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Precision beyond the SM

LHC data agrees well with SM...Across many orders of magnitude and many processes, so why talk about BSM?
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The future

HL-LHC TIMELINE

A journey to the High-Luminosity LHC

DESIGN &
DEVELOPMENT

DESIGN STUDY

PROJECT
APPROVAL

PROTOTYPES &
PREPARATION

CIVIL ENGINEERING &
INFRASTRUCTURE

HARDWARE PRODUCTION
& TESTING

Q 4 v o R &

INSTALLATION
(LS3)

’

@ e @ © T—— Y ® :
2010-2011 2012-2015 2016 2017-2020 2018 2019-2024 2026-2030
HL-LHC design Preliminary Design CERN Council Prototypes built Civil engineering 2023 Production of magnets, Long Shutdown 3 (Ls3):
study launched Report (2014) approves the and tested. (shafts, caverns, g, o pyjidings  Crab cavities, collimators, installation of HL-LHC
Technical Design Report  HL-LHC project Final design tunnels) delivered cryogenics, and other equipment in the LHC
& cost baseline (2015) consolidated 2022 major components. tunnel
Underground Systems tested in Mid-2026: LHC stops
construction preparation for Run 3 = LS3 begins
ol installation
>
>
RUN 3 RUN 4 RUN 5
(LHC) (INSTALLATION) (HL-LHC) (HL-LHC) LONG-TERM GOAL
2022-Mid 2026 Mid 2026-2030 2030-2033 2033-2036 2036-~2041
LHC Run 3 Long Shutdown 3: Start of HL-LHC era Long Shutdown 4: Continued HL-LHC Collect ~3000 fb~!

physics data taking installation of HL-LHC

systems

High-luminosity
physics data taking

maintenace and
upgrades

physics data taking

of integrated luminosity

~10x the dataset
of the LHC

Physics programme
into the early 2040s

2018-2025
Build & prepare

2030-2041+
HL-LHC physics runs

IN SUMMARY

2010-2016
Install (LS3)

2026-2030
Design & approval

Future Circular Collider - e*e (FCC-ee)
Timeline and Physics Milestones

OPERATION AND PHYSICS

PREPARATORY PHASE
. CONSTRUCTION PHASE COMMISSIONING e Ko Ciiaging S
Conceptual desngn, _CDR. Tunnels; infrastructire; CC-ee RUN 1 (2) CC-ee RUN 2 (WW) FCC-ee RUN 3 (ZH)

BEYOND FCC-ee

FCC-ee RUN 4 (tt)

Ko System tests, ) i dons:
R&l"' ‘;;“d vestigat beamycommissiom’ng Z pole operation WW threshold Higgs (ZH) factory Top-quark pair ':“'C‘é":h"""“;
agal/administrative installation and scan threshold and scan .8, 8

preparation or other

d ©® © 6 © 0 6 ¢©

2049-2055

See Grojean talk

2014-2025 2026-2034 2035-2036 2036-2040 2040-2043 2043-2049
Z POLE PHYSICS WW THRESHOLD HIGGS FACTORY (ZH) TOP THRESHOLD

] + 10"-10" Z bosons AND SCAN o ~2-5ab-" at V5 = 240 GeV AND SCAN
= « Precision electroweak « ~10® WW pairs + ~10° Higgs bosons « ~108 tf pairs
'5 measurements « Precision of my, to ~500 keV « Model-independent Higgs « Precision of my, to ~10 MeV
g e Determmano_nzaiz * ayy (triple gauge coupling) :3‘:5"["9 ':‘)935“'9"‘5"'5 + Top Yukawa coupling
s - mg, [, sin ‘ew (eff) y measurements Sl e‘f:th i « Top electroweak couplings
8 ~ Number of light neutrinos « Search for anomalous . :Egse:';em;mu 55 + Top anomalous couplings
7] - as(ma) gauge couplings ! i « New physics in top sector
; — Rare Z decays + QCD studies and tests % In.wsxble/rare Hul_;gs z.iec.ays
o « Flavour physics with « Higgs self-coupling (indirectly)

unprecedented precision * Searches for exotic decays

% VLY

ENERGY = 90-94 GeV = 157-163 GeV = 240 GeV ~ 340-365 GeV
INTEGRATED LUMINOSITY =150 ab™' =10 ab~" =2-5ab~" =1.5ab™"

MAIN DELIVERABLES

Ultimate Z physics
Electroweak precision
QCD & flavour

my to ~500 keV
aww and EW studies

Precision Higgs physics
Couplings at v

Myop to ~10 MeV
Top physics programme

+ FCC-ee is a staged programme: each energy run builds on the previous one with a dedicated detector setup (common experiments foreseen).
+ The integrated luminosities are target values and subject to optimisation during design and operation.
+ Timelines reflect the current FCC Feasibility Study (2021-2025) assumptions and will be refined in future updates.

>2055

FUTURE PHYSICS
POSSIBILITIES
Higher energies (FCC-hh)
ep / eh collisions
Precision QCD & EW
* BSM searches

+ Complementarity with
other facilities

= 350 GeV
and beyond

Exploration at higher
energies & new frontiers

O©

FUTURE
CIRCULAR
COLLIDER



If we see a deviation from the SM, what
can we learn?

m Verifying agreement with SM is first priority, but EFTs can help understand
the UV physics causing the deviation

m Focus on SMEFT: SU(3) x SU(2) x U(1) expansion around the SM with no

new particles
Ty Ls L g

L =L
SMEFT SM + AT A2 + A3 + A Concentrate on

dimension-6 operators

Lq= %00
- A is scale much above weak scale, at A there is presumably some UV model

— A priori, many SMEFT coefficients, but in any given UV model there will typically be a
small number of non-zero coefficients

SMEFT assumes new physics is heavy and decoupling




If we see a deviation from the SM, what
can we learn?

m Consider the SM as an EFT valid at the
weak scale

SMEFT is a gauge invariant field theory, so we
can compute higher order corrections order by
order in the SMEFT expansion

Use Warsaw basis (2499 baryon number
conserving operators, with most associated
with flavor structure)

Assume UV physics decouples
Compute to dimension-6 in SMEFT @ NLO

2 expansions: Loop expansion and 1/A
expansion

Bottom up

Top
down

BSM Theory

SMEFT—infinite tower
of operators

LEFT—no top, Higgs, W, Z




Going beyond Tree Level in the SMEFT

'Ei 1 1 . 8
BEF!Li Dgpr A C;

Asu . .
+ X AEFI 1672 + 1672 log(— )]+E AL EFJ;-HL---

1672 AE

A ~Agy + 255

m NLO QCD is automated, but NLO EW corrections done on a case- by -case basis

m At NLO, new operators contribute beyond those that contribute at tree level
- In general, effect of more operators is to weaken limits

m Logarithms come for free from RGE. Do they dominate?

Yij 2
Ci(un) = Ci(A) + 62 C;(A) lc}g(i) \

We’d really like this
to be the case!

Not diagonal




/ pole observables

m At FCC-ee Z pole observables provide precise tests of validity of SM
m They can also probe existence of SMEFT coefficients that vanish at LO
m Consider observables

My, I'w,I'z,0n, A1 rB, Av FB, Ac FB, Ab, Ac, A1, Ry, Ry, Re

m T[ree level expressions depend on (in Warsaw basis) [neglecting flavor
for now]

Cii, Cow B, Cou, qu), Cé;), C((;), C&), Cope, CsD, Cpd
m Tree level SMEFT expressions depend on 8 combinations of operators

= 2 blind directions (resolved by other measurements)




Detalls

m Standard techniques for NLO calculations: SM parameters
renormalized on-shell, SMEFT coefficients renormalized in MS

m Counting: Retain only interference (linear) of SM with single insertion
of SMEFT coefficients in prediction observables

m Use “best” theory for SM contributions

CM?2
m NLO results are @(mez)

‘ r
=

Non-SM couplings New interactions Real photon emission




Scheme dependence as uncertainty
gauge

m NLO QCD/EW Results for W — ff , Z — ff
m Input parameter schemes: {G;My,Mz}, {0(0), G Mz}, {o(Mz}, Mz, Ge}, {o(Mz), My, M}

m Numerical (POPfx format) and analytic results available

Zow s

ical o erators that contribute at LO

C,/¥133]

(M), My, M} 4% -10.6% 5.4% -5%
(Ge My, M} < 1% 71.1% -27.2% - 4%
(M2}, M, Gg} 1.0% 7.8% 17.4% 4.2%

* Relative to LO

POPfx is JSON format for SMEFT results: LHCEFT WG, 2511.17/348
Biekotter,Pecjak,Scott,Smith, 2205.03763

Bellafronte, Dawson, Giardino, 2304.00029 9



https://arxiv.org/pdf/2305.03763
https://arxiv.org/abs/2304.00029
https://arxiv.org/pdf/2511.17348

Flavor assumptions

Operators that contribute to EWPO at NLO

Operator [7(3)° | MFV | U(2)* | 3™ gen specific | 3™ gen phobic | 3™ gen phobic + U(2)® | Flavorless
2-fermion _k':lass A 7 12 16 9 14 7 9
4-fermion with /*Class B 11 17 27 5 23 11 6
identical reps ClassC | 11 | 21 | 44 11 44 11 11
Remaining 4- Total 29 50 87 25 81 29 26
fermion

m Compare Z pole global fit results with U(3)°, U(2)°, MFV, only 3" generation

operators, no flavor structure

Much work to be done understanding flavor in SMEFT global fits

* In all generality, 168 operators contribute to EWPO with no flavor assumptions

S. Dawson, BNL

10




What good is all this?

m At scale A, match SMEFT to model parameters of UV complete theory, C(A)

m Only a few operators generated in a given model: eg. Heavy charge 2/3

quark gives: )
O.u =(H'H) (g3 Ht) + h.c.

O™ =(H'D ,H) (a7"as)

@J{fﬂ[:w] =(HT?ﬁiH) @;;’}-’”TIQ‘H)-
m RGE scale operator coefficients to C(M,): generates Oy p~ AT
m Match to predictions at M,

m Look for patterns

* Automated tools exist to do matching to 1-loop

11



Flavor matters

Tera-Z sensitivity to heavy fermions

B Universal couplings @ Third-gen. only .()rh«'l. RGE Operator m|X|ng |eadS to
B e new flavor structures

)

* Assume all (non-SM) couplings=1, and all
dimensionful parameters=M

TeV
=

-

Q Q Q;

.

10
| * This “dictionary” type of analysis is perhaps
- - . B oversimplified
l.,j | &
 . ALL BSM IS NOT RULED OUT...
D E N noT, U A A XY QY et

Hatched bars have no RGE running
S. Dawson 12



https://arxiv.org/pdf/2408.03992

e*e — /H is window to
many new interactions

e Complete NLO QCD/EW calculation
(~77 dimension-6 operators)
 Numerical results available
* Fixed order: Do we need resummation of
log(s/m"2) terms?

e Effects of different operators is correlated
* Power of measurement at 2 different energies

Asteriadis, Dawson, Giardino, Szafron

S. Dawson, BNL

LEP Global Fits 240 GeV, 0.5% 365 GeV, 1%
MFV [ RGE + finite* RGE
Flavorless RGE + finite

1 ,,,,,,,,,,,,,, ,,,,,,,,,,,, ,,,,,,,, Z pole

— Higgstrahlung

efe” — ZH A=1TeV |

C, always RGE + finite; Cuy = Cou(Z) |

i  *RGE and RGE + finite indistinguishable ]
20 =,y
-10 -5 0 5 10

Top-electron 4—fermion, Ce [1133]

Higgs self-interactions, C,

Note: Z pole limits depend on flavor assumptions

In this example, logs dominate over finite terms
13


https://arxiv.org/pdf/2406.03557

SMEFT EW loop corrections for Higgs

decays
Higgs decays with full NLO EW/QCD results for dim-6 SMEFT

H- ff m 200715238, ,

Tree level in SMEFT,
< .
one-loop in SM

H — vy, vZ, ggm : : :

H—Zff m 2411.08952
H->Wff m
H— Zgg = :

Crossing gives 3-body Z
‘AII H—4f operators in NWA decays at NLO SMEFT

Bellafronte, Dawson, del Pio, Forslund, Giardino,

14


https://arxiv.org/pdf/2007.15238
https://arxiv.org/pdf/2007.15238
https://arxiv.org/pdf/1904.06358
https://arxiv.org/pdf/2007.15238
https://arxiv.org/pdf/1807.11504
https://arxiv.org/pdf/1807.11504
https://arxiv.org/pdf/1805.00302
https://arxiv.org/pdf/1507.03568
https://arxiv.org/pdf/2107.07470
https://arxiv.org/pdf/2411.08952
https://arxiv.org/pdf/2411.08952
https://arxiv.org/pdf/2508.14966
https://arxiv.org/pdf/2508.14966
https://arxiv.org/pdf/2508.14966
https://arxiv.org/pdf/2508.14966
https://arxiv.org/pdf/2306.09963
https://arxiv.org/pdf/2601.09599
https://arxiv.org/pdf/2508.14966

NEWISH

m Fixed order Monte Carlo code for Higgs decays

m All relevant Higgs partial widths at NLO QCD/EW in dimension-6
SMEFT

m Exact H—4f at LO, NWA at NLO
- At LO use complex mass scheme to include widths

m Publicly available at

15


https://gitlab.com/mforslund/newish/

H— I"IF Z @ NLO in SMEFT

Cawg: LAY, A =1 TeV

0.050

ones NLAO), &'

WL, 'y
0.000
-~ LO

~0.025

EFT/SM

-0.050 o
0075
-0
05
0.0-
05

10
10 15 20

M, [GeV]

NLO/LO

Dawson, Forslund, Giardino

25

30

NLOJLO

Significant corrections at NLO

1.0
0.0
=05
B, no cut
-L0 W e, my, = 12 GeV
Bty , my, = 12 Gel
=1.5

Cao G Cu Cw Cn GCelitl Cli] C'#] Gl P
<3

NLO SMEFT matters numerically

16


https://arxiv.org/pdf/2411.08952

H—A4f

 Massless fermions (except top in loop)

* Partial widths always truncated to
O(1/A?)

 LO H—4f : use complex mass scheme to
Include widths

e H—4f at NLO: use NWA

Narrow width approximation

L(V — f3f4)

I"(H — (flfz)(f:iﬂ)) = P(H - Vflf?) ['(V — all)

Cannot be approximated by NWA

17



Is the NWA Accurate?

LO h-e'eutu™, 1/A?, Cowp =1, A =1 TeV

0 :
~2.x10710"
~4.x10710

-6.x10710:

dlgpr/dmg.

~8.x10710
-1.x107%;

~1.2x107°"

0 10 20 30 40

mz- [GeV]

NWA
Full h—»ete utu~

50 60

dlgpr/dmy.

Misses cross terms

LO h-4u, 1/A%, Cywp=1, A = 1 TeV

-2.x 10710
—4.%x10710

-6.x 10710

NWA
Full h—-4pu

10 20 30 40 50 60
my [GeV]

 Eventually want full H—4f calculation @ NLO
* For many operators, NWA gives 10% accuracy at LO

Dawson, Forslund, Giardino
Brivio, Corbett, Trott

18


https://arxiv.org/pdf/2411.08952
https://arxiv.org/pdf/1906.06949

Higgs decays to fermion pairs

m Scheme dependence: MS vs on-shell m, small for SMEFT terms
m Both implemented in NEWIiSH

m Coefficients evolved to u=m, using DsixTools for MS

ABR(H — bb)/BR(H — bb)[SM, N LO]

~ 0.00002

T

Cyp|NLO, OS], { My, My, Gp}

""" (-',_;,i)[[z(). ()S‘] {;‘l'[“’. le. GI}

-0.00001

-0.00002 |-

- (r‘,]_)[‘\rlr.() \[S] {1 [“', 1([1 (;p}

----- Cyp[LO, MS), { My, Mz, G}

Affects all BRs
through total width

19



End-to-end NLO SMEFT d-6 EW/QCD fit

m e'e - /H H— XX
m Use NWA and include full NLO corrections to efes — ZH, Z— ff, H— XX

m Significantly more information when decays are included
iviomer 95% CL

5% measurement of

A/ total cross section

Decays break

Modifies top ~ ** degeneracies

Yukawa

Combining total rate

These are coefficients that with decays

don’t contribute at LO 1

-10 -5 0 5

WK Higgs tri-linear 20



https://arxiv.org/pdf/2508.14966

Projections sensitive to assumptions

about theory

* Results include NLO
QCD/EW SMEFT

 Assumptions from European
Strategy Report
(summarized in Tables 1-3
of )

 Note scales on plots

* For this set of coefficients,
tera-Z nails it

Bellafronte, Dawson, del Pio, Forslund, Giardino

21


https://arxiv.org/pdf/2601.09599
https://arxiv.org/pdf/2601.09599

End-to-end NLO EW fit

ete” = ZH, Cyp=0
m Translate to k formalism (DANGER) el 240+ G, 5%

1 v? ' :
dz :——,(Q;,D +4C¢,D> Only includes
442\ | / linear pieces
K —1+ﬁ(3[0¢9— - ]—zic'-)
AT T2 4 ¢ m2, ¢
m Decays provide new information L W Al 200GV, 687 CL

Caution: 2-parameter SMEFT fit

How big can i, be? Partial wave unitarity of
hh—hh, Cy< 8t (1 TeV/A)?, perturbativity of
series: v2 Cy/A?< 1 [k, < 195, 8]

22



https://arxiv.org/pdf/2508.14966

Example

m 4-fermion operators generically occur in models with heavy Z’s
m Contributions with top in loops often enhanced

m Operators that contribute to (ee)(tt) vertices:

[Oeu]prst — (_pf)/#er)(ﬁsf}/put)
[((Qﬁe}prst — (pr}/ﬂ%")(ésf}/pet)
Oy, prst = (67 €:) (@5 70t) t
[Otgg)}p’rsf — (_pf)/#gfgr)(q{)’#fffqt) ' ' et
[Ofu}prst = (gp')’wr)(“sfyﬂut) . i
g i _ e
t

Coefficients for your favorite Z' model:
Dawson, Forslund, Schnubel,

23


https://arxiv.org/pdf/2404.01375
https://arxiv.org/pdf/2404.01375

Constraints from many sources

m HL-LHC Drell-Yan (loops)

W Current Z-pole ] HL-LHC (R EIC
PlFCC-ee |Z-pole) P FCC-ve 162 GeV) [JFCC-re (248 GeV) [ FCC-oe (365 GeV
m EIC (loops) e
lq -

m Tera-Z (Loops)

m e'e —/H (loops)
m e'e —Dbb (tree level) i
m c'e —tt (tree level)

m Plot is full NLO EW fit—logs
dominate over constant terms

eett operators constrained by
tera-Z and e*e- —bb alone

Importance of global fits!
Bellafronte, Dawson, Giardino, Liu
24



https://arxiv.org/pdf/2507.02039

Higgs tri-linear relatively insensitive to eett operators

50
[,
o ,.
: ? %
SR é é: o Current EWPOs
g M LB + Drell-Yan (HI-LHC)
é ’?/; ? é | EWPOs (I'CC
% 7? ? ,é m + EWPQOs (I'CC-ec)
' g éé g é m+ Ry, R, Re, By and e"e” — Zh (FCC-ee)
0.5 AN % L C A All above, but, without e e~ — Zh
Cll” 1133 Felty g a3
o . (Cul Corlsa Ceul # Marginalized over all other Cocfficients
5 3 o
0.2 3
N I \F

0.3

Sk =017 (lo)

Remember it’s really Cy Will this conclusion hold

Oy =| H'H |? with more operators?
Allwicher,Grojean, Tabatt 25



https://arxiv.org/pdf/2512.06916

Missing pieces for full NLO QCD/EW
LHC dim-6 SMEFT Study

m Z, W, Higgs decays at NLO EW/QCD dim-6 SMEFT known

m At LHC, need gg—H @2-loop SMEFT to capture dim-6 NLO SMEFT
effects and SM

m At LHC, gg—VH can be obtained by crossing from H—qqV
m NLO EW SMEFT for VBF is problematic (needs new techniques)

Goal: Global fit marginalized over operators where
all observable predicted to NLO QCD/EW SMEFT

26



The future

m Top down: 2-loops
- Have tools for consistent NLO fits to models
- Match models to 1-loop at A

- NLO RGE (using 2-loop SMEFT RGEs) to M, Serious comparison of precision

) o fit results with direct search
— Fit to NLO predictions experiments lacking

m Discussion: Bottom up
- How to use NLO EW results in fits?
- How to include 1/ A%, dimension-8?

Higgs couplings presented as precision measurements in SMEFT?
PROs: Can be theoretically rigorous, allows for global fits
CONS: Not very intuitive or visual, assumes no new light physics

27
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Table 2: Dimensionf operators other than the four-fermion ones (from ref. [11]). For brevity, fermion chiral indices L, R

are suppressed,

Warsaw Basis
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Tera-Z Accuracy

Table 3: Projected uncertainties on EWPD at FCC-ae from Tera-Z with 205 sb~" and Ty measured st the WHH~ theeshold with 192 sb~', from Ref [120] unless
atherwiza astated, Theory uncertainties are divided into thoese associated with the definition of pseudo-obssrvabls at the 2 peak (“PO") and those coming from caleulations

[“Theory" ). Both conservative (“C") and ageresive [“A") scanares am considered, The dash means the uncortainty & sssumed to e negligible, Numbsrs labaled by [*] ara

found by lnear propagation of erroers from Ref, [120]

Eﬁgﬁim% Stat Syst PO(C) PO(A)  Theory(C)  Theory(A)
ATz (KéV) 4 12 35 80 16

JR, 3.4 % 107° [143] 2.3 x 107 [143] 4x 104 - 1.2 % 1073 2 %104
§R, 2.4 x 107° 2.3 % 1078 4x 1074 - 1.2 x 1073 2107t
dR; 2.7 x 107° [143] 2.3 x 107 ° [143] 4x 107" - 1.2 x 107° 2x10°t
§Ry 1.2 x10°® 1.6 % 107° 4.4 % 10°° 9% 10°° 2% 10°° 3.5 x 10°°
SR 1.4 % 107° [143] 2.2 x 107 [143] 1.7x107%  34x10°° 1x10°% 2% 10°°
Agy, (pb) 0.03 [143] 0.8 [143] 17 = 1.6 0.3
AA. 14 % 107°% [143] 11x 107% [143] 19.5 x 107% [¥] 5.3 %x107° [ 4.5 x107° [¥
AA, 32 x 1075 [143] 19.5 x 107" [*] - 53 x107% [*] 45 x107° [
AA, 34 % 107° [143] 19.5 % 107° [¥] = 53 % 107° [*] 4.5 x 107° [¥]
AA. 60 > 107° [143] 91 107% [*] - 23x107°[*] 2x107° [¥]
AA, 98 x 107° [143] 126 x 107° [¥] = 43 %1075 % 3.7 %1077 [¥]
AA. rE 3.3 x107° [143] 2.4 x 107% [143] 4.3 x107° 1.2x107% ¥ 1x107% [%
A, Fa 2.3 x 107° [143] 2.4 x 107°%[143] 4.3 x 107" - 1.2 x10°% [F] 1x107°%[¥
AAr rp 2.8 x 107° [143] 2.4 x 107% [143] 43 x107° 1.2x107° ¥ 1x107° [¥
Ay ri 4x107°% [143] 4% 107" [143] 3.2%x10°°%  28x10°°% 38x107° ¥ 3.2x10°° [¥
AA.rp 5x107° [143] 5 x 107° [143] 23%107°  21x107°% 29 % 107° ] 2.5 x 107° [¥]
Al (KeV) 270 200 1000 100
Aa(Mz)™! §x 107t 3.8%x 107 5x10°° 2x 107"

Nutes. The dash indicates a megliglble uneertainty as compared to other errer sources. Entries where the Information separation between “PO" and “Thesry” uncertalsties dees
mat apply have been it blank

Bellafronte, Dawson, del Pio, Forslund, Giardino,
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