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EFTs for unknown UV sectors: bottom-up

can be constructed order-by-order in §
main strength: without knowing the underlying physics
— free parameters to be fixed from data

. . . . E
Fermi theory: the expansion parameter is a scale separation 6 = K «1

A == scale of a physics sector

energy of the measurement(s) where
the physical impact is observed
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can be constructed order-by-order in §
main strength: without knowing the underlying physics
— free parameters to be fixed from data

. . . . E
Fermi theory: the expansion parameter is a scale separation 6 = K «1

unknown — A ==t 1/v/Gr ~ 300 GeV
LH currents, £ ..

infer properties of underlying physics

measure EFT parameters GF

| assuming A\ » E, define dynamical fields + symmetries

construct all allowed terms up to some power in E/A
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SMEFT

Standard Model Effective Field Theory:
The EFT constructed with Standard Model field & symmetries

— expansion in canonical dimensions d (Taylor series in v/A or E/N)

1 1 1 1
ESMEFTZESMJFKESJFE Lo +F£7+F£3+...

Ly => GO C; = Wilson coefficients
Ofd) = gauge-invariant operators
At each order, Ofd) form a complete, non-redundant basis

SMEFT describes ~ any beyond-SM physics living at A » v
(nearly decoupled)
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Le: the Warsaw basis

Grzadkowski, Iskrzynski,Misiak,Rosiek 1008.4884
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SMEFT for indirect searches at LHC

new physics seems indeed
nearly decoupled
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SMEFT for indirect searches at LHC

new physics seems indeed collider physics is entering a
nearly decoupled precision era
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SMEFT for indirect searches at LHC

new physics seems indeed collider physics is entering a
nearly decoupled precision era

V

indirect searches

direct ..
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SMEFT for indirect searches at LHC

new physics seems indeed collider physics is entering a
nearly decoupled precision era

V

indirect searches
more and more competitive
with direct ones

SMEFT-based searches at the LHC are crucial (—I

+ a proper QFT :
renormalizable order by order, well-defined radiative corrections and RGE

+ minimal commitment to a specific UV

+ systematically includes all BSM effects, compatible with assumptions

+ universal language for data interpretation: can connect to other experiments
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Challenges

1. being sensitive to indirect BSM effects — needs uncertainty reduction

v2 2

in bulk ”W:%' gy ~1, M=~2TeV — (15%
E?2 E2
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Challenges

1. being sensitive to indirect BSM effects — needs uncertainty reduction

V2 2

in bulk ~W=VA5‘;V. guv~1 M=2TeV - 15%
E>  E’guy

on tails ~ — = —&; E~1TeV,M ~3TeV — 10%

2. making sure that, if we observe one, we interpret it correctly. needs:

> retaining all relevant contributions: all operators, NLO corrections. ..

!
— handling many parameters in predictions and fits
— understanding the theory structure

» correct understanding of uncertainties and correlations

> systematic mapping to BSM models
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Combine, combine, combine

2499 parameters in the most general case
can be reduced > assuming symmetries: flavor, CP

> taking advantage of kinematic suppressions

beyond this combining
different measurements is necessary

» to access as many operators as we can

\
» to avoid bias in interpretation
i.e. miss a potential deviation or
assign it to the wrong op. e
AR

Ken Mimasu® N
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SMEFT fits OLHC



Example: SMEFT for EW and Higgs sectors

leading Warsaw basis operators in Higgs and EW processes: ~ 20

Quwn Qu Qup Qﬁ}

input parameters

diboson Higgs production

+ CP odd + flavor indices + others entering through loop corrections ...
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SMEFT in Higgs production

ggF VBF VH ttH

w/z
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SMEFT in Higgs production

VBF

geF VH

H

tt
w/z
\
\

e
& \
> F M

llaria Brivio (ITP Heidelberg) The SMEFT program at the LHC: status and prospects 9/37



SMEFT in Higgs production

ggF ttH

>-- Wff- >¢\M’f

dim 6 SMEFT predictions

t

~

A,.AJT X KSM

2 2 T C'CJ*
| AsmerT|® = | [Asm|* + 2, A2 AiAsy + 25 ~pa

linear quadratics

>y
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Simplified Template Cross Sections (STXS)

Higgs combinations:

ne = Li 2 ¢(0i - Br)(e - Air
lumi (—I L acceptance ATLAS HIGG-2018-28

ATLAS-CONF-2020-053

prod xs i — h -
efficiency

Brivio,Corbett, Trott 1906.06949 decay BR h — f

fittonk —  (oi- By) for defined i, f categories.

[E—
STXS define production categories : (T—
unfolded XS organized in “macro-bins” WE
— minimize selection cuts + modeling bias —Rest ] .
better reproducibility ]
g
o , , . =
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=
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Higgs + EW fit results

typically:  EWPO from LEP
+ diboson measurements (LEP2/LHC)
+ Higgs production/decay rates (STXS)

[
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Higgs + EW fit results

typically:  EWPO from LEP
+ diboson measurements (LEP2/LHC)
+ Higgs production/decay rates (STXS)
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Extensive literature, covering many sectors

& Higgs + EW

™~ top

& Higgs + EW + top

™~ top +

@ diboson (+ VBS)

llaria Brivio (ITP Heidelberg)

Alves et al 1211.4580,1805.11108, Butter et al 1604.03105

Corbett et al 1509.01585, de Blas et al 1608.01509,1710.05402,1910.14012
Ellis, Murphy,Sanz,You 1803.03252, Biekotter,Corbett,Plehn 1812.07587

da Silva Almeida et al 1812.01009, 2108.04828

Dawson,Homiller,Lane 2007.01296, Dawson,Giardino 2201.09887

Englert et al 1506.08845,1512.05560,1901.03164 + ICHEP2020 proc
Cirigliano,Dekens,deVries,Mereghetti 1605.04311 Hartland et al 1901.05965
Durieux,lrles,Miralles, Pefiuelas,Péschl 1907.10619, IB et al 1910.0306
Miralles et al 2107.13917

Ellis,Madigan,Mimasu,Sanz, You 2012.02779
Ethier,Maltoni,Mantani,Nocera,Rojo 2105.00006

BiBmann,(Erdmann),Grunwald,Hiller,Kroninger 1909.13632, 2012.10456
Bruggisser,Schafer, Westhoff,VanDyk 2101.07273

Baglio,Dawson,Homiller,(Lane,Lewis) 1812.00214, 1909.11576, 2003.07862
Ethier, Gomez-Ambrosio,Magni,Rojo 2101.03180
Bellan,Boldrini,Brambilla,Brusa,IB et al 2108.03199

references list incomplete!
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Some general features

> currently up to 20 — 30 parameters simultaneously

» most often: frequentist likelihood (x?) analysis
replica models / toys also used

moving to bayesian inference for many parameters

» most SMEFT predictions are at tree level

NLO QCD most used for top physics and gg — h.
available also for diboson processes, automated in MG5.

NLO EW harder. not automated.
available only for EWPO and most Higgs decays

> results typically reported in multiple setups: linear/quadratic, LO/NLO ...

» information geometry (Fisher information matrix), Partial Component
Analysis used to show multi-dimensional information, determine impact of
individual constraints
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Top + EW + Higgs

EW

Cq C6q Cha Chu Chy Ci Cla
Cie Cae Cba Chu C C8, C
Ci Coo Con Chy C:
C5: Coq Cos C

< 50 parameters

@ LO interference
Top
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Combining Higgs and top

. Grazzini,lInicka,Spira,(Wiesemann) 1612.00283,
1. top operators — Higgs / EW processes  1z06.08532,
(Maltoni),Vryonidou,Zhang 1607.05330, 1804.09766

Deutschmann,Duhr,Maltoni,Vryonidou 1708.00460
2. non-top operators — top processes

s > >
o IO IR X
L

® Gy operator — ttH vertex
® Ci — ttG + ttGG + ttGH + ttGGH
e Gw,GCa, C,Ef(g, C,E,lc;, Cye — ttV + ttVH
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Deutschmann,Duhr,Maltoni,Vryonidou 1708.00460
2. non-top operators — top processes

D
o J )L X X
h— vy 0{ 6.\ « ttV , single-t

© Ciy operator — ttH vertex < interplay with Cyg
® Cic — tEG + tEGG + tEGH + ttGGH ¥

e Gw,GCa, C,Ef(g, C,E,g, Cye — ttV + ttVH
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Example: complementarities in top + Higgs

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

ggF+ =1 jet STXS
t
ttv

Marginalised

Ellis,Madigan,Mimasu,Sanz, You 2012.02779

: 5 -
Chc Cin Cis
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Example: complementarities in top + Higgs
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Example: complementarities in top + Higgs

Bosonic
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Top + EW + Higgs: global results

Ellis,Madigan,Mimasu,Sanz,You 2012.02779

2.5
W SU(3)°: EWPO+Diboson+Higgs o (1TeV)?
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1.5 Top operators: EWPO+top (incl ttH)
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Where is this going?



The long-term idea (~personal view)

EFT parameterisations for LHC measurements are here to stay,
independently of observation of new resonances.

Will become a standard analysis procedure,
to be brought to future colliders too

) the best parameterisation of non-resonant BSM effects in shapes
— allows SM tests at differential level

can be easily simulated, is theoretically consistent

(# anomalous couplings, form-factors / pseudo-observables)

) will serve as book-keeping — LHC legacy results easily reinterpretable

¢ will enable combinations of LHC and non-LHC data (e.g. flavor)
— one “universal map” of constraints on heavy-BSM
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In practice: (near) future directions

1. More refined SMEFT predictions
higher orders in loops and in EFT (d = 8), EFT in backgrounds, improved
technology for predictions (Monte Carlo, ML...)

2. Larger global fits
more complex processes, complementary to usual ones, bring sensitivity to new
parameters (e.g. VBS, tWZ, CP violation, flavor...)

3. Higher-quality constraints
more precise measurements and SM predictions, more differential measurements

4. Better uncertainties and correlations treatment
better understanding of PDF /scale dependence in EFT predictions,
ATLAS, CMS to provide more information and do combined analyses directly

ATL-PHYS-PUB-2019-042, ATLAS-CONF-2020-053,ATLAS 2004.03447,ATLAS-CONF-2021-053,
ATL-PHYS-PUB-2021-010,CMS-PAS-HIG-19-005,CMS 2012.04120

5. More and more working in (simplified) model setups

“make the ends meet” in top-down vs bottom-up approaches
6. Should we move to HEFT?

7. What if we see an anomaly (e.g. my/)? What if we discover a particle?
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Ex.: including more processes / loop corrections increases top-Higgs interplay
2D OB I G G ¢
ew LT

o UN Nk

g8 — ZZ, vy E(
g — Zh j;[j\ jjj>\
gg — hh z:[j
RN Maltoni,Mandal,Zhao 1812.08703

Degrande,Maltoni,Mimasu,Vryonidou,Zhang 1804.07773
Hartland,Maltoni,Nocera,Rojo,Slade, Vryonidou,Zhang 1901.05965
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More differential information

finer binning better shape analyses

BT — higher-dim. histograms - interplay of kin. variables

one of the most important improvements for future runs.
not fully accounted for in current projections!
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More differential information

finer binning better shape analyses

BT — higher-dim. histograms - interplay of kin. variables

one of the most important improvements for future runs.
not fully accounted for in current projections!

> extract more information from each measurement
x1072

3 Cyp Profiled
L =300fbh~"

2% o
\61: Brehmer,Dawson,Homiller,Kling,
. Plehn 1908.06980
-2
---- STXS, stage 1.1
34 —— Imp. STXS
-1 -0.5 0 0.5 1
CHU'

llaria Brivio (ITP Heidelberg) The SMEFT program at the LHC: status and prospects 21/37



More differential information

finer binning better shape analyses

BT — higher-dim. histograms - interplay of kin. variables

one of the most important improvements for future runs.
not fully accounted for in current projections!

> extract more information from each measurement

> more discriminating power between different shapes — operators
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More differential information

finer binning
higher-dim. histograms

better shape analyses

eSS — interplay of kin. variables

one of the most important improvements for future runs.
not fully accounted for in current projections!
> extract more information from each measurement

> more discriminating power between different shapes — operators

> access to CP properties

Lint =139 ifb
14 —
050f T =z
51-2 T 025}y N
()
10 | E ooof_zi Q) combined
B < e
A ] S-0250 e\
0.8 ~0.50 N WM/_\_
-3 -2 -1 0 1 2 3 -1 0 1
Iy Chial N [Tev~2]

Biekatter,Gregg, Krauss,Schonherr 2102.01115
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More differential information

finer binning better shape analyses

BT — higher-dim. histograms - interplay of kin. variables

one of the most important improvements for future runs.

not fully accounted for in current projections!
> extract more information from each measurement
> more discriminating power between different shapes — operators
> access to CP properties

> access to polarizations — crucial for VBS, diboson
— single out Goldstone boson contributions
— more direct access to EWSB
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“New” processes: Vector Boson Scattering

Ethier et al 2101.03180, Bellan,Boldrini,Brambilla,Brivio et al 2108.03199
interesting from SMEFT point of view because

> gives access to VV — VV scattering, crucial probe of EWSB dynamics
> probes simultaneously qqqqg , HVV and TGC/QGC operators

» comes in several ViV, = {W=* Z ~} channels — discrimination power

> bound to improve significantly at next Runs

\<ﬂ

T
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“New” processes: Vector Boson Scattering

Ethier et al 2101.03180, Bellan,Boldrini,Brambilla,Brivio et al 2108.03199

interesting from SMEFT point of view because

> gives access to VV — VV scattering, crucial probe of EWSB dynamics

» probes simultaneously gqqqq , HVV and TGC/QGC operators

> comes in several V4V, = {W*, Z ~} channels — discrimination power
> bound to improve significantly at next Runs

Ethier, Gomez-Ambrosio, Magni,Rojo 2101.03180

1

° 53
2 g 2
5} 5} o

cpe
cpl
c3pl
cpu

2
8

c3pq
cpBil
cpWiil
cpWB
cpWBtil
cpD
cWWW
CcWWWHil
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SMEFT corrections to VBS at d =6

Bellan,Boldrini,Brambilla,|B,Brusa,Cetorelli,Chiusi,Covarelli,Del Tatto,Govoni,
Massironi,Olivi,Ortona, Pizzati, Tarabini,Vagnerini,Vernazza,Xiao 2108.03199

> representative set of 14 operators

QW = HIDH)BH 1) Q= (H'D H)(po'y"1p)
QL = (H'iDH)(G"p) Q% = (H'iD'H)(Gpo'v"ap)
Q(l) = (@pvuap) (G ar) Qg D = (@pvuqr)(Grv"ap)
Qqq = (Govuo’qp)(@" o’ ar) Qq3 BV = (Gpyuoiar) (@G ol gp)
Qup = (H'DuH)(H! D H) Quo = (HTH)o (HTH)

Quws = (H'o'H)W], BH Quw = (HTH)Wj, wirv
Qu = sijkWL" W,{pW,;(” Q,(/l) = (vl ) by Ip)

» 4 VBS— ¢ processes (WrW*, wrw—, wtz, zz)
+ 1 VBS— ¢J process (VZ,V = Z, W)
+ 1 diboson process (qg —» WHW™)

» simulated full 2 — 6(4) processes, incl. non-resonant diagrams

> parton level analysis: only expected limits, no comparison to data yet

similar studies: Gomez-Ambrosio 1809.04189, Dedes Kozow,Szleper 2011.07367, Ethier et al 2101.03180
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SMEFT in VBS: main results

> VBS constrains the most 4-quark operators and Qw
all these are dominated by ssWW

Profiled [ Profiled B individual

VBS+WW Combination -
95% C.L., 13 TeV, A = 1 TeV (@RI

95% Profiled  95% Individual

Chmox [-9.775, 10.012] [-2.209 , 1.847]
o [-6.172,4.400] [-2.712,2.576]
ol [— 0 —] [-4.543,3.157] [-1.012,0.994]
ol [— 0 S— [-2.021,3.168] [-0.155,0.152]
Cw . [-2.382,2312] [-1.384,1.464]
[ R [-2.040,2.147] [-1.694, 1.403]
o — O [2.114,1.742] [-0.156,0.160]
o0 [-0.982,0.865] [-0.195, 0.336]

= =
) o] [-0.286,0.333] [0.200, 0.321]
¥ = o] [-0.352,0.100] [-0.097 , 0.080]
ey = [-0.084,0.265]  [-0.066 , 0.230]
== [0.172,0.171]  [-0.191,0.148]

= [-0.060, 0.141]  [0.059 , 0.085]

= [-0.089,0.097] [-0.087 ,0.093]

o)
)
CW

Cw

P AT A
-10 -5

0 5 10
Parameter estimate
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SMEFT in VBS: main results

> VBS constrains the most 4-quark operators and Qw
all these are dominated by ssWW

> VBS competitive with diboson for “input” operators: Quws, Qup, Q,E,a,), Qy

100 fb" (13 TeV)
DR E s AL

, |_| Combined
117 Combined O(A?)
WAW 0]
WHWF 4.2
7242
WZ+2]
i WtWt+2j

R
15 20
Cyp [Tev?
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SMEFT in VBS: main results

> VBS constrains the most 4-quark operators and Qw
all these are dominated by ssWW

> VBS competitive with diboson for “input” operators: Quws, Qup, Q,E,e;), Qy

> for several operators, constraints are dominated by linear terms — “safe”

2Z+2j 100 fb' (13 TeV) WZ+2j 100 fo™' (13 TeV)
2 2
s 2742 EWK I3 W'Z+2) EWK
ﬁ 7| ZZ+2jQCD Lﬁ m WZ+2j QCD
SM Stat. Unc. mmm SM Stat. Unc.
6|
7 SM + EFT cll1=0.01 ) SM + EFT cW=0.01
5| () SM+EFT cll1=0.1 () SM + EFT cW=0.1
() SM+EFTcli=1.0 [ SM+EFTcW=1.0
1 1
3 3
= =
8 2
5500 1000 1500 2000 2500 3000  *5TB0 700 150 200 250 300 350 400

m; [GeV] MET [GeV]
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SMEFT in VBS: main results

> VBS constrains the most 4-quark operators and Qw
all these are dominated by ssWW

> VBS competitive with diboson for “input” operators: Quws, Qup, Q,E,3,), Q;

> for several operators, constraints are dominated by linear terms — “safe”

> adding SMEFT corrections to QCD backgrounds never worsens the results

+95% EWK+QCD

W*W'+2j A=1TeV,L=1001b" (13 TeV)

Hagl

=
2]
T

{

=

31}
T

+68% EWK

Best Confidence Interval [TeV?]
o
T

(3)
HI

e+ 95% EWK

C,px0.1
CppweX0.1
(1)

(1%0.01

[

(1),

cfx0.1
l
Chiy
(1)

Ci

C
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Matching to UV models

E
UV model

(&i, M)
Q|  matching i

scale imposing all matrix elements are

equal at p = Q
!
C;i, A\ as function of (g;, M;)
EFT
(Ci7 A)
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Matching to UV models

E
UV model
(gi, M;) done efficiently up to 1-loop in UV model
via functional methods:
Covariant Derivative Expansion or
Universal One-Loop Effective Action
Ci_ matching
scale
i §%S
Serr[¢] = S[Po] + > Trlog ~So?
o
EFT light fields /
(Ch /\) heavy fields. ® = &g + 7

Henning,Lu,Murayama,deAguila,Santiago,Ellis, Quevillon, You, Fuentes-Martin
Cohen,Lu,Zhang,Kramer,Summ,Voigt,Dittmaier,Passarino
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A case study: SM + Heavy Vector Triplet

Brivio, Bruggisser, Geoffray,Luchmann,Kilian,Kramer,Plehn,Summ 2108.01094

my
2

8l.\,i7 i 8q,i= i 8VH ivi
+ S Vulyta'l+ SIViayteq + S (HTH)V viE

Lo = — Vi, Vi — Byl wine 4 TV yivie 4 Byt D™ )

del Aguila,de Blas,Perez-Victoria 1005.399
de Blas,Lizana,Perez-Victoria 1211.2229
Pappadopulo, Thamm, Torre, Wulzer 1402.4431

Vi W, 2/
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A case study: SM + Heavy Vector Triplet

Brivio, Bruggisser, Geoffray,Luchmann,Kilian,Kramer,Plehn,Summ 2108.01094

my
2

8l viganip  Bayviz p i EVH ivi
+ S Vulyta'l+ SIViayteq + S (HTH)V viE

>

EHVT=—ZVLVV'W_g7MV/iuW'W+ V/lAVIH'FgTHV/i(HT'.D H)

constraints
on model

|

observables 0=f(g,my) = fitto (g,my)

0 = f(G/A?)

I 4

matching
(Gi/N) = hi(gi, mv)

similar approach in: daSilva Almeida,Alves, Eboli,Gonzélez-Garcfa 2108.04828
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A case study: SM + Heavy Vector Triplet

Brivio, Bruggisser, Geoffray,Luchmann,Kilian,Kramer,Plehn,Summ 2108.01094

my
2
8l \jigan ip . 8ayvsiz p i 8VvH i

+ S Vulyta'l+ SIViayteq + S (HTH)V viE

Lo = — Vi, Vi — Byl wine 4 TV yivie 4 Byt D™ )

8I18H
(e = | BB, %
4m%/ VvV /

g gu\

)
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A case study: SM + Heavy Vector Triplet

Brivio, Bruggisser, Geoffray,Luchmann,Kilian,Kramer,Plehn,Summ 2108.01094

L VI Vi/uz &m Vi Wi/uz m%/ Vi Viu 8H Vi HT -‘5”.“"_/
HvT = = g Vi VI = S Vi W VAV SV (HLTD T H)

8l yi ip, Baviz op i, EBVH ivi
+ S Vulyta'l+ SIViayteq + S (HTH)V viE

1 5
c®y. _ gIgH 6
(Chr) 4m2, 7 7 3686472m 21—

gw(288 + 1531g% + 2989gH,)

+ gf,(2642gHgM + 23404 Igy + 7942gHgA34 + 6732g183)

+ g2 (g?(—102 + 3054g%) + g7 (49 + 5711g%))

+ gwenm(1080g}, + 5400g7 g + 2304gyg? + 432g7 + 1440h, gy + 1440g 8vH)
+ g1g (1080g7 — 360gn g + 4327 + 1440gyy + (1 + g2)(2160 + 12600g3))

+ 1440g%,8vn (&1 — gn) (g1 + gwem)(YeYd);

3
* 303272 m%/
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Heavy vector triplet: tree vs loop matching

my = 4TeV

contours
Ax? =23, 5.991

tree matching

1-loop matching Q@ = my
B 1-loop matching mz < Q < my

gvu
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Heavy vector triplet: tree vs loop matching
10 \ /':‘- o ; &

profiling over Q
worsens gy bound
by a factor 2

&

my = 4TeV

contours
Ax? =23, 5.991

tree matching

1-loop matching Q = my
B 1-loop matching mz < Q < my

T 25 50 75 100
9vH
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Heavy vector triplet: tree vs loop matching

10 | — P N B = E
5 JL = = N : profiling over Q
S ”—T— worsens gy bound
’ ~> by a factor 2
10 7 |
s I <—
10
8
mv — 4 TeV —1.0-0.5 %{; 0.5 10 . 6
@™
0.5 PO
contours ISHL <]
Ax? =23, 5.991 4
tree matching 9
1-loop matching Q = my
- 1-loop matching mzy < Q < m 0
Q[TeV]
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Heavy vector triplet: matching scale dependence

extra “leaves” around lines where fyo ~ 0 >~ f 4

f¢2 (1/TeV2) — fue similar

Qmatch=4 TeV no RGE logs

— ——— Qmatch=4 TeV with RGE logs
Qmatch=2.4 TeV no RGE logs
— ——— Qmatch=2.4 TeV with RGE logs

tree-loop
compensation

fi ~ 0.04 g2 (1 +0.1log %) +103 g4 (1 —2.4log %)
flips sign for Q@ < my/1.52

— we treated this as a new systematic error. currently poorly understood
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SMEFT vs direct searches: WW case

wt

mzr = my = 4TGV

ATLAS 2004.14636

6 T
10*4 1 SM background \
4
103_
. [ data+/-stat 2 —— ATLAS
% 10? = —— EFT
i = —— EFTWW
101 -2 K —— BFTWH
I'/m < 5%
1074 b
\
1000 2000 3000 4000 512 0 3z 1 s
myw [TeV] gr
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SMEFT vs direct searches: WW case

wt
Z/
mz = my = 4 TeV
w—
bound from
WW resonance search
ATLAS 2004.14636 \
6
10*4 1 SM background
4
1034
. [ data+/-stat 2 —— ATLAS
£ 10 = —— EFT
>
& —— EFTWW
104 —2 —— EFTWH
I'/m < 5%
104 -
1000 2000 3000 4000 76—6 6

myw [TeV]

resonance s. only valid
for narrow Z’
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SMEFT vs direct searches: WW case

wt
Z/
mz = my = 4 TeV
w—
bound from EFT fit to
ATLAS 2004.14636 V\1W spectrum
10*4 1 SM background 0 “
) \
10%4
- [ data +/- stat —— ATLAS
E 107 —— EFT
& — EFTWW
104 —— EFTWH
I'/m < 5%
1004

1000 2000 3000 4000
myw [TeV]

bound from EFT fit to all obs.
(incl. EWPO, Higgs)
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SMEFT vs direct searches: WW case

wt
mz = my = 4 TeV
point excluded by

resonance s.
but allowed by EFT

EFT

10° [

6
10* [ SM background
1 model 4
I /gﬁ_4’4/’///’/

" b data +/- stat

E 2 1 corresp. signal

o 10 . : =

LE 11I“'Lnt narrow! S 0

—

__
] - /ﬁ

1000 2000 3000
mww [TCV]
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4000 -6 -4 -2 0 2 4 6

The SMEFT program at the LHC: status and prospects

ATLAS
EFT
EFTWW
EFTWH
I'/m < 5%

29/37



SMEFT vs direct searches: WW case

wt
Z/
mz = my = 4 TeV

w—
point excluded by

resonance s.

best EFT itivity to thi k:
es sensitivity to this pea but allowed by EFT

bins with smallest uncertainties!

6 T
104 1 SM background \
1 model 4
I

108 % EFT
data +/- stat 2 —— ATLAS
102 711’ corresp. signal: = 0 — EFT

oy . narro! = — EFTWW
10! TTLLIﬂ I l -2 K —— EFTWH
N I'/m < 5%
10° [ \
—6

1000 2000 3000 4000 -6 —4 -2 0 2 4 6
myw [TeV] gf

Events
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Impact of d > 8 operator

EFT obtained from matching to full model

~
=
pp—Vh(T4) E 110 T T T T §
— Tyt Tyt
o T 10°F E 0 G St &
g 3 3 E Js = 6, Mg = 600 GeV S
- = e} I
2 full
g B r Y + st ] =
= ¥ el
z ° 10 . 3
3 E 5
c =] &
= ] U
ﬁu _ © 100 N
= El g 3
> 1 8 K
8 g o 1 &
a EFT - 095 4
3 E = b
g i SM 1 2 =
£E5 non N o o N oo B SM e, g2
[ 3 1T i g E O %9 [ ——— Full Model Yanw”] 00
b n o - EFT dimension 6 harr)
3 g S 0 0 EFT dimension 8 E =
- @ < BFT ]
2 o O oss . . . I I I 85
@ 0 1 ) EFT error™— 5 Oi-l 200 400 600 800 1000 1200 1400 &3
500 1000
my, [GeV] \/E [GeV]
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Impact of d > 8 operators

EFT obtained from matching to full model

% 10%
| | pp—Vh(T4

10°

T
.

o [fb/bin]

™

<

<

[s2]

=

o

G 10°¢ E
9 E E
c E 3
£ r ]
3

o 10¢ E
= F E
s F

d [

§ 1= EFT =
JA E ]
i r SM 1
£E% _ AP N S S SR I S S,
$2 g F i : -
Ea 3
2E g o —

89 o
e 1 ) M
500 1000
my, [GeV]

d = 6 breaks down
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Impact of d > 8 operators

EFT obtained from matching to full model

pp —Vh(T4)
Q %‘ 103? |
5 8 F not top-down: C; fixed by matching
9; ‘g‘ [ . . . _ .
B 102 - — EFT not valid in high-E region
a 10F ,
T : bottom-up: fit C; to data
o 1k tends to make EFT match full result
0 E o
o ; — find wrong values of C;
£f S
gE g F :
3 g ‘b—bé
ac B°° T
Tm © 1 ‘ EFT error—. |
500 1000 o
my, [GeV] how to keep this into account?
uncertainty band:
sliding upper cut: Trott et al 1508.05060,2007.00565,2106.13794, compute at d=8
Contino,Falkowski,Goertz, Hays,Martin,Sanz,Setford 1808.00442 Boughezal,Mereghetti, Petriello
Grojean,Riva 1604.06444 Shepherd et al 1812.07575,1907.13160 2106.05337
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safe scenarios < no energy growth — small effect

typical cases where d = 6 works well across the whole visible spectrum:
» observables w/o E dependence (1 — 2 decays)

» BSM scenarios with very narrow and/or heavy states

pp I TFT(S2)

= L e S B S ! ppHW"'W_
5 10* [ SM background
© 3 b.llﬁ' [ model

103 1 EFT

[ data +/- stat
I

10% Ty

I

'I'I 1
10 I
| o T
LS 0 e
& EFT error H

Events

- n
L D e

1000 2000 3000 4000
0.5t , , , | =
100 200 300 400 500 mww [TeV]
m,, [GeV]
adapted from Brivio,Bruggisser, Geoffray,Kilian, Kramer,
Brehmer, Freitas,Lépez-Val,Plehn 1510.03443 Luchmann,Plehn,Summ 2108.01094

price to pay: % effects only
— most sensitivity from lowest error region (~ bulk)
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SMEFT or HEFT?

a component of the d = 6 vs model discrepancy can be removed by reabsorbing
higher powers of v within d = 6 coefficients instead of leaving them to d > 8

ud—>udh(T1)

'E F T T T B
£ [ ]
8 [ ]
o 30- ]
200 ]
10 1
1 L 1 1
3| 0.5F —_(F-'rr‘_.rum"- =
e EFT error
£ 0 - LT
& v-improved EFT error
-0.5E \ , R 5
50 100 150

200 250
Py, [GeV]

Brehmer,Freitas,Lépez-Val,Plehn 1510.03443

which EFT is most convenient?

llaria Brivio (ITP Heidelberg)

conceptually similar to using HEFT instead

_ r=5 r=5
15 [EFT 15 SMEFT®
- HEFTH . HEFTH
bey 10 ) ey 10 ¥
0.5 0.5
0.0 0.0
2 4 6 8 10 2 4 6 8 10
Kmax Kmax
~ FS9 * FSg
150 * SM Te 1.5 MEFT®
HEFTH ¢ HEFTH
= i
s Al 1.0 &
bey hd bey ol
.
0.5 0.5 N
0.0 0.0
2 4 6 8 10 2 4 6 8 10
Fmax. Fmax.

The SMEFT program at the LHC: status and prospects

Cohen,Craig,Lu,Sutherland 2008.08597
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Higgs EFT

Feruglio 9301281, Grinstein, Trott 0704.1505, Buchalla,Cata 1203.6510, Alonso et al 1212.3305

+h oy =
H»—>V7 U, U=exp<m 7T>
v

V2

> less restrictive symmetry assumptions — more parameters

. o : Brivio et al 1311.1823,1604.06801,
> separate couplings with different # of Higgs legs /", "% 150 5017 1511 o0oss

h h?
D,®'D"® — Tr(D,UTD*U) (1 +@-+b +>
v v

» enhanced anomalous interactions among Goldstones = W, Z;

» there are BSM theories that admit HEFT but not SMEFT :
— with BSM sources of EWSB Cohen et al 2008.0597,Banta et al 2110.02967
— with BSM particles that take > 1/2 of their mass from EWSB

> more convergent than SMEFT

» only consistent if A < 4xv (unitarity violation) Cohen et al 2108.03240
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...an anomaly shows up?

as for B-anomalies: dedicated studies focused on interesting parameters/models

nonzero values of effective operators
Os = (317" br) (Prub)

Ofo = (517" br) (Lyuyst)
!

combine with constraints from Drell-Yan,
Bs — Bs mixing etc

l

leptoquarks as preferred (combined)

ACYy

explanation

S\/

1

—iliannlannnllananflnnnnilonaMananllannn

I
I
15 -10 -05 00 05 10 15 :

ACY b w1

Cornella,Faroughy, Fuentes-Martin, Isidori,Neubert 2103.16658
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what about the CDF m,, measurement then?

A CDF Il measurement is in tension with previous ones at LEP and at ATLAS!

o Stat. uncertainty
— Total uncertanty

LEP2 80376 £33

DOl 80375£23 e———

ATLAS 80370£19 [——

LHCb 80354£32 s

e . COF Il 80434£9 ot

Ba.gnaschl,EHIS,Ma(hgan, World Avg. (wio CDF) 80370 12 i
Mimasu,Sanz, You 2204.05260 World Avg. (w/ CDF) 80411+ 8 ot

SM 80361+ 7 = indirect wio iy

SMelectroweak fit 80354 %7 o

SM+S,Tiit 80378%24

80100 80200 80300 80400 80500
my [MeV]

&d if we assume there is an actual deviation there: mostly T parameter (Cpp)

1.

z
0 95%CL marginalised; C; ‘1%\”
‘ Ll | l 4 Ly . N
0. « t }
i | A i i
-05
-1.0
-15
-2.0 4-param fit, no My, B 4-param fit, CDF My update
2020 fit, no My 2022 fit, CDF My, update
-25 m 2020 it
T 1y S = = ¥ Y B 3 3
H S b IS T S T T S S
© 2 5 B
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what about the CDF m,, measurement then?

A CDF Il measurement is in tension with previous ones at LEP and at ATLAS!
&d if we assume there is an actual deviation there: mostly T parameter (Cpp)

0.02f o
2022 my update
= A\ No my
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similar: Strumia 2204.04191, deBlas et al 2204.04204, diLuzio,Grdber,Paradisi 2204.05284, Fan,Li,Liu,Lyu 2204.04805,
Asadi et al 2204.05283, daSilva Almeida et al 2204.10130
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... we discover a new particle?

> new particles hardly come alone. need sectors / multiplet partners

> extend EFT field content
> gauge invariance: observation in one channel = other predicted signals

» restrict EFT parameter space to coefficients motivated by extensions
containing the new particle — more efficient searches

> use matching knowledge to get quickly a comprehensive map of the new
particle’s effects at lower E — everything consistent?

— lots of examples from 750GeV literature (2016)
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» SMEFT is the best framework for indirect searches of new physics at LHC

— current direct bounds consistent with (v/Agsy) « 1

— collider physics entering precision era

» Combining different measurements is key to constraining as many
coefficients as possible and avoiding bias

» Studies in EW, Higgs and top sectors are theoretically advanced
but more improvements are needed for this to become standard business

> a lot to stay tuned for in the next years!
— more precise measurements: fits entering relevant regime
— more exp info available (differential meas, new processes, correlations. . .)
— streamline mapping to models for better interpretation
— better predictions and fitting technology
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