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Higgs physics

» Studying the Higgs precisely is the central target of HL-LHC and future

colliders
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Higgs at the LHC

| HC is already a Higgs factory: ©(10°) Higgs by
end of HL-LHC

* [he challenge Is the backgrounds

Measurements of rare, clean decays

4, yy, Zy, uu, ...) will not improve much until
an eventual FCC-hh

Other measurements will be largely theory limited
(assumes factor of 2 improvement from today)
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https://inspirehep.net/literature/3070637

Beyond Kappas

o Kappas are good first order picture but have a number of issues
 Why should these be the only BSM deviations”?
* No systematic powercounting parameter
* |n general, gauge invariance
 Don't capture energy dependence of all possible operators
 Don't bake in custodial symmetry

* Not clear how to go to NLO

« SMEFT is the natural framework to handle all these issues consistently
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 Assuming new physics is heavy, can integrate it out and use EFT:
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SMEFT

 Assuming new physics is heavy, can integrate it out and use EFT:

 Assume SM gauge symmetries with the Higgs as an SU(2); doublet. 5
- I

O

D

« Systematically improvable, in both loops and A

M= Mgy + =l +——— )4
SM A2 EFT (477)2A\2 EFT ' "

. For this talk: truncate at O(1/A?), Warsaw basis SMEFT

SM - SM — SM - @ - SM
: BSM \ : \



https://inspirehep.net/literature/866649

Beyond Kappas
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 For the most part, SMEFT approach not much more complicated than kappas at
tree-level, after adding EWPO

 However, this depends on symmetry assumptions


https://inspirehep.net/literature/3070637

Symmetry assumptions

o ~2500 operators appear at dimension-6, overwhelmingly from flavour sector.

* Jypically reduce with some assumptions:

. U(3)°, Minimal Flavour Violation, U(2)> x U(3)?, or U(2)’ X U(l)?+e
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Symmetry assumptions

o ~2500 operators appear at dimension-6, overwhelmingly from flavour sector.

* Jypically reduce with some assumptions:

. U(3)°, Minimal Flavour Violation, U(2)> x U(3)?, or U(2)’ X U(l)?+e

. For EWPO and Higgs, most operators are CKM suppressed at O(1/A?).

* Practically -- often use a diagonal CKM matrix, restricts to ~200 operators
while remaining flavour general

« B and L violating are dropped

 CPV operators typically drop out at tree-level for inclusive observables, but at
NLO they can contribute!
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Why NLO?

1. Precision at HL-LHC and especially FCC-ee will be high enough that loop-
iInduced deviations will be measurable

2. Some operators at LO can experience large corrections and change
coefficient correlations.

* Accurate constraints (or discovery) needs higher orders

3. Complementarity between observables at NLO. Measuring a deviation in i.e.
eTe” — tf should also alter Z-pole (and Higgs) through top-quark loops.

Fa




Degrande et al. PRD 103 (2021) 9, 096024
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Degrande et al. PRD 103 (2021) 9, 096024
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H decays at NLO over the last 10 years

¢ H —> bb Gauld, Pecjak, Scott, PRD 94 (2016) 7, 074045 Cullen, Pecjak, Scott, JHEP 08 (2019) 173  Cullen, Pecjak, JHEP 11 (2020) 079
« Ho 1t , u"u~, cc - -

s U U , CC Gauld, Pecjak, Scott, JHEP 05 (2016) 080  Cullen, Pecjak, JHEP 11 (2020) 079
¢ H — gg Deutschmann, Duhr, Maltoni, Vryonidou, JHEP 12 (2017) 063 Corbett, Martin, Trott JHEP 12 (2021) 147 Martin, Trott JHEP 01 (2024) 170
. H — y}/ Hartmann, Trott, PRL 115 (2015) 19, 191801 Dawson, Giardino, PRD 98 (2018) 9, 095005

Hartmann, Trott, JHEP 07 (2015) 151 Dedes, Paraskevas, Rosiek, Suxho, Trifyllis JHEP 08 (2018) 103

° H — Z}/ Dawson, Giardino, PRD 97 (2018) 9, 093003 Dedes, Suxho, Trifyllis JHEP 06 (2019) 115
e H — g gZ Rossia, Thomas, Vryonidou JHEP 11 (2023) 132

Dawson, Forslund, Giardino, PRD 111 (2025) 1, 015016

Bellafronte, Dawson, Del Pio, Forslund, Giardino, PRL 136 (2026) 5, 051801

Bellafronte, Dawson, Del Pio, Forslund, Giardino, [2601.09599]

New! Gives access to all H — 4f decays at NLO in the narrow width approximation

10


https://inspirehep.net/literature/1477424
https://inspirehep.net/literature/1729733
https://inspirehep.net/literature/1809484
https://inspirehep.net/literature/1408760
https://inspirehep.net/literature/1809484
https://inspirehep.net/literature/1614159
https://inspirehep.net/literature/1885488
https://inspirehep.net/literature/2658419
https://inspirehep.net/literature/1382628
https://inspirehep.net/literature/1684504
https://inspirehep.net/literature/1369122
https://inspirehep.net/literature/1670949
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https://inspirehep.net/literature/2848286
https://inspirehep.net/literature/2669407
https://inspirehep.net/literature/2963039
https://inspirehep.net/literature/3105062

NEWISH

Fixed-order Monte Carlo code written in Fortran

Consistent implementation of all major H partial widths
at NLO QCD and EW in the SMEFT

Exact H — 4f at LO, NWA at NLO

Publicly available! (Along with numerical results)

ihtt?s://gitﬁlab.com/ mfgrsTai

— —— _—

NLO
Electro-
Weak

in the
SMEFT for |
Higgs widths

-

11


https://inspirehep.net/literature/3105062
https://gitlab.com/mforslund/newish

"runname": "CphiWB", "eft": "“SMEFT",

- ‘process”: "2q2v", "basis": "Warsaw mass",
I ettt 1, "scale": 1000.0,

"'nlo_flag": 0, "values": {
"alphaS": 0.1188, "G": 0,
"MWY: 80.352, "Gtilde": 0,
. _ "MZ": 91.1535, "W"; 0,
Easy to use config files "MT": 172.76, "Wtilde": 0,
"MH": 125.1, Ut 0 L7
o _ "mb": 4.92, "phiBox™: 0,
Coefficients in standard WCxF format "mc": 1.51, L
: "ms": 0.1, SIS e
(same as DsixTools) e et 195 1 "phiB": 0,
phiWw": 0,
. . . . "phiwWB": 1.0,
Some limited differential distributions "phiGtilde": O,
"phiBtilde": 0,
(do/dm,, for H — 47) "phiWtilde": o,

"ohiWtildeB": 0,

"uphi_11": {
Coefficients defined at the scale oL,

U = my. Running not implemented!




Virtual

 FeynRules — FeynArts — FeynCalc to obtain amplitudes

+ Inputs: G, my, my, ag, my,, m, and additional m,for H — ff

« On-shell renormalization for SM params, MS for SMEFT coefficients

i\M) = Lo, N H 1671'2le ]:u

Ci(u)

; ding  l6g2 i

13



Real Emission

» IR singularities from the virtual H — X cancel with H — X + (y, 2)

 Handle IR singularities with standard massive and massless dipole subtraction

Catani, Seymour, Nucl. Phys. B 485 (1997) 291-419

1
[, = S [dPSn ( | A “— | o ub \2) + [drsub Dittmaier, Nugl. Phys. B 565 (2000) 69-122
H

Catani et al., Nucl. Phys. B 627 (2002) 189-265

o+
/ f
7 Y
g Cow B / B oo
h ———=—-—- fp ——————
Y
-
CW Y Z
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Real Emission

» IR singularities from the virtual H — X cancel with H — X + (y, 2)

 Handle IR singularities with standard massive and massless dipole subtraction

Catani, Seymour, Nucl. Phys. B 485 (1997) 291-419

1
[, = S [dPSn ( | A “— | o ub \2) + [drsub Dittmaier, Nugl. Phys. B 565 (2000) 69-122
H

Catani et al., Nucl. Phys. B 627 (2002) 189-265

« For H — 47, experimental cuts introduce additional pieces ~ log Qz/mLE

g—l-
/ f
. v
Y Cow B / B oo
Ep— A
.
-
CW ’7 Z
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H — 4f

* Massless light fermions, flavour general” “But with a diagonal CKM matrix

» Partial widths always truncated to O(1/A?)
At LO, use complex mass scheme to include width effects

e (This is a source of scheme dependence)

15



H — 4f

* Massless light fermions, flavour general” “But with a diagonal CKM matrix

» Partial widths always truncated to O(1/A?)
At LO, use complex mass scheme to include width effects

e (This is a source of scheme dependence)

» For H — 4f at NLO, use NWA

(V= £ A AW
[ = R f3f) = T(H = fifV) ot = SM+ S o @}@

15



H — 4f

Massless light fermions, flavour general”

Partial widths always truncated to O(1/A%)

At LO, use complex mass scheme to include width effects

e (This is a source of scheme dependence)

For H — 4f at NLO, use NWA +

UH = fifhifa) =1(H = f1/,V)

LV ff)

C(V—all)

SM

*But with a diagonal CKM matrix

— Not always accurate, neglects

nonresonant contributions

See also Brivio, Corbett, Trott, JHEP 10 (2019) 056

A (0)

AW

A2

1672A\2

@}@

15


https://inspirehep.net/literature/1740113

H — 4f

+ At LO, 26 operators contribute to H — ffV through 3 diagrams

W*/Z* |y W*/Z*é g

At NLO, 184 operators contribute without flavour assumptions, or 92
assuming a U(2)°> symmetry

Cly[1133]
A o
—e”l - -2



H — 4f

+ At LO, 26 operators contribute to H — ffV through 3 diagrams

W*/Z* |y W*/Z*é E

At NLO, 184 operators contribute without flavour assumptions, or 92
assuming a U(2)°> symmetry

 Many negligible — dominant pieces:. top-quark operators, sizable corrections
to operators appearing firstat LO ¢ 11133

A S e
s



H — Z7¢~Z corrections

Cywp, 1/A°, A =1 TeV

R * Up to 40% corrections to some LO
0025 — NEO €' operators at NLO
NLO, u*u~ ]
0.000"
SR LO
5 -0.025 R
~0.050 T
-0.075
D T T e e, k
S 0.5 B Sl EL *
=00
0.5
Y
10 15 20 25 30
mye [GeV]

R; = EFT/SM m,, > 12 GeV - Typical exp. cut
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H — Z7¢~Z corrections

Cywp, 1/A°, A =1 TeV

00507 ‘ ‘ ! ! \ I
0.025. —— NLO, ee
NLO, p*u
0.000"
BT LO
- :
% L
s —0.025
= 0-025 _'_,_l—li
~0.050 TS
~0.075
—0.10 S T S S S S S S S R S R B R :
T I T S ryrre S P U PP PP PP PO PO PP PP UOPOTPIPOPRPUPPPIPOPRPRIOS F
S 0 R
“ 05
10— 7 — L o o o
10 15 20 25 30
My [GGV]

R. = EFT/SM

m,, > 12 GeV - Typical exp. cut

NLO/LO

Dawson, Forslund, Giardino, PRD 111 (2025) 1, 015016

Up to 40% corrections to some LO
operators at NLO

With realistic experimental cuts,
corrections become even larger

1.0

0.5

0.0~
0.5
I W /", no cut
-1.0" Hee, me>12 GeV |
- = ptue, my, > 12 GeV |
_1.5F |
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Dawson, Forslund, Giardino, PRD 111 (2025) 1, 015016

H — Z7¢~Z corrections

H-ete Z, 1/A%, A =1 TeV

——_— eu[lylﬂ?;g]

* All operators appearing first at NLO a9, iy

have very SM-like m,, distributions = =™ — qiniaa =

drz NLO/dmee [TeV/A]Z

— )
o : : . 2 ) I_"'---. I_l_'—l_l_ E
BlggeSt excepthn. CW ~2.x10°%0- Cy[2,2,1,1) \_ti:j.l_l_l_l— .
I Olu[1717373] """ CW I---l___ :
- qe[373)171] """ C¢ SRECI.
_4.><10—10 —— 42
0.002F —
~0.001° e mmammmmmmmmmmmmmmmeeeeeeeaaane- -
& 0.000 == :
—0.001: , E
—0.002F = === =====s=sTTsssseeesscTTossosetoToocioooooiT o — -
-0.003- T
5) 10 15 20 29 30

R, = EFT/SM 1
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Dawson, Forslund, Giardino, PRD 111 (2025) 1, 015016

H — Z7¢~Z corrections

H-ete Z, 1/A%, A =1 TeV

LT eu[1717373]

* All operators appearing first at NLO 11,18, —

have very SM-like m,, distributions = =™ — qiniaa =

drz NLO/dmee [TeV/A]Z

——— *
--:--:_I — I_l_l_l_l_‘ |
® BlggeSt excepthn. CW ~2.x10710 — Oy[2,2,1,1] ?:T:_I_I—|_I— — ___E
B Olu[1717373] """ CW I---l___ E 7

- qe[3737171] """ Cqﬁ - _
4. x 1070 e i/ 42
0.002E —
. . 0.001 e mmmmmmmmmmmmmameeaaeae
Flat = SM-like > F 0.000 === |
~0.001: o
—0.002F === == s e e m e s s s s e e esmesoosoeoooooooooo oo —— -
-0.003- T

5) 10 15 20 29 30

R, = EFT/SM
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How good is the NWA?

» Can compare our full H — 4f and | LO hoereuy, IAY G122 = 1L, A = 1 TeV
NWA at LO 4. %1077 NWA
: Full h»ete putu
: . 3.x107°
» Forindividual H — f,f, f3/4 channels, §
inclusive agree within 10% for almost & 2.xw0*.
all operators ©
1.x1077F

e For differential distributions,

agreement depends significantly on 0 0 20 3 40 50 60
process and operator mz [GeV]

19



dI'gpr/dm g

How good is the NWA?

LO h—)6+6_/1+l,[_’ 1//\2, C¢WB = ]_’ A = ]_ TeV LO h—>4/.l, ]./Az, C¢WB:1, A — ]. TeV
O T T T T ] [+~ '~ ~ 1 ' ' T 1 T T T T [ T T T T [ T T T T [ T T T T ]
: NWA
-10 -
—2.x 107 Full h»ete u*u- 0
—4.x10710+
L N L
: *g ~2.x10710F
—6.X10—loj = ' I
L F
: -
—8.><10‘10_— ge ;
: —4.x 10710+ NWA
9| - |
~1.x10°9 _ Full h-4u
-1.2x10°" ~6.x 10710
I I — l L I | l L S L — ' EE— | SR N B I | 1 1 1 | | I 1 1 1 L1 ! I I | 1 1 L | I I 1 1 | -
0 10 20 30 40 50 60 0 10 20 30 40 50 60
mz- [GeV] my [GeV]

» Neglected cross terms can become important for H — 4u, 4e

 Not clear how much carries over at NLO. Eventually would like full NLO H — 4f

20



Scheme dependence

Have to choose an input scheme for calculations. Typical (OS) choices:
G scheme (G, My,, M,), LEP scheme (G, a, M,), @ scheme (a, My,, M)
In SMEFT, whatever isn't chosen as an input gets LO SMEFT corrections.

- Can lead to very large scheme dependence for specific coefficients.

At NLO, G and a schemes are most natural to avoid having to expand
propagators

Quark masses (m1;,) demand another choice between MS and on-shell

For H — 4f, complex mass scheme introduces another choice

21



Scheme dependence

Cup

C'HWB

CHe
33

CHu
33

(j@ﬁ
33

Some (Cyp, Cywp) Well constrained so

scheme dependence Is not as important,
but not always guaranteed

o LO [—0.5001) 833 0.0000:900 | —1.8431007%  0.00019-0%2  0.00075-000
NLO|—0.5270:505 1 0.00410-000 | —1.90510-00%  0.04870-9%  0.02210-00
o LO | 0.00010:9%0 | 2.37010-081 1 _1.84310-050 0.000+0-09%  0.000F0:992
NLO|—0.001 10060 | 2.43970008 | —1.90310:005 0.00570:000  0.0025-000
. LO |—0.169F0:011 10 355700121 1 76410-046 0.000F2:018  0.000+9-001
NLO|—0.28970:909 | 0.25810-003 | _1 .89710-006 0.01873911  0.00612-9%9
. LO | 1.57310-19% 4.088t8~}j§ —1.76419-0%0 0.00010-152  0.000F0-00%
NLO| 1.40815:0%5 | 3.86910:0%3 | —1.8981 5005 —0.14215:030 —0.073%0055
Cep LO [—0.600100%0 —1.83719-0%% 0.00010:0%2  0.000+0-001
NLO|—0.631+:995 |_0.475%9 88(1) ~1.89910:00%  0.057F9-09  0.02510-000

e 6: Selected SMEFT contributions to the Z — 77 decay rate including scale varia-

n the five schemes.

Biekotter, Pecjak, Smith

SM  Cyn CS’} C

H 1221
20.3% 20.3% - -
-5.2% 2.1% - -
15.1% 22.4% . _
20.3% 20.3% 20.3% 20.3%
-0.8%  2.1% 0.9% -0.8%
19.5% 22.4% 21.2% 19.5%
20.3% 20.3% 20.3% 20.3%
0.7 %  2.1% 0.7% -0.9%
19.5% 22.3% W 21.0% 19.3%

Biekdtter, Pecjak, Scott, Smith
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https://inspirehep.net/literature/2657687
https://inspirehep.net/literature/2737318

Scheme dependence: MS vs on-shell quark masses

ABR(H — bb)/BR(H — bb)[SM, NLO]

» MS vs on-shell m;, scheme can ~
matter for some coefficients |

C'c.‘)l) :\?LO OS] ) {*\ [H' ) A [27 ('11}

----- C:'Q:)]_) L(). ()LSY] s {J[H ) A’[Z, (71‘}

Cyp[NLO, MS], {Mw, Mz, G r}

 We've implemented both in NEWISH

D e Cop|LO, M S|, {Mw, Mz, Gr}
-0.00001 |- N T ..
| -0.00002 ! T
ABR(H — bb)/ BR(— bb)[SM, N LO| g
NS . 0.004 i
X & . : (:'([(;‘) (_)) 3 J\YLO, OSY], {A\ [H & ;'?\[Z, (I'[‘}
0.002 |-
- e eaa- Cao (3, 3][LO, OS], { My, My, G}
L, L P P M2 NINTO MS Mo M- (3
R Cas|LO, M S|, { My, My, G}
-0.002 -
-0.004 |- TSy \

23



Scheme dependence: MS vs on-shell quark masses

AF"I'OI{:I/F'l'()/,(l.] [SVA\] N L()]

1.0
. : TN . Z Cao!3,3|[NLO, OS], { My, My, Gr}
BRERERIN - T Cao|3,3|[LO, OS], {Mw, Mz, G}
l l 1 l . . . | l 1 \ | I | | ! | 1 A 2 ANTO MS Vi, V- Ly
~0.0010 ~0.0005 - Ngg. . 0.0005 0.0010 Caol3, 3IINLO, M5, {Mw, Mz, Gr}
s - : : o 777" (:'Y(lf;"') ['3 3] [L @, 3 W]* {J[ll 3 *\[Z 3 Gl}
-0.5+ NG ~ : S~
1.0f

 Since bb is the largest channel, this impacts all channels through the total width



https://gitlab.com/ mforslund/f——x |
Results in POPxf format

* Jo make our results maximally useful, we compiled a repository for YRS with numerical
results in the POPXxf format

* New standardization of SMEFT results to ease sharing and comparison

 |ncluded:

» Higgs decays, both I 's and BR's, with both on-shell and MS quark masses

e H — 4de, 4u, 2e2u with experimental m,, > 12 GeV cut
» Differential d1'/dm . distributions for H — 4e, 4u, 2e2u
« EWPO in My, M,, G) and (a, M ,, G.) schemes

e eTe” — ZH at 240 and 365 GeV, polarized and unpolarized
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https://inspirehep.net/literature/3085424
https://inspirehep.net/literature/2856519
https://inspirehep.net/literature/2829748
https://inspirehep.net/literature/2963039
https://inspirehep.net/literature/3105062
https://inspirehep.net/literature/2848286
https://inspirehep.net/literature/3105062
https://inspirehep.net/literature/1752734
https://inspirehep.net/literature/2648225
https://gitlab.com/mforslund/smeft-nlo-popxf

An aside on EFT validity

» For EFT to be valid, A > E for your observable at energy E.

» Bounds on C:'s only meaningful if this is satisfied.

* (Nearly) automatic at FCCee. For LHC SMEFT analyses, not always guaranteed!

do-
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An aside on EFT validity

» For EFT to be valid, A > E for your observable at energy E.

Bounds on C;'s only meaningful if this is satisfied.

(Nearly) automatic at FCCee. For LHC SMEFT analyses, not always guaranteed!

One diagnostic: check relative sizes of dim-6 squared and dim-6 pieces

do-

* |f dim-6 squared is small, probably valid
* (But dim-6 squared constraints are unphysical!)
o Usually ignores double insertions

SMEFT results often include dim-6 squared

26



An aside on EFT validity

e At NLO: can't do quadratic dim-6 in usual G scheme

* |ncluding dim-6 squared means real emission squared.
. But a redefinitions lead to IR divergences for Cy5, Cyps Cgl’), C,!
 These cancel with a double insertion diagram that would be usually be neglected

» (Not a problem of if & is used as an input instead of G, but is a consequence of
inconsistent powercounting)

2
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Bounds and projections



NLO, 95 % CL
[ [ [ [ ‘ [ [ [ [

06 ® HL-LHC, Decay only

I B EWPO |

04. |

02 |

3 ool | |
O i \ |
_02 ; |
_06; |

—5130l l—50l - l—40l | (‘) | 110 | | 210 | | 310

Cy
Bounds on

Cq/) sensitive to other operators at NLO, but EWPO can sometimes save you

Extracting C , at the LHC

Ceull,1,3,3]

20

10

-10

L]

NLO, 95% CL
[ [ [ [ ‘ [ [ [ [

I T T T T

® HL — LHC, Decay only |
® EWPO

“Fitting only to BR’s
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Extracting C , at the LHC

NLO, 95 % CL
05 - " HL-LHC, Decay only « EWPO can’t save you for every
: * coefficient
0.4} E
0.2} 4
S * |n general, conclusions depend on
— 0.0~ ] .
I assumptions
02 :
o4 :
; % * Fits shown ignore production — more
08p i work needed for complete picture
—4‘10 | | | —50 | | | (‘) | | | 2‘0 | | | 410
Cy

“Fitting only to BR’s
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Looking forward: FCC-ee

« NLO SMEFT corrections to ete™ — Zh known

 Depends on 10 coeffs at LO, ~70 at NLO

Asteriadis, Dawson, Giardino, Szafron PRL 133 (2024) 23, 231801

Asteriadis, Dawson, Giardino, Szafron JHEP 02 (2025) 162
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https://inspirehep.net/literature/2856519
https://inspirehep.net/literature/2829748

Looking forward: FCC-ee

« NLO SMEFT corrections to ete™ — Zh known

Depends on 10 coeffs at LO, ~70 at NLO

» For inclusive eTe™ — Zh, polarization and energy

variations were needed to break degeneracies

Asteriadis, Dawson, Giardino, Szafron PRL 133 (2024) 23, 231801
Asteriadis, Dawson, Giardino, Szafron JHEP 02 (2025) 162

0 unpolarized 0 ef /e O eg/ef

Allowed Region with 0.5% Measurement, A =1 TeV, /s = 240 GeV

15 | | T T T T ¥ T T I ? T T T T % T T T I ? ]]]]] ]
- e¢Te” — HZ. NLO : : : : )

=240 GeV

10 .......

b o = o o o o = = = 4 = s » offec o« o o o 4 = 2 = = = = =

C’U,(/) [37 3]
-

b fr |

_10— ........ !

NS S SN SN SN (NN SN (NN N NN SN SN SN SN SR (SN (RN (RN NN NN NN SN SR SR (R S S S N


https://inspirehep.net/literature/2856519
https://inspirehep.net/literature/2829748

Adding decays

 Much more information available when adding decays

> Degeneracies are lifted

1.0

0.5

0.0

Cusl3, 3]

-0.5

-1.0

ete” = Zh, 240 GeV + 365 GeV,95% C.L.
T T T [ T T T T l I I I I ] T | T

|

- WD

- B h = g9

- W h —all

2 - 0 i
C'sul3, 3]

Cw

-2

prod. only
W bh

- B h > WW?*, g9, 1T
W, all

ete” = Zh, /s = 240 GeV, 95% C.L.
1 I I 1 1 1 I I I 1 1 I I I

—_

| 1 1 1 L | | 1 1 L | | 1 1 L |

-1.0 -0.5 0.0 0.5

31



Adding decays

 Much more information available when adding decays

> Degeneracies are lifted

0 unpolarized 0 ef /e, O eg /e

Allowed Region with 0.5% Measurement, A = 1 TeV, /s = 240 GeV

| T T T T [ T T T T I T T T | I I ] T I T T T T |
155 . o . . .
- e'e — HZ, NLO : : : : 1

I = 240 GeV

10* ....... Ll

-10 - A .

-15

Ciw

-2

ete” — Zh, /s = 240 GeV,95% C.L.
1 I I 1 1 1 I I I 1 1 I I I

Ly =y )

W all

|

prod. only

- B h—> WW* gg, 7T |

-1.0

-0.5

0.0

Csp

0.5
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Effects of multiple energies

 Degeneracies can be further mitigated by using production at different energies

ete” — Zh,h - XX ete” — Zh,240 GeV + 500 GeV
..........................................
1.0F ] 1.0
0.5+ . 0.5
E ™’
£, 00k . 00
@) O
~0.5 |- . -0.5 _
\ ~ By
240 GeV - W h g9
- B 500 GeV ! - B h 5 all
-1.0 N O W S T N S S S T S S S S B -1.0 :L 111111111111111
2 1 0 1 2 2 1 0 1 2
Cpul3.3 Cpu[3.3]

*Using ILC numbers



Complementarity (Tree-level eTe™ — 1)

Bl Current Z-pole HL-LHC EIC

* Mitigating flat directions requires multiple  mrec oo (&pole) BFCC eeticz Geb) P o 240 Go) WFec oo (365 G
observables, energies, experiments RO

C(l),ll33 — O
(3),1133 ,~4(1),1133 3311 1133 ,~1133 Tl
O (’) C’) (’) , O :

eq 8 C¢1’133=O
= 3 _
Q
Hadron collider
Lepton collider _
4 2 0 2 4
Lepton-Hadron collider 1

qe

Bellafronte, Dawson, Giardino, Liu 2025



https://inspirehep.net/literature/2941945

Higgs self-coupling at FCC-ee

o b e o0 Gev 05 L * We now have complete calculation at NLO

IIIIIIIIIIIIIIIIIIIII

il for consistent C¢ extraction at FCC-ee
T * Decays are crucial for breaking degeneracies
; in inclusive eTe™ — Zh
: — c+cj—>Zh\/;:124() GICV?%I% ]CL —
5 0__ i |
|
prod. only ol
R -
h— WW* i
| m o all S
2l 1 1 l] - - i prod. only
2 1oy T sl A
Cy B h— 777"
- B hgg
) _ o —all



Higgs self-coupling at FCC-ee

lllllllllllllllllllll

)h/\
o
&

- B h 5 all 240 GeV, 68% C.L.
h — all 240 GeV, 95% C.L.

IIIIIIIIIIIIIIIIIIIII

prod. only 240 + 365 GeV, 68% C.L.
prod. only 240 + 365 GeV, 95% C.L.

 Equivalently, written as k’s”

* Only linear pieces, consistent with

O(1/A?) truncation

1 2
=7 <C¢D+4C¢ )

| v [ 3 P2
=1+ = |Cm—4C, ]—2m—%}c¢

)

= () here

*Depends on 3 coeffs — we took C¢
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o[

0.4

0.2

-0.2

-0.4

95% C.L., A =

TeV

1 | I | | 1 1 I | | I 1

| I I 1 | | | I I 1

prod. only
B h—all

Tera 7 cons.

B Tera Z agg.

—

Cow

1.0

0.5

0.0

-0.5

-1.0

Tera Z run, 95% C.L.,A =1 TeV

Electroweak Precision Is also Higgs Physics

1 I I I I I | | I 1 1 1 I l I | | | I | 1 1 I l | | | I I I 1 1 1 I I I I

(SR TN R N NN N N N N NN N NN SN NN SN SN NN WA N NN NN WA N N S S SN S N N N N S N S .

CONs. scenario

B agor. scenario

P

—

-

—

-3 -2 -1

Bellafronte, Dawson, Del Pio, MF, Giardino

0
Csp

1

2

3
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https://inspirehep.net/literature/3105062

At 1-loop, operators contribute to many observables

Ratio of Uncertainties to HL-LHC Baseline O (A™*) , Individual

* Global fits including NLO Higgs eventually o, b b e e o
for better picture L

CWWW

» | east conservative: one operator at a time

g C( Cou °
e MEFIT

—de— LEP3 FCC-ee == LCF550 == LCF1000

*Not using our NLO results
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https://inspirehep.net/literature/3147037

At 1-loop, operators contribute to many observables

Ratio of Uncertainties to HL-LHC Baseline O (1‘\_2) , Marginalised

* Global fits including NLO Higgs eventually
for better picture

* | east conservative: one operator at a time

 Most conservative: fully marginalized

 Many approximate flat directions

MEFIT

== LEP3 FCC-ee == LCF550 == LCF1000

*Not using our NLO results
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At 1-loop, operators contribute to many observables

Ratio of Uncertainties to HL-LHC Baseline O (1‘\_2) , Marginalised

* Global fits including NLO Higgs eventually
for better picture

* | east conservative: one operator at a time

 Most conservative: fully marginalized

 Many approximate flat directions

* Any actual UV model will have patterns: A
neither of these are L MEFiT

== LEP3 FCC-ee == LCF550 == LCF1000

*Not using our NLO results
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https://inspirehep.net/literature/3147037

Electroweak Precision Is also Higgs Physics

° FOF aCtual mOdeIS. |OOpS 4 RG Mass 95% C.L. sensitivity for the scalar S model
Zh only /A Tera-Z cons.
can make EWPO as important 6000 4 [ F— Zh hdecays B HeracZ aggr
LO NLO
. 5000 A
 Even a scalar singlet can be
probed at Tera-Z as well as with _
<)
Higgstrahlung = 3000
* Depends crucially on theory o
uncertainties at Tera-Z 1000 -
V(®,8) =— u4®'® + Ay (DTd)? A TZf OTDS + §<m52 o2, 2 Tev 00 Z, - M2 unbroken Z;  spont. broken Zs - M/2
CM? 5 ome g As

*Used 1-loop RGEs, 2-loop available now
Born, Fuentes-Martin, Thomsen, also Banik, Crivellin, Naterop, Stoffer for B violating
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https://inspirehep.net/literature/3105062
https://inspirehep.net/literature/3112547
https://inspirehep.net/literature/3066755

* A similar thing has been noticed before for all

scalar models - but not comparing with ZH

N
w
|

* This Is just the start of a more systematic
approach. Need to play with UV couplings,
iInclude Higgs observables, etc

95% CL M [TeV]

—
o
|

* Out of the box - need something special for 5 -

Tera-Z to not win! 0

* (All super sensitive to achievable theory
uncertainties)

Electroweak Precision Is also Higgs Physics

Mass 95% CL sensitivity at FCC-ee Z pole

N
o
]

—
w
|

[ | Tree
o Tree+RGE
B One-loop

TR

=S S5 ¢ M ¥ ¢ © W1 (O W2 O Ws Q O O3

Scalar Models

*Only EWPO, no Higgs
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https://inspirehep.net/literature/2854672

Ongoing work and future plans




Also luminosity contamination:

ete”™ — ff Beyond the NWA

Even around the Z-pole, there is a ..
- o - eepp . (ITree-level)

lot more than just Z — f{! 0.05]

Full ete™ — ff gives access to -

observables used to measure s —0.05]

a(m%), which could have SMEFT b% ~0.10;

contamination ~0.15/

_ CHe
Also 4f operators that are not o
captured usually 85 90 95 100

ECM [GGV]

Amplitudes done, will hopefully

| Dashed = no ol ", contributions
appear this summer. Stay tuned! 0


https://inspirehep.net/literature/2866584

ete” > 1t

365 GeV is one of the 4 primary run targets for FCC-ee

At tree-level, already important for constraining top-sector operators

 (Generically the dangerous ones when extracting k; robustly)

At NLO -- massive final states complicate amplitudes and subtraction
Toponium!
Top-quark CPV

Entanglement, qguantum observables, etc. Lots of interesting things to do!
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Wishlist

» Core processes we would like to compute for a fully NLO accurate fits:
« H — 4f beyond the NWA

e ¢'¢ colliders:

e eTe —>ff, ete™ — 1t (in progress)

e e7e” = WTW™ (subset in Celada. Miralles, Vryonidou appearing yesterday)
e VBFeTe™ = (vo,ete )H

e |LHC:
« pp — VH (POWHEG implementation in progress)

. VBF pp — jjH
e pp — ttH
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https://inspirehep.net/literature/3167591

Other future directions

* Primarily for FCC-ee: would like to go differential

* Full event generation for SMEFT NLO corrections?

» Other observables? eTe~ — 3j, event shapes, fragmentation functions, etc

- Simultaneous m,, y, measurement through H — 3; ?

NNLOJET
1.0

Hadronic Jet Fractions

O(as)

0.8 -

§0.6

;: — (k=1,n=2)
:.% — (k=1,n=3)
Xc

X 0.4 -

0.2 4

0.0

T T rrrrmf T T rrrrmf T T 111
0.001 0.01 0.1

1 0.001 0.01 0.1

ycut

2)

,N=3)
,n=4)
,N=5)

1/c do/d(1-T)

100 Iy

10 |

0.1

Resummed

LO + NLO

40

30 n

|||||||
A}

0.01 0.02 0.03 0.04-

0.15

1-T

0.2

0.25

0.3

0.35
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https://inspirehep.net/literature/2893858
https://inspirehep.net/literature/636051

Closing thoughts

« SMEFT is a natural framework for constraining new physics in low energy,
high precision measurements

* At future lepton colliders, loop effects start to matter!

 Processes must be computed at NLO for full picture -- clear separation
between sectors goes away.

e Fully NLO accurate SMEFT fits (and matched onto explicit UV models)
becoming a reality.
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Closing thoughts

« SMEFT is a natural framework for constraining new physics in low energy,
high precision measurements

* At future lepton colliders, loop effects start to matter!

 Processes must be computed at NLO for full picture -- clear separation
between sectors goes away.

e Fully NLO accurate SMEFT fits (and matched onto explicit UV models)
becoming a reality.

* On the other hand, our goal is discovery, and precision only gets us so far

* Unless we are very lucky, it will be difficult to unambiguously connect a
signal to the UV. Looking at many observables maximises our chances

* Eventually we need to produce the BSM particle directly!
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Size of Higgs
Coupling deviations?

5 = 15
nNsm < 1%

Loop level
1 2?2

(47)2 M?

SM Neutral SM Charged

SM Neutral SM Charged lar sinalet w/ SM loo
e.g. scalar singlet e.g. 2HDM SRl S e.g. stops in SpUSY

Agv?\ v? L imi

T\ M2 ) M2 4m?
M < 1.7TeV M < 0.8TeV M < 0.1TeV M < 0.9TeV
M < 5.5TeV M < 1.4TeV M < 0.4TeV M < 2.8TeV

» Higgs precision reach for simple UV complete models gets you to O(10 TeV)

» High energy pp or £7¢~ must remain the (eventual) goal. Precision is just the first step
to get there!


https://inspirehep.net/literature/2152236

Size of Higgs
Coupling deviations?

5 = 15
nNsm ~ 1%

SM Neutral SM Charged SM Neutral SM Charged
e.a. scalar sinalet e.qa. 2HDM e.g. scalar singlet w/ SM loop
- . e e.g. stops in SUSY
(A%«ﬂ) v’ L 1mi
™~ FYD) 2
M? | M? 4m .

M < 1.7TeV M < 0.8TeV M < 0.1TeV M < 0.9TeV
M < 5.5TeV M < 1.4TeV M < 0.4TeV M < 2.8TeV

» Higgs precision reach for simple UV complete models gets you to O(10 TeV)

» High energy pp or £7¢~ must remain the (eventual) goal. Precision is just the first step
to get there!


https://inspirehep.net/literature/2152236

Backups




Asteriadis, Dawson, Giardino, Szafron PRL 133 (2024) 23, 231801

- ]
CPVinete™ - ZH
Asteriadis, Dawson, Giardino, Szafron JHEP 02 (2025) 162

* At one-loop, amplitudes become imaginary ATLAS limits

i ete” - Z(— UI)H oo .

! : _ T 11 940 Gev EEEE 240 GeV, Acp < 1%

* CP-violating operators can now contribute EDM = 365 GeV, Acp < 2%

* Negligible for decays -- need on-shell R 10 N R S :

particles in the loop. For ZH, WW, can : 5 :

contribute! s B 7 o

e Different combination than EDMSs. I R A ‘ﬂ;\% _________________________
S b | O

 Decays are always below threshold, so they 2 _______ AN \% \
add no information here. - r ' '

| o B W W

i Cég':CW:O, AZlTeVE |
a0 .4


https://inspirehep.net/literature/2856519
https://inspirehep.net/literature/2829748

Tera-Z Theory Uncertainties

FCC-ee

Uncertainties Stat Syst PO(C) PO(A) Theory (C) Theory (A)
AT 7z (KeV) 4 12 35 — 80 16

SRe 3.4 x 1076 [143] | 2.3 x 1076 [143] 4 x 104 — 1.2 x 10~3 2 x 10~4
SR, 2.4 x 1076 2.3 x 107° 4 x 1074 - 1.2 x 1073 2 x 10~4
SR: 2.7 x 107° [143] | 2.3 x 10~% [143] 4 x 1074 - 1.2 x 1073 2 x 10~4
SRy, 1.2 x 10~ 1.6 x 10~ 4.4 x 105 9 x 106 2 x 1075 3.5 x 1076
SR 1.4 x 107° [143] | 2.2 x 107 [143] 1.7 x 10~4 3.4 x107° 1x10=° 2 x 10~
Aoy, (pb) 0.03[143] 0.8[143] 1.7 — 1.6 0.3
AAe 14 x 107% [143] | 11 x 107° [143] | 19.5 x 107> [*] - 5.3 x 1072 [*] | 4.5 x 107° [*]
AA, 32 x 1076 [143] 19.5 x 10=° [*] — 5.3 x 107° [*] | 4.5 x 1076 [¥]
AA- 34 x 1076 [143] 19.5 x 107° [*] - 5.3 x 1072 [*] | 4.5 x 107° [*]
AA. 60 x 10~6 [143] 91 x 10—° [*] — 2.3x107° [*] | 2x 1076 [¥]
A Ay 98 x 10~% [143] 126 x 107 °[*] — 4.3 x 1076 [*] | 3.7 x 10~7 [*]
AA. FB 3.3 x 107° [143] | 2.4 x 107° [143 4.3 x 107° — 1.2x107° [*] | 1x107° [¥
AA, FB 2.3 x 1076 [143] | 2.4 x 1076 [143] 4.3 x 1075 — 1.2x107° [*] | 1x 1079 [¥
AA; FB 2.8 x 107° [143] | 2.4 x 107° [143 4.3 x 107° — 1.2x107° [*] | 1x107° [¥
AAy FB 4 x 107° [143] 4 x 107° [143] 3.2 x107° 2.8 x107° | 3.8 x107° [*] | 3.2 x 107° [*]
AA. FB 5 x 1070 [143] 5 x 107° [143] 2.3 x 107° 2.1x107% | 29x107° [*] | 2.5 x 1079 [*]
ATy (KeV) 270 200 1000 100
Ao(Mz)~1 8 x 1074 3.8 x 1073 5x 107° 2 x 107°




Scheme dependence

» Scheme dependence is large in EWPO for coeffs appearing in My,

SR./R.

0.00002 +-

0.00001

-0.00001

-0.00002 -

Cuop[NLO), { My, My, Gp)
Cyp|LO, { My, My, G}
Cup[NLOT, {a(0), My, Gp)
Cup[LO], {a(0), My, Gy}
Cyp|NLO|, {a(My), Mz, G}

CyuplLO|, {a(Mz), My, Gr}



