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Questions for discussion at this workshop

*What has been achieved 1n the field after the Higgs discovery?
*What are the perspectives of the field?

*What needs to be developed to create further advances

e... regarding HL-LHC?

»... regarding future collider projects?

 Questions posed by the organizers....
* Feelfreeto stop me for discussion

S. Dawson



Where are we now?

* LHC results are very, very similar to our best SM predictions over many orders
of magnitude and for many processes
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Searches for new physics find no hints

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
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o SSMZ orr 27 - - 861 |z mass 242 TeV 170907242
ISy Leptophobic Z — bb - 2b - 36.1 2’ mass. 2.1TeV 1805.09299
8 Leptophobic Z* — tt Oep 139 |2 mass 4.1 TeV Ffm=12% 2005.05138
8 SM W — v Tep 139 | W mass 6.0 TeV. 1906.05609
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No evidence for light ALPs (PDG 1 TV

Limits on many types of new
Where to look? physics exceed 1 TeV
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Not obvious how to search for new physics:
EFTs are one technique

A >> M, where complete theory exists

* Any new particles or symmetries are at this scale
* Expect effects of heavy particles at low scales to be suppressed (decoupling!)

This is sad scenario where there
IS no intermediate scale physics

Only SM particles in theory at low scales

MW * Learn about high scale physics by measuring interactions
of effective low energy theory
* We don’t need to know the complete theory

M S. Dawson
b 5



SMEFT: SM Effective Field theory

 Assumptions: New physics decouples A >>v, E
 Atthe weak scale: SM SU(3) x SU(2) x U(1) symmetry and SM particles only
* New physics described by

Assume Higgsisin

Ls Le L7 Lg
T . o, =6 Zr, T8 an SU(2) doublet
SMEFT SM T A +A2 +A3 +A4 ‘i

L, = %,CrO}

Thisis the big
* New physics contributions contained in coefficients C assumption

Operators form a complete basis (not unique)

L: and L, are lepton number violating

*Warsaw basis commonly used

S. Dawson



What needs to be developed to create further advances?

6
Experiment = Theorygy + E%CZ +

/ TS

Precise Precise SM calculations Precise SMEFT
experimental calculations
measurements
Want this Not this

Data Data

......

prediction prediction

S. Dawson 7



Power of SMEFT is information from many
observables

e SMEFT operators
contribute to
different types of
observables

* Leadstoconcept
of global fits

Flavor

S. Dawson * Picture is not exhaustive 8



What needs to be developed to create further advances?

Understanding of theory uncertainties on SMEFT calculations

Can new techniques (Al/ML) improve global fits?
Precise SMEFT calculations beyond LO

Understanding of interpretation of SMEFT calculations
* Do they really tell us about UV models?

S. Dawson 9



Precise SMEFT calculations

* Compute an amplitude at tree level

Ag A
ﬂ“”ASJ‘Lf‘f‘ﬂ—g‘i'ﬁ—i-f-m

* Various possibilities for defining observables

AgAsm Ag © AsuAs
A2 N A? N A4
/

Linear Quadratic

O~0Osm+

* Where to truncate?

S. Dawson

+ ...
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When is expansion valid? :

* Expansionis both in 1/A? and in loops

 Compare tree level 1/A? with 1/A* fits using

£f _ffenffappaffifd _ad
= =

just dimension-6 operators and including
QCD@NLO

* In general, 1/A* contributions change limits
significantly

oo c ewp o oo
2ffE o Pardiwsdag £ 87 @

* (less so for observables contributing to
EWPO, which are well measured)

e |s the difference useful as a handle on the

w? 10! 10° 100 10%
AU
q:nI4 102 101 10° 100 102
. ° Cpcs
theoretical uncertainty? E
ﬁf S MEFiT
w7 0 10

”

0! 10° 1
95% Credible Interval Bounds (1/TeV?)

S. Dawson SMEFTFIT, 2404.12809


https://arxiv.org/pdf/2404.12809

When does dimension-8 matter?

* Dimension-8 operators are 1/A*

* Some studies on a case- by- case basis, but no general
conclusions

M

* Model independent approach: Drell Yan as case study |
* Precise SM and SMEFT calculations exist M

* 7dim-6, 14 dim-8 operators. Potentially a general
study could be possible?

* Example: Left-handed lepton coupling to right- |
handed quark (4-quark interaction) 10

P

-
i 1}
Lj L

iF

2 257

S. Dawson

dim-8 changes conclusions


https://arxiv.org/pdf/2303.08257

When does dimension-8 matter?

* Model dependent studies: Z’ models

95% lower limits, gp = 1
— T 1 T T

Kinetic mixing (e=1)r
Le- Lyt

Mirror hypercharger
B-Lt

Es, QuF

Es, QT

Ee, nf

Ee, inertr

Ee, neutral
Es, secludedr

Mz [TeV]

Match models to dim-6 and C gpl..)
dim-8 SMEFT operators Az~ M2

2404.01375

S. Dawson

Dimension-8 effects small: Fit to
EWPO and DY m at LHC

13


https://arxiv.org/pdf/2404.01375

When does dimension-8 matter?

* Model dependent studies: 2HDM as case study

\2, 1/A% . _ ,
* \V\VH interactions don’t occur at

dimension-6 in Type-| 2HDM
* Need dimension-8 to get physics right

— Exact 2HDM |
Dim-6, A2 - . ]
Dim-6, A~ More case studies of the impact of

© Type-T 2HDM — Dim-8 .
dim-8 would be useful

22 1561

S. Dawson 14


https://arxiv.org/pdf/2205.01561.pdf

Going beyond Tree Level

1 1 1 2 8
a Bgpri: Dgpri A C

Cﬂ
0 8
Amamn—}_ 16’::2 +E A [AEFTL 1672 + 1672 lﬂg(M—E?) +E A.-:]: EFT1+"'

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

At NLO, new operators contribute
* |n general, effect of more operators is to weaken many limits

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

Ci(p) =7i;C; 1DE(E) \
~

A We'd really like this

' to be the case!
Not diagonal

S. Dawson 15



Example of loop effects

* /Zpole observables (without flavor for now)

0.500

0.100

0.050

0.010 ¢

0.005 |

] O

* At tree level, dependence on 10 operators (2 blind directions)

* At NLO, dependence on 32 operators (new contributions
especially from 4-fermion operators)

Current bounds (no flavor assumptions)

[0 Sing@LO
@ Sing@NLO
B Marg@LO
B Marg@NLO

Coo ' 'Cowe' ' Cpa Co®' " Cu ' "G T Ci | Cgl"

Public results for complete NLO
EW Z pole SMEFT observables,
2304.00029, 2503.07724

Tera-Z: Single parameter models

B Universal couplings @ Third-gen. only W Other
Hatched: _
no RGE 2408.03992,2412.01759
RGE and flavor
i | I t change conclusions
S. Dawson Heavy fermions 16


https://arxiv.org/pdf/2304.00029
https://arxiv.org/abs/2503.07724
https://arxiv.org/pdf/2408.03992
https://arxiv.org/pdf/2412.01759

Including RGE in global fits is state of the art

* RGE effects can be large

* RGE effects generate dependence on new operators

=
o

| LO | NLO+RG

2 | a
& LO+RGE : :
= 04 | |
[=F] I I
=) | i
0.2t ! :
s 1/-— ] |
||| Ll i .: .|I|: |
1 1 L B LI m
E | |
=02 l i
& | |
X —04 :
2 :
A=4TeV :
=0.6F . . . . . . . — . ! . . . . .
2 o Sz 5z O o535 o ® = a0 = 8 s = 2 2 o =
: T g 38° P00 L3887 50
S} C SEEE ) T ;=
TG © &
2412 /4

See also, 2502.20453 2507.06191

S. Dawson

These are
observables
contributing
to EWPOs

17


https://arxiv.org/pdf/2412.09674
https://arxiv.org/pdf/2502.20453
https://arxiv.org/pdf/2507.06191

Including RGE in global fits is state of the art

* RGE has large effects on 4-
fermion heavy quark operators

* They are poorly
unconstrained at LHC

* RGEs mix these operators
with operators that
contribute to well measured
observables at Z pole (Z->bb)

t b
(X,
L

95 % Credible Region

Z — bb

<+

=

tttt

[ LEP
Top
combined
+ SM

—40 —20 0

1

€QqQ

2502.20453 ,2507.01137 ,2410.13304

20

40

s
CoQ

0.4

0.2

0.0

—0.2

—0.4

95 % Credible Region ¢‘/

] LEP RGE

Top RGE

+ SM

[ combined RGE |

/

—40 —90

0
1
€QqQ

20

Oqq' is 4-quark (LL)(LL) operator with (t,b) doublet

O¢Q3 is 2-quark LL operator with 2 fermion fields

S. Dawson
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https://arxiv.org/pdf/2502.20453
https://arxiv.org/pdf/2507.01137
https://arxiv.org/pdf/2410.13304

Many global fits with different data sets

* Fits to anomalous interactions (Include Drell-Yan, EWPO, Higgs, top, B)

* Top measurements play an important role in constraining effective 4-fermion
operators

* RGE effects can be important

10 | . Full 10 TeV Full noRGE noEW noH :
— HEPIT 0P b
Full 3 TeV noDY noF noT
~ 10t} N
N
z 0 & ~ by
= 10% N [ ] ] i PN | [
- N | | i : B B : i : 1 | : NN
E 10 1 \E 1 [ \: N N ~ bl ¥ Q : : : \: b \\! \\'- '-\ ‘\ : : \:\
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g 0-2| \ d \ B nR E IR RS N
e 10 N | BN BN OB H N A A A SR IR BB E
5 N\ Bl BEE BN BE BN B B R B BN R B NORN RN NN
N ) N N N RIE BEERElNEREERRE?S W
e , | BN BN BE B | N NN \\ N Y BN BN BN BN EE B
5 0 NN B nunnil B Rk BTt n el R BN
o 10 3 N | N N | | N N N \ NORN NS SN K N N,
> N B BB B BB B . RS BE B N BN RN RN BN RN
: | 1 g M4 212 124222221112 121~x
= N 8 RN nRERRBE A AR A N BN R R
=10 N | 1 A ARl A A AAA A AL A NN
> N | nEeR BN BN ER B BN B B BR B R RN EE R
2507.06191 CEERRNNR RN RRNRR R R RN R R RR
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-

Fit includes NLO D, but is tree level electrowea
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https://arxiv.org/pdf/2507.06191?

Higgstrahlung at NLO EW SMEFT

* Complete NLO calculation including all dimension-6 operators and no flavor
assumptions

* (~70 SMEFT operators contribute in ~ 35 combinations)

* Sensitive to poorly constrained interactions that first arise at NLO

+ many more

| Higgs tri-linear coupling, C | 4-fermion operators, Cg,[1133] |
* Complete results at Note complementarity with Z-pole results:
https://gitl m/smeft/eehz 2304.00029, 2201 7,2412.14241

S. Dawson, BNL 20


https://gitlab.com/smeft/eehz
https://arxiv.org/pdf/2304.00029
https://arxiv.org/pdf/2201.09887
https://arxiv.org/pdf/2412.14241

e'e > /ZH is window to
many new interactions

* Effects of different operators is correlated
* Power of measurement at 2 different energies
Note: Z pole limits depend on flavor assumptions
24 /

S. Dawson, BNL

Top-electron 4-fermion, C_ [1133]

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

ole

gstrahlung

ee” — ZH A=1TeV |

/¢, always RGE + finite; Cy = Coy(Z) |

i © *RGE and RGE + finite indistinguishable ]
20 =, e e s
-10 -5 0 5 10

Higgs self-interactions, C,

Need running at v/s=365 GeV to
really nail down Higgs tri-linear

21


https://arxiv.org/pdf/2406.03557

NLO EW corrections in dim-6 SMEFT

* EWPOs, Drell-Yan, Higgs decays known at

1-loop EW dim-6 SMEFT

 Cantestwhen RGE logs dominate
* No general conclusion

* Complete set of 1-loop corrections

needed for global fits that is accurate to

NLO EW not available

S. Dawson

No finite t

3
O

Sensitivity at FCC-ee from e*e>ZH

3 LO 3 RGE [ RGE + finite
Allowed Region with 0.5% Measurement, A = 1 TeV, /s = 240 GeV
e | T

<

OF oo

ete” — HZ, NLO

[ unpolarized, ;=1 TeV

-04 -02 0.0 0.2 0.4
C¢|j

22


https://arxiv.org/pdf/2409.11466

Global fit for Higgs tri-linear

* Include top, H, VV, HH in LHC

Bounds (1/TeV?), g = 250 GeV

projections

* HL-LHC limits largely independent LHC Run2
of contamination from other

95% C.I.
— 68% C.L

-10

10

operators, (ie single parameter and
marginalized fits very similar) HLLRC

* Include EW loops in FCC-ee fits (don’t
have NLO for other pieces) {FCCee

@240 GeV

* FCC-ee marginalized limits differ It 01

HL-LHC

0
|
L
|

S MEFIT

from single parameter limits / RO = Ind. O )

* Need /s=365 GeV @FCC-ee to
improve on marginalized HL-LHC | .\.des /s=240 Gev
limits +/s=365 GeV running

S. Dawson, BNL

0 1
Cy

Higgs tri-linear
2504.05974

23


https://arxiv.org/pdf/2504.05974

End-to-end NLO EW fit

* Example case: e'e” > ZH, H > XX

e Use NWA and include full NLO corrections to e*e” » ZH, Z> ff, H> XX

e Significantly more information when decays are included

.5% measurement of
total cross section

- Combining total
rate with decays

| i
al EF These are coefficients
= 5 - gg that don’t contribute
aafl 7 atLO

S. Dawson

FCC-ee, Tera-Z

Vs =240 GeV |/s = 365 GeV
bb 0.21 0.38
cc 1.6 2.9
CX] 120 350
g9 0.8 2.1
Yy 0.58 1.2
ptp 11 25
ww* 0.8 1.8
zz* 2.5 8.3
Yy 3.6 13
Z~y 11.8 22

24


https://arxiv.org/pdf/2508.14966

End-to-end NLO EW fit

 Translate to k formalism

i _1*1;rE O C
GZ_EF oD +4C 40

2 . 2
kn =14 = (3{ 2D @D] —Qv—zaxﬁ)

ﬁz
* Decays provide new information

4

S. Dawson

peocd. cnly 2400 + 365 Gel

"
L v oall 240 Ly

-6} nga nns o

2508.14966

* Oy =0
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https://arxiv.org/pdf/2508.14966

Missing pieces for end-to-end NLO EW fit at
LHC

* Very few of the production processes are known to NLO EW order

e Comingsoon (!): public code NEWISH

* Differential rates for ALL 2- and 3-body Higgs decays using dimension-6
SMEFT that is accurate to NLO in QCD and EW interactions

* NWA results for ALL 4-body decays dimension-6 SMEFT thatis accurate
to NLO in QCD and EW interactions

* Tree level 4-body dimension-6 SMEFT Higgs decays

- Towards a global fit that is
accurate to NLO QCD and EW

S. Dawson 26



What about flavor?

* Much of the complexity of SMEFT studies comes from 4-fermion operators
 SM has U(3)° flavor symmetry:
U(3), x U(3),x U(3)g x U(3) X U(3),
* Top Yukawa breaks this to:
U(2)2x U(1) x U(3)4x U(3) X U(3),

* Various assumptions in the literature

* New physics is flavor independent —

« New physics only couples to 3™ generation From a globalfitting

« New physics obeys a U(3)"5 or U(2)*5 symmetry zglsrlltn:);l/:c?r\?; :::ftzr
* New physics only arises from Yukawa interactions

S. Dawson 27



Flavor assumptions reduce possibilities

Operators that contribute to EWPO at NLO

Operator [7(3)° | MFV | U(2)* | 3™ gen specific | 3™ gen phobic | 3™ gen phobic + [7(2)® | Flavorless
2-fermion P (Class A 7 12 16 9 14 7 9
4-fermion Wlth |dent|<:al’__”:|ﬂ5E B 1 17 o F 93 1 i
representations
Class C 11 21 44 11 44 11 11
Remaining 4-fermion Total 29 50 | 8r 2% 81 29 %

« 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
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Flavor matters!

Current Z pole limits on 4-fermion operators

r 20—
20—

® MFV
U@y

(™)
cl, 1,3, 3]
¢, 1,3, 3]

e MFV

U@y ® FlavlLess
ol ® FlavLess I
1 - i - 3
Clyl1, 3,3, 1] c, 3,3, 1]

Consider 1 operator type at a time and marginalize over flavor structures not shown

2304 2

S. Dawson, BNL


https://arxiv.org/pdf/2304.00029

Flavor matters

Tera-Z sensitivity to heavy fermions o
RGE operator mixing leads to

B Universal couplings @ Third-gen. only W Other neW flavor Stru Ctu reS
b I"i' i’(‘l.gbll

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

: . * This “dictionary” type of analysis is perhaps
20 I . B | oversimplified
D E N Q Q: T T, U A A XY Qv

4 (‘)"

TeV
=

-

24 2
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https://arxiv.org/pdf/2408.03992

What needs to be developed to create further advances?

* Understanding of theory

uncertainties on SMEFT calculations Input scheme matters
* When do we need dimension-8?

. . . — bb HO HD dH HWB Sz) il
* Truncating dimension-6 at 1/A2 o M G G Oy Fme Cw O
NLO QCD 20.3% 20.3% 20.3% 20.3% 20.3% - -

VS ']/A4'? a NLOEW 52%  21% -11.0% 4.2% -6.7%
NLO correction | 15.1% 22.4% 9.3% 24.5% 13.6% - -
* Flavor assumptions—when are NLO QCD 20.3% 203% 203% 20.3% ~ 20.3% 20.3%
. a, NLOEW 08% 21% 2.0% 1.9% - 0.9% -0.8%
th ey CrLICIal? NLO correction | 19.5% 22.4% 22.3% 22.2% - 21.2% 19.5%
o . NLO QCD 20.3% 20.3% 20.3% 20.3% - 20.3% 20.3%
o Va[|d|ty of expansion LEP NLO EW 07%  21%  16%  19% - 07%  -0.9%
NLO correction | 19.5% 22.3% 21.9% 22.2% - 21.0% 19.3%

* The most straightforward--
including input scheme, scale 2305.03763, 2312.08446
and parametric uncertainties

S. Dawson 31


https://arxiv.org/pdf/2305.03763
https://arxiv.org/pdf/2312.08446

HEFT vs SMEFT

« HEFT has Higgs (h) as a singlet, SMEFT has Higgs (H) as a doublet

Different expansions (derivative vs 1/A)
v h h? ; 1 5
3

DU =08,U + z‘gwg%U = ig’U%BM

* Unitary gauge U=1, suggests WW->hh is good probe of HEFT vs SMEFT
* SM: a=b=ky=k,=1 SMEFT: j—q- 20
‘ Correlations

S. Dawson 32



SMEFT vs HEFT

‘ HH production via VBS can potentially distinguish SMEFT from HEFT

q

LHC
a .
) Is the Higgs in an
= SU(2) doublet?
d ) s
v* h h2 + b o
LHEFTN z 1—|—2a;—|—bv—2+ Tr {DMU DMU}

S. Dawson


https://arxiv.org/pdf/2211.09605.pdf

HEFT HHH vs HH
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https://arxiv.org/pdf/2405.05385

Conclusions

* Much interesting work for theorists to make SMEFT useful for experiment

* Theory uncertainties?
* New Al/ML tools for global fits?
* More understanding of HEFT vs SMEFT correlations

* Atthe top of my personal list are more dimension-8 studies and completion
of NLO EW dimension-6 calculations

* Much progress that | didn’t cover (in particular automated tools for 1 loop
matching, progress in 2-loop SMEFT RGESs)

S. Dawson
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