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Energy & precision for BSM
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SMEFT: SM v2.0
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SMEFT is... R Dt

1

Model independent

Heavy new physics: M > Eexp
* Underlying assumptions SM field content & gauge symmetries
Linear EWSB: Higgs = doublet

Systematically improvable ,
E
* Double expansion higher dim. A2 & {gs, g, g’} more loops

Global

* Model independence: we don't know what operators NP will generate

e Patterns & correlations among observables are key
* Ultimate goal: complete SMEFT likelihood confronted with HEP data

EWPO, Higgs, multiboson, top, DY, flavor,...

Z(c¢;) = indirectly constrain many UV models
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SMEFT interpretation (fits)

lmproving new physics reach means improving...

observables

Global nature Sensitivity Interpretation
AS many observaples Experiment Relles on accurate
as possible Best measurements & knowledge of the size

understanding of & correlation among a;

[dentify patterns & uncertainties and
correlations in fits correlations Determining ci(®

requires most precise

EXxploit energy-growtn Theory. available SMEFT
Best available predictions
predictions for

observables (NLO,

NNLO, N3LO,...)
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Datasets

ﬂprud. /udecay

Higgs d

STXS —

INnput scheme

AFB, A EWPO ¢ M My

Ohad. Ry T
e 0% 2 agw(My) (My, My, ag, ...
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Breadth and sensitivity

Data

Global
Sensitivity

—

# parameters
fitmaker: [Ellis et al.; 2012.02779]

[Buchmuller & Wyler; Nucl. Phys. B 268 (1986) 621]
Dimension-6 SMEFT [Grzadkowski et al.; 1008.4884]

* O(3000) parameters (independent operators)

Symmetry assumptions

* B/L conservation * Flavor symmetries

UB3), x UB), X U3), X UB3), x U(3),
UB), X UQ2), X UB), x U2), x UB3),
U2), X U2)y X UQ), X U2), X U2),

e CP conservation

EWPO Bosonic Yuk. Top 2F
101 5 ~ m 20 Individual _ |
_ B 20 Marginalised TeV-scale new phyS|CS
> |
= | ; ' Hierarchies in sensitivity
— 100 b e B ......... R ........ |
<|lo | EWPO 2
| Diboson/Higgs >
10~1. Top
A Q THA=Ax THFS5Z 8 3 X 0 =20 =2 O IAROTO T OO E o
- IU‘G*&&‘(}*&&&E&&&U OCSOTTOUGO
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INnterplay §1>' 23*

Higgs & EWPO Top & Higgs (EWPO, Diboson)

[Ellis et al.; 1803.03252] fitmaker: [Ellis et al.; 2012.02779]
0157 - s SMEFIT: [Ethier et al; 2105.00006]

0.1

AT

LEP I+l

—n.n.-',é Where does
”.l—us_ﬂ 01 0. 0. C?Tb!?ied bei ng g IObaI
matter?

AS

Diboson & EWPO

Flavor, LEP Il & Higgs
[Aoude, Hurth, Renner & Shepherd; 2003.05432]

[Grojean, Montull & Riembau; 1810.05149| I AASAREEE AN A AR .'
| Higgs |
_Leptonic pp->WW/WZ (7,8,13TeV) vs LEP-I __ Leptonic | pp—)WW WZ(7,8,13TeV) and LEP-I ol LEP [T WW |
pp->WW/WZ, (4 param. fit, &g, ,=6k|=A,=0) ‘ j Flavour |
| 0.03; pp—>WWIWZ, (5 param. fit, ok ,=A,=D) ] i
0.05! : | It
' 0.02} LEP-I(MFV) ] Erm -
- ‘ . LEP-I (FU) | e Z f;. :
Y ' = N Z o Ot
S =7 L2 000 i ——— -1
LEP-1 (MFV) 1 \ s : :
-0.05} LEP-1(FU) : ~0.01} | =& 1 |
. =21
pp->WW/WZ, (5 param. fit, 6k,=A,=0) . :
pp—>WW/W2Z, (4 param. fit, 59, ,=6k,=A,=0) 95% CL | -0.02; 95% CL | -
L [ 1| PP VO CEPOR SNSRI N S LSS ESIS NERSESRENR NENCEnmmIm—n—N—-——— 3 _3._ llllllllllllllllllllllllllllll ]
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 -0.02 -0.01 0.00 0.01 0.02 ! 0 . 5 3 4
Zd Zu i
(69} 114 (69} 114 ki [Tev-2]
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[Bartoccl, Biekotter & Hurth; 2311.04963]

MEFV it

Global fit to the MFV SMEFT = c. (

scattering

. Exact U(3)°: 41 operators (CP even) A

* No LR interactions (Yukawa/dipole)
* Flavour universal interactions (2F & 4F)

* Synthesis of many public fit datasets

Partial NLO results

[Dawson & Giardino;

* EWPO (QCD & EW) 1909.02000, 2201.09887]
o Selected Top/Higgs SMEFIT: [Ethier et al; 2105.00006]

Low/high p+ interplay

1

[Alasfar, de Blas & Gréber; 2202.02333] 5D — Flavour
d =L | ' y | | -10 | 10- A=4TeV =
— (part.) NLO i — (part.) NLO 5 ==l
— 2 |
& O N >
E > 10 =
o =3 -
2 %, S
T 10 . O
Marginalised 0- Marginalised -
- A=4TeV A=4TeV
-0.2 -0.1 {10 0.1 0.2 0.3 202 -0.1 0 0.1 0.2 0.3 -10 ' ' |
Cha/A? [TeV 2] C /A2 [Tev-?] & -1 0 1 2 3
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[ATLAS-PHYS-PUB-2022-037]

Experimental fits

Z-pole @ LEP + Diboson @ LHC & Higgs STXS
i : : . 1 :"Cﬁww
* First experimental SMEFT combination of U b
LHC & EWPO ﬁi
* External inputs from theoretical literature d;,,
* Most sophisticated theoretical . cn
predictions for STXS z[”j

Acceptance effects Under-constrained  gg|

g]"'[aqu
g 0 ¥ 25 | { 1 0 ] | I LI I- [ : 1 LI L |' I | L I L] | | '| LI L I ] I T 1 i éqll[’;:il'{, Vﬁ
o _ATLAS Preliminary — SM i GIHVV,V#
€ : —Ow =9 Gy vi
5 021 | Mam= 12000 =1 X i
e “Gw=1 Principal
w : " Cyy =3 A1l
= 015 | | - (op
E u Com pO N ent CuH,dH,.HO
o It : '
2 oif analysis \
L v 13l &
0.05— HVV, Vif
i 14
Il HVV, Vit
- CeH
00 ' CiH

m,, [GeV]
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ATLAS Preliminary e Best Fit

Vs =13TeV, 36.1-139 fb~! — 68 % CL

SMEFT A =1 TeV e 95 % CL
Linear parameterisation

M Higgs
B EWPO
EW

04 02

IIIIIIIIIIIII

| | [ I | | 1 | | | I | . | | |
-15 -10 -5 0 9 10 15

Parameter value

|
0 02 04 06 08 1
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SMEFIT [ter Hoeve et al.; 2309.04523]

Automated UV connection
M matchmakereft ——» match2fit —) 5 M E FiT

[Carmona et al.; 2112.10787] [Gilani et al.; 2302.06660]

Luv = Lsm + |Dpd|® — mioTe — ((’!!E)ij ¢ Rty + (y2)ij ¢'dra),

CTi
‘|‘(y;)ij ¢’TW2QL iﬂ% + A c;ch,:J|(,0|2 - h.c.)
B NLOO(A™2) @I NLOO (A™)

L 1Ag] Tree level sgn(As) (yg) y Tree level

oy Tree level

750 4
200 4

250 4

2 0
—250 4
— 5010 4

—750 4

= 1000 4

0 200 00 0o Y e v

1l P

1A One-loop sgn()g) (HE) One-loop ,. : One-loop
33 |
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[E. Celada, G. Durieux, KM, E. Vryonidou; WIP|

Triboson In the SMEFT
pp = VVV, V=W*Zy /w{\ H j}:} >~—<;

Many VVV processes measured In recent years

o | | | [Degrande et al; 2008.11743]
* Sensitivity to many (B)SM couplings in production & decay  /Bejjan et al: 2303.18215]

» So far, only o,,, in leptonic W/Z channels with 20-100% precision

e eam | Myww=1.6120.19£0.16 [ATLAS; 2201.13045]
e | LS T e = 1342021201 [OMS; 2305.16994]
il -eT 4“ % | iy, =1.01£0.08£0.15 [ATLAS; 2308.03041]
| | vmen | gy, = 131 £0.17£021  [CMS; 231005164
- R— e What information do they bring to
L . global SMEFT analyses?

signal strength p

P, M. ey Not very much...?
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[E. Celada, G. Durieux, KM, E. Vryonidou; WIP|

1.2 & 3 bosons: data

AT
[ W\

Sensitivity baseline: EWPO & LEP/LHC diboson

ete” @\/s ~ M,

'z =2.495 4 0.0023 GeV

Ohad. — 41.54 - ¢ 0.0037 Ilb

= 20,77 = (1.025

= 0.00171 4+ 0.001
= 0.147 £ 0.003
Ay (Pt) = {1131 == 0002

R} = 0.2163 & 0.0007
A% 5 =0.099 £ 0.0016
Ay = 0.923 +0.02

= (L172= (.005
¢ » = 0.0707 & 0.0035
A. =0.6710.027
[LEP; hep-ex/0509008]

a(Mz)
a(Mz)sm

MS

LHC @+/s =13 TeV

ete” @+/s = 183 — 209 GeV

o(WW — vy, qqqq)

do
d cos

2 (WW = fuqq)

pp —> WW~/

[L3; hep-ex/0409016]
[OPAL; 0708.1311]

[ALEPH: CERN-PH-EP-2004-012]

ATLAS

¢ Data 2015+2016

L WiZ o pivpr TR

ATLAS
is=13TeV, 36.1fb"

® Data

— MATRIX
===s= Sherpa 2.2.2

=== Powheg+Pythia 31-15:_.

—10

~ =0.998 £ 0.0011
[PDG 2020-2021]
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8 10k s = 13 TeV, 36.1 fb" [ Stat @ syst. uncerainty O

s b F [NNLO(gg)+NLO(gg)|ENLO(EW) pe

Eih PR EVEy %5 Powheg-Box+Pythias, k=1.13 * "

o 10 Powheg-Box+Herwig++, k=113 " HD.I_

® L R Y ¥ Sherpa2.2.2, k=1.0" -

- 1 - * comb. w. Sherpa+OL gg—WW, k=1.7 = | s
=
2
- >
1ﬂ.'| L o
- - 107" |-
102k
3
e

[ R SE—— <

8 o. i

-E'- e - <

g} =

= e

R=)

L SR . R £

6070 10F 2107 3107 10°
My, [GeV]

13

[LEP; 1302.3415]

WZ/Zjj

EWPO

¢ Data, stat. unc.

: - Total unc.

F B Strong Zjj (SHerra) + X
" [E] Strong Zj (MG5_NLO+PY8) + X

!!!!!

N%® 20, &, < 0.5 (EW SR)

L#- _

o

X = EW Zjj (HerwmGc7 +VernLo) + ZV(V—jj) (SHERPA)
g 2 2 o ) o 4 5 + ¥ 5 5 5 o 1 . 5 4 5 1 4 4 4 | .

T TH A
£ 15 1
E 1#_Hijﬂ B S e
A 5 ST SN E I ST S
g -3 2 . 0 1 2 3
Ag;

[ATLAS,; 1905.04242] [ATLAS,;1902.05759] [ATLAS; 2006.15458]
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[E. Celada, G. Durieux, KM, E. Vryonidou; WIP|

fitmaker: [Ellis et al.; 2012.02779]
SMEFT@NLO: [Degrande et al.; 2008.11743|

1.2 & 3 bosons: model

Minimal,11 parameter fit: 10 EWPO + triple gauge coupling

. Flavor universal, U(3)]

Complete overlap between

Operator Definition EWPOs LEP WW LHCVV VVV,VV~y,VAyy VW & EWPO + VV
bosonic 6EWPO ~1—01% 5VV ~ 10 %
Osp (¢'D¥9)!(¢' D, ) v v 4 Syyy ~ 100 %
O tr ol T4 v v :
s PR e ‘ VVV relatively poorly
Owww EIJKWJHWJ’”P Wf’“ v v
measured
two-fermion _
0¥ i Bmd)arre) | v / p 1) I\/!lno.r.gam from VV.V
0. i(6''D .6) (i) y y / 2) Significant quadratic
O s i(¢! D u0)(dyd) v v v effects of O(A_4)
oy (¢! D)y o) v v v 3) Linear approx. O(A™?)
o0F i Dmebrrn | v d ¥ good for EWPO
Os i Dud)Ere) | v % %
four-fermion Cf Cf C}
O (€7.8) (Er"e) v v v O = Osm T Z O}-F T g JU A4
] J2>i
K. Mimasu - La Thuile - 07/03/2024 SMEFT fits



[E. Celada, G. Durieux, KM, E. Vryonidou; WIP|

Marginalised 95% C.I.

EWPO+VVigp =— EWPO+VV_igprHC - Linear
R ‘ 't — EWPO+VViyeo — EWPO——WLEP’LHc-I-VW —  Quadratic
e S U S 10_1C¢5D TE*
COWB | T e
(3) et
Coq ¢
) S=IH
_EP WW bounds are weak ! ——
c e e
¢ Significant quadratic effects o =
Co i
LHC VV has biggest impact - oy
» Dominates VV combination T
10cy, :
VVV makes a difference Cfg) et
. Apparently ~ 50 % effectin,e.g., . | o ¢
o i O S
C¢ID’ C¢WB’ C¢f: C¢e ........ i
* Quadratic only Coe = iiiiiii
— —] 0 1 2
(1TeV E
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[E. Celada, G. Durieux, KM, E. Vryonidou; WIP|

INterpretation

Why not look at EWPO only? We can't...

« Not sensitive to Oy, & has 2 flat directions [De Rujula et al.; Nucl. Phys. B 384 (1992) 3-58]

. - [Degrande et al.; 1205.4231]
» Constrains 8 out of 11 combinations of C; [Efrati, Falkowsi & Soreq; 1503.07282]

1

2?5@

72 1 2
91 wB = 9%) Aq; (—"—Cﬂd — CHe — = }.H) e = C}}; + gCHu + 2CHD OHWB)

2
Q‘UT (C}f; + C(B)

g5 wyy = g4 = A2 : t; CHWB) . [Brivio & Trott; 1701.06424]

Eigenvectors of the Fisher information, e
. Unconstrained directions: €, , = a; , Wg + by , p

* Additional datasets needed to close the fit (LEP/LHC VV, VVV, Higgs...)

In a global analysis, bounds are limited by the
sensitivity of the additional data
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[E. Celada, G. Durieux, KM, E. Vryonidou, WIP]

EWPO blind space

OFf v . b
| Sufficient to study 3D space
4} ﬁ A
25_ --~ WW; p » Cy + 2 flat directions, €19
5 ol 1 VVLEPLHO » Emphasise the huge strength of
| VVigpLactVVV | HO W w.rt LEP WW
o} Linear 95% o |
_4;_ Oundratio 95% * Non-negligible impact of VVV
_6h - B A
2 Purely O(A™)
1} » Significant quadratics
| everywhere
- s *\ ol | ,/ * Propagate into any global
| analysis that combines EWPO
—1] with other things
_2:_ _ * EFT validity...
6 -4 —2 0 2 4 6-6 -4 -2 0 2 4 6
€1 €2
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[E. Celada, G. Durieux, KM, E. Vryonidou; WIP|

Other directions?

_— EWPO p&l‘aﬂl) — EWPO—-VVLHC — EWPO+VVLERLHG+WV

Rotated results to eigenbasis EWPO+VViep  — EWPO+VVippisc - Linear — Quadratic

e Compare to 8 parameter EWPO fit ‘wi S
: 10_151 ety
EWPO bounds dominate 0 e =
remaining direCtionS 10 €9 b ......................
~15 —
* Significant quadratic effects there ol =
* Secondary minima (not shown) are “4
ifted by VV data és
Mild improvements from 2 =
LHC VV 10é-
» Nothing else from LEP WW & VVV 1065 =
* Linear approximation is safe in 10€éq
these directions once extra data Is )  —
added e s B =

c: (1 TeV)
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Conclusions

Global SMEFT fits: key ingredient in quest for BSM

* Crystallise our understanding of the SM and its interactions

* Bridge between explicit heavy new physics models and HEP datasets
Frontiers (also many things | couldn’t mention)

* Combining EWPO, LEP & LHC EW, Higgs, Top & flavor
* NLO & RGE effects important
* |nteresting cross talk between many new sectors (flavor, PVE, DY, dijet)

* Automated UV matching frameworks

VVV has a role to play in global SMEFT analyses
. Revisited the combination EWPO with VV/VVV - significant O(A™%)

* Flat directions quantity the impact of adding data

* Next step:incorporate into bigger global fits
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Notable omissions

. : - [Grunwald et al.; 2304.12837]
New physics in top/3rd generation [Garosi et al.; 2310.00047]

* Nice interplay between top/EWPO/flavor physics [Allwicher et al.; 2311.00020]

Using full-likelihood information [Elmer et al.; 2312.12502]

* Experiments publishing statistical likelihoods e.g. pyHF format
* Allows taking into account yields in signal & backgrounds

* More complex BDT/NN outputs?

New ALP bounds from ALP-SMEFT mixing [Biekotter et al; 2507.10372]

. D=5 ALP interactions mix into SMEFT operators at O(1/f%)
» Pure SMEFT fits competitively constrain ALP couplings!

* Bounds are ~independent of ALP mass
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[E. Celada, G. Durieux, KM, E. Vryonidou; WIP|

Other directions?

Marginalised 95% C.I.

— EWPO pﬂl‘aﬂl) — EWPO—-VVLHC — EWPO+VVLEP’LHG+WV
EWPO Secondary mlnlma EWPOJFWL@ = EWPO'WLEPLHC - Linear  — Quadratic
» Related to secondary minimum in w =
Cyq in Warsaw basis results 10-1¢, o
* Big quadratic effects in EWPO 10-1é T
constrained directions . O
63 —
* New data, even though less ) i
precise, is crucial to lift €4 =
degeneracies and return a better- 1065 e
behaved fit. : *
10€ 4 :
]_Oé (x0.1) H n
7 =
]_Oé (x0.1) H ¥
8 =
R (x0.1) 1 H
1069 »
(x0.1) b
102610 | $
-3 —=2 =1 0 1 2 3
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Top-Higgs interplay

Top data indirectly improves Higgs coupling measurements

« g2 — h has 3 relevant new interactions

* Yukawa, dipole & contact term w" Zg}~ —

* Degeneracy in coefficient/theory space

20_ y | [Maltoni, Vryonidou & Zhang; JHEP 1610 (2016) 123]

- gdgF is well measured, yet...
| - Cannot rule out heavy particles in the loop

| 7 — OO0 OO
~ ttand fth data can help -
i pp—ttH ; QQQA—> 000>
20 E:EJ - *» Constrain dipole & Yukawa -
004 0o 0w oo 0 \What about 4 fermion ops.? / \
Zg}" * Do they limit ultimate sensitivity? _ -
ttH «—> [{
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The role of top data

+/ 1t cross section measurements constrain C.o

« Indirectly improve bounds on Cys; and C,y

|

Several other new interactions can affect ¢t .

« Notably ggtt operators, of which there are many (14)
« Also enter in tth/Z/Wly

* Jo what extent do these |limit ultimate NP sensitivity in top/HIggs sector?

q Can only be addressed in combined fit

e B d tree-level (at least f = [Degrande et al.; PRD 103 (2021) 9, 096024]
eyond tree-level (at least for ggF) http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNL O

* |dentify other cross-talk (non-trivial correlations)

* (Crystallisation of knowledge gained after LHC Run 2/3

* Broaden range of applicability to UV models where the top is special
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lop-Higgs Interplay

2D Individual constraints

Individual 95% C. L.
ggF+0 jet STXS
ttH
ggF+ =1 jet STXS

 All others setto O

. . ggF/ttH complementarity for
o (Che> Cin)
Combined -

=l Marainalises . H+jets STXS & 1V not yet

competitive

. Strong impact of #£ evident for C,

» Tension with SM ~ 20

* Significant correlations remain

* Large marginalisation effects

What is the concrete
impact of 4F?

point-like Zg} - - Yukawa > - -
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Top- nggs nterp

[Ellis, Madigan, KM, Sanz, You;, JHEP 04 (2021) 279]

Marginalised 95% C. L.

Higgs data (no ttH)
Higgs data
Higgs & Top data

Higgs & Top data (+4F)

+ SM

-0.04

point-like Zg} - -

K. Mimasu - La Thuile - 07/03/2024

-0.02

0.00 0.02

-20 -10 0

10

Yukawa > - -

26

ay

Fit: Higgs SS & STXS 6(A™?)
8 Higgs operators + C,;

* Marginalised confidence regions

» Significant impact of ttH & 11(V)

Now add in tt 4F operators

38 1,38
+ Coh CH8 8

3 3
e T e O
* Relatively mild impact
. Preferred tt phase space is different
C:
4F :

oW Mz
hlgh mﬁ
* Able to constrain them independently

Top data is crucial!
SMEFT fits



[Ethier et al.; JHEP 11 (2021) 089]
see also: [Brivio et al.; JHEP 02 (2020) 131]

S M E F | T [Brown et al.; PoS ICHEP2020 (2021) 322]

« NLO QCD
* top loop sensitivity

¢, Top, Higgs & Diboson w/ ‘perfect’ EWPO

N Individual

B Top + Higgs + VV, Quadratic NLO EFT
10°

1015" e Lol ~Sadoatadotadontalontaont el oat oo alcab ot bl s

Confidence Level Bounds (1/TeV*®) % |
—_—
o
o

(-
-
=

—
-
L

-
g
b2

Magnitude of 95%

—
“
G

B3

ctt1

g8
85

clqgt
c8ut
clut
c8qu
c1qu
c1 dt

g

c13qq

g 8 8
W—‘W_’Thﬂ—‘

=
4

cQQ1
cQQ8
cQt1

4 heavy 2-heavy-2-light dipole current

Yukawa
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Some bounds
purely O(A™)

1) Imprecise data
2) non-interference

Non-Gaussian
posteriors:
Quadratic effects
Important

Dim-8 effects?
EFT validity?
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—050 —025 0.00

cQQ1l

200 0 200

i

cpe

.

= |'||||'||H:
—0.05 0.00

. Top+ Higgs + VV, Quadratic NLO EFT

cQQ8

e —.

cQtl

0

[Ethier et al.; JHEP 11 (2021) 089]

| Inear (A‘z) vs Quadratic (A_4)

| Top+ Higgs+ VV, Linear NLO EFT

cQt8

- cttl

200 —200

cBut

Fam——

—20

1

0

c8lqq

e

clgd

cllqq

2 0 2

SMEFT fits



[Ethier et al.; JHEP 11 (2021) 089]

SMEFTatNLO
V S http.//feynrules.irmp.ucl.ac.be/wiki/SMEF TatNL QO
[Degrande et al.; PRD 103 (2021) 9, 096024]

- Top + Higgs + VV, Quadratic NLO EFT - Top + Higgs + VV, Quadratic LO EFT
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