z-pole oblique params. (a) RVV couplings (b) Z-pole oblique params.

\ J

Higgs self-coupling e

~
modifications starting Cy WV\MFH R
at NLO (finite): | 7 = I SO N 2

[1 312.3322, 1702.07678, \_ (a) Higgs self-cm\lpling (b) ete™ — ZH
1702.01737]

(c) Z-pole oblique params. )

[Maura, BAS, You, 2412.14241] 6
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Accuracy complements energy for Higgs physics

® Since the Z-pole contributions have a relative one-loop suppression, we expect
similar sensitivity via the first principle of accuracy complements energy:

10

9}

s 0
O

-5

~10}f

[] Off-pole
On-pole
Combined |

-0.3 -02 -0.1 00 0.1 0.2 0.3

ChHo

1055 = —0.71Cy — 0.25C% ,
1057 = 1.2Cy + 0.36C% .

[1702.07678, 1702.01737]

0.10

0.05

0.00

CHunp

—-0.05

_0.10L

[ ] Off—pole
On-pole
Combined

—-0.0
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C'rw

*All Wilson coefficients are in units of
TeV 2 and are renormalized at 1 TeV

[Maura, BAS, You, 2412.14241] 7
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Gauge sector (2- and 3-point functions)

® \We look at modifications of the EW gauge boson propagators (all runs) as well as
modifications of gauge 3-point functions (aTGC).

wv{:}wm Recall: TI,(p?) = I1;,,(0) + p*IL;,,(0) + p*T1},(0) + ...

T S W, Y
alGC W+Y parameters
— i DEENTAL (DY I
OHW—Z(D H) T (D H)Wuya OZB:_l(aqu/)(apou),
Oup = i(D*H)(D'H)B,,, :
Osw = 1y WIWI PWEr. Oaw = =5 (D' W) (D,W'™)
4 )
S)w2B Stw,HB3W WQWV\
ANNANNBINNANNNA~
. (a) W+Y parameters (b) aTGC (¢) NLO Z-pole oblique paramsj

[Maura, BAS, You, 2412.14241] g
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Gauge sector: Anomalous triple gauge couplings

® Again, Z-pole contributions have a relative one-loop suppression. The Z-pole gives
a better constraint on O, otherwise the sensitivity is similar.

[ [ ] Off-pole ] [1 Off—pole
[ On-pole I i On-pole 1
O' 10 ) Comiined ] 004 - Combined _
0.05 : 0.02f _'
Cg 0.00: : 2 0.00} / :
~0.05} _0.02k .
-0.10} _0.04k ]
—0,15- S S RS _0006-. I R SR BT I B ST B
-0.10  -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10
SHW SHW
1 1
Onp = OB — ;yng1QuB — ;92QHW S, *Otherwise flat direction for off-pole data is broken by 6(ZH )

1 1 ny
Orw = Ow — ZQ2QHW - §yhg1QHWB : sensitivity to O W.HB"

[Maura, BAS, You, 2412.14241] ¢
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Gauge sector: W+Y and correlation with aTGC

® The W+Y parameters contribute at LO both on and off the pole, but the off-pole
energy enhancement is compensated by Z-pole statistics.

—7r1 r r r r 1 r r r r 1 T T 1 1 ] 0.06 1+ t+. 1+ r tr t T T Tt T Tt T T T T T
0.006 [ ] Off—pole T [ 1 Off-pole
- On-pole - | On-pole |
0004 B Combined 0.04 - Combined
0.002} , : 0.02r
o : = {
A 0.000:- . o 0.00¢ )
~0.002} / : ~0.02|
—0.004} ] [
[ _ —0.04+
~0.006} ] ;
R SR S S S S S S R _006|||
—0.010 -0.005 0.000 0.005 0.010 —-0.010 -0.005 0.000 0.005 0.010
Sow S
*In agreement with 2411.02485, both W+Y can be constrained at the
W‘MN + + ...
1072 level, a factor of 10 better than current leading bounds from LHC. @
[Greljo, Tiblom, Valenti 2411.02485] [Maura, BAS, You, 2412.14241] 140
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Accuracy complements energy: EFT summary plot

At [TeV]
30
Some comments 5
80
e All Z-pole contributions = 25
are NLO except W+Y. g;o
© 20
e Still, the typical sensitivity O
is in the 10 TeV ballpark.
15
e Most important Z-pole
observables: myy, A, g 10
o
e Good complementarity
on and off the pole for the >
Higgs and gauge sectors. J
e Z-pole always wins or - :
competes for 4F = i
operators with tops. Corl s 13
[Cle]1133 -
e Off pole wins for Coclsass | _____ ] . | = 1
P s T 1,
operators with electrons, COs | I | ]
otherwise the two are 5%13333 O | |
complementary. Crulss N | 41
[Cad) 3333 -
(€333 f 10.3
[Maura, BAS, You, 2412.14241] I On-pole — 11
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Accuracy complements energy
in specific UV models

Ben A. Stefanek | Accuracy complements energy: EW precision at Tera-Z



Real singlet scalar model (with Z, symmetry)

® |/Vhy do we care about it? Simplest extension of the SM that allows for a first order
EW phase transition and hardest “loryon” to probe experimentally.

1,1
34& = 5(aﬂ¢) — Em(qu

SKIH] ? - —/14,454

® Integrating out ¢ at 1 loop generates finite contributions to only two operators,

namely Oy and Q. The matching conditions at the scale m,, are

C. 1 K2 B 1 K>
HO ™ qex2 24mq%’ B en2 12mq% '
LO (ZH) NLO (ZH)
On-pole: NLO NNLO
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Real singlet scalar model (with Z, symmetry)

® Full NLO result gives a weaker off-pole constraint due to a partial cancellation
between the Oy and Oy contributions to 6(ZH ). Better constraint from Z-pole!

12 e Both Z-pole and ZH can
exclude the region where a
10 first order EWPT can occur.
e EFT breaks down for
8 my S Vg, to know the
correct result for low mass,
<6 need to compute S+T at 2-
loops in the RSS model:
4 .ﬂ"u‘
I A0 R
9 [ 0ff—pole - W
" 1On-pole -
O , . 1 . . . 1 . . . 1 . . . 1 . . .
200 400 600 300 1000 [Maira, BAS, You, WIP]
m¢ [Ge\/]
[Crawford, Sutherland, 2409.18177] [Maura, BAS, You, 2412.14241] 14
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Weakly interacting massive particles

® /Vhy do we care about them? Completely generic possibility that BSM states could
carry EW charges, one of the simplest models for dark matter.

e Assuming an n-tuplet of SU(2); with hypercharge Y that interacts with the SM
only via EW gauge interactions, the full d6 EFT Lagrangian reads

— SZB v SZW v v
L = — —2(0"B,,)(9,B") = (D" Wi, )(D,W™) + Sy ey W, WP WK

with the following matching conditions at the scale Mymvp:

g nY? g3 nn®-1) g nn?-1)

= N ) — ’ — N
1672 30ME e W 1672 360Mpp W 6m2 2160Mepp

RS, CS, MF, DF
N, = 1/2,1,4,8
+ @ + ... Ny=1/21,—1,-2

[Maura, BAS, You, 2412.14241] 15
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[Maura, BAS, You, 2412.14241]

Weakly interacting massive particles itz créver Panico, 1810.10993]

Real Scalar Complex Scalar

[ [ Off—pole B - [ Off—pole m ]

— 800 T O On—}i)()le ——h —_ 1200 ! [ On-pole — :
D) [] Combined ] % 1000 _ [ Combined ] _
O 600F p7uL-LHC — ] @, [ 7/HL-LHC . ]
~ . _ . ~ 800 _ ]
& [ o j ~ : _ ]
§ 400 - '_ § 600} — 7
< | B = 400} Z
200} 7l : % 20
I 1 ! gu 1l 1

2 3 4 5! 6 7 2 3 4 5! 6 7
n Y =0 n
Majorana Fermion Dirac Fermion

2500 _ [ Off—pole _ 3500 _ [ Off—pole _-

- © [ ]On-pole AR _ 3000 _ [ ] On-pole L _
>C_) 2000_ [] Combined ] ] % 950) 0 [ Combined
@ i HL-LHC — @ - HL-LHC o — 1
— 15007+ ] — 2000t 7
= : I 7 = 5 e 7
= 1000} L e (7 = 15004 ol 7
= 500! é . = 1000, Z é
X ) 3 ) 7ZF

: A P 500 HHQ 7 A

2 3 4 5! 6 7 2 3 4 5! 6 7
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Custodial quadruplet model 4 Higgs oporatorsat 1-oop: X f
® Vhy do we care about it? At tree level, the model generates only the | H |6
operator. Interesting example for Higgs factories as it allows for sizable Higgs selt-

coupling deviations, with effects in other operators relegated to the 1-loop level.

1
LoD —M; ( 10, |*+ |0, |2> — A <H*H*(8H)®1 + 7H*H*H>X<(»~)3) +h.c.
3

-The full 1-loop matching at dimension-6 can be written in two lines:

2 A2 212 22 22
Fpi=6 = = 1 <1+ SM>|H|6+4 * H’POIH|)? - —=—|H|>*(H'D*H+h.c.)

Q" 3m 1672 2M? 3m2M7
N 1 823 e WIPWIPWEH _ g_lz(auB (0. BPY) — g_zz(DﬂWI )(D Wlpv)
a8zamy |31 UK e e TR B RO T

[Durieux, McCullough, Salvioni 2209.00666] [Maura, BAS, You, 2412.14241] 17
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[Maura, BAS, You, 2412.14241]

Custodial quadruplet model

e While Cyis 1-loop and Cy is tree, the reverse is true in how they affect 6(ZH),
so they contribute similarly, but with the opposite sign. Again, partial cancellation!

12||—T—l|||—T—||||—T—||||—'r—|||l—'r—|||r-r—|| L DL L L L B LA L L L L L e L e

10+ .
51
~ S
5l
[ ] Off-pole
i On-pole
—10¢F Combined -
1000 2000 3000 4000 5000 6000 -03 -02 -0.1 00 01 02 03
! Mj [GeV] Crn
*Lower 44-independent bound on the *Off-pole direction not fully flat because
mass comes from W+Y parameters. we include o(ZH) at 240+365 GeV.
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Conclusions

® The Tera-Z run has access at NLO (or even NNLO) to many Wilson coefficients that are typically
thought to be better constrained at LO off the pole. It is a simple counting argument to see
that, in general, a similar sensitivity to these Wilson coefficients is expected at Tera-Z.

® [he same is true for operators that enter both on and off pole at LO, but are energy enhanced
off the pole. The prototypical example here is the electroweak W+Y parameters, which can be
constrained at the 107 level in both cases.

® A Tera-Z program will thus anticipate much of the BSM physics at higher energy runs.
Accuracy will complement energy since on- and off-pole data can be combined to break flat
directions and increase the overall FCC-ee sensitivity to new physics.

® The dominant Tera-Z probes are higher loop contributions to the oblique S+T parameters (seen
as shifts in my;, and Al). Because many operators contribute to these beyond LO, making our
analysis fully rigorous via a global SMEFT fit seems very difficult (especially at 2 loops).

® However, one can disentangle the various contributions and make concrete statements in the
context of specific UV models. To illustrate this point, we gave several well-motivated examples
where the model sensitivity does indeed benefit from combining on- and off-pole data.
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Non-universality of composite Higgs models

® [he composite sector will unavoidably generate other large top+H operators at the

high scale mi

These operators are Flavor non-universal operators
usually ignored via the EW vertex corrections
following arguments: 0P = (Hi'D ,H)(@va}) | 0% = (i DLH) @y q)
1. Some operators are Oy = (H'i'D ,H)Ery"tr) Oip = g1 (Ery*tr)0” Buy
10 O\ = 91(@37*43)9” By O\ = ga(@ v r'e}) D'W],

4-fermion operators

2. Model building tricks
exist to kill the LO
contribution of the most 0% = (B1a3) Erwutr) | OF = (@*TA¢) Ery, TtR)
dangerous operators, Oy = (ErY*tr)(ERVutR)
€.9. Zbb < Cy) + Cpy).

1 _ _ 3 _ _
0% = (B3 @Bygd) | 0% = @) @ y.r'ed)

Dipoles and Yukawas

3. Therest are O = gl(Q%Uuth)ﬁB;w Ony = g2(q]§:0.pu7.ItR)ﬁWl{V

subdominant to 5 ~ o~
. . Owc = g3(q 0" T tr)HGY, Own = (H'H)(g} Htr)
universal constraints.

[BAS, 2407.09593] 21
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Universal operators in composite Higgs models

® Now let’s have a look at the operators we can write only involving the Higgs (and
gauge fields of course). We work here in the SILH basis:

Flavor universal bosonic operators

On = L0,(H H)o»(HIH) | Op = L(H'D ,H)(H'D*H)
Ow = i2(H'DIH)D,WImW | Op=i%(H'D ,H)d,B"
Onw = =% (DWL)(D,W'™) | O2p = =4 (9“Byu) (8,B™)
0, : Higgs coupling modifications O, : Peskin-Takeuchi T parameter
Ovw.p : Peskin-Takeuchi S parameter O,wop - W+ Y parameters
WOV\M Recall: T1,,(p?) = I1y(0) + p*I1;,(0) + p*TI{(0) + ...
' } '
[BAS, 2407.09593] T S W.Y

22
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The full 2-loop contribution to the T parameter

® \Vhile the double-log contribution is expected to dominate, in general the full 2-loop
contribution of 4-top operators to the T parameter takes the form of a second-
order logarithmic polynomial. E.g. for Ctt, we have:

N.(N.+1)
472

CHD]2-100p = a; 10g2 (u?/m3) Ta log(p?/m3) + c2 |Cis-

J/ _J/

-~ iy~

1-loop RGE 2-loop RGE finite

® The O(1) constants c1+c2 cannot be obtained from the 1-loop RG equations. In
particular, c1 corresponds to the 2-loop anomalous dimension. To get all
contributions, we need to do a 2-loop computation:

H----  f--- H U. Haisch and L. Schnell, Precision tests of third-
generation four-quark operators: matching
SMEFT to LEFT, to appear soon

C4q CI=_1/2 and C2=O>X<

[BAS, 2407.09593] *MS for WCs, OSS for SM params

23
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Results: Right compositeness

® Right compositeness has €; = y,/g«, €p = 1. Flavor constraints: Cp o 512 €f

12 ——— T
" Universal |
10 - Flavor )
oy
g - Cy
mcl?
& 6 e
o mcy
" Cip
4 B o
-=- No Prp
2 -
:

m., | TeV] my [TeV]

[BAS, 2407.09593] [Universal constraints: Glioti, Rattazzi, Ricci, Vecchi, 2402.09503] 04
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Future summary plots

® Flavor non-universal RG effects give the best bound for g«

12

G+
o

effects are only better for g.. < 1. Interestingly:

10F

-------------------------------------

Flavor

FCC-ee

I HL-LHC A

...................................

10 20 30 40 50 60 70
m [TeV]

(a) Left compositeness

12

10}

-------------------------------------

Flavor

FCC-ee

@ HL-LHC |

...................................

10 20 30 40 50 60 70
m. [TeV]

(b) Mixed compositeness

12

>

Y

1, while universal

(H) ~ f = m./g-

10F

" HL-LHC |
Flavor

FCC-ee

10 20 30 40 50 60 70
m. [TeV]

(c) Right compositeness

® |n all cases, FCC-ee dominates over other sectors, setting a mixing-independent

[BAS,

bound of ms >

Y

2407.09593]
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Suspects for complementary probes via AcE

1. Four fermion operators (receive energy enhancement off-pole)

KO0 X

) Four-fermion operator ) Z-vertex correction (c) ete™ — ff

2. Higgs physics (enter Z-pole obs. at one higher loop order)

.
- ~
4 AY
’ \
----- -, '
N
~

(a) Higgs self-energy (b) ete™ — ZH (c) Z-pole oblique params.

3. Gauge two- and three-point functions (both effects at play)

i W Oa

(a) LO Z-pole oblique params. ) aTGC ¢) NLO Z-pole oblique params.

[Maura, BAS, You, 2412.14241] 26
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