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Outline

Introduction to EFT in particle physics

e Main ideas.
¢ Main strategies.
e Some examples: from Fermi theory to the SM to the SMEFT.

Constructing the SMEFT

e The SM: brief review, strengths and weaknesses.
e Adding SMEFT interactions, how and why.

The SMEFT hands on

e SMEFT effects on SM parameters and SM interactions.
e Calculating observables in the SMEFT.

. O 2 v = C .

e Global fits of collider observables (EW, Higgs, top), flavor
observables, low energy observables.

e Matching to UV models.




SMEFT: dim 6

Very similar considerations leads to identify a basis of
dim=6 SMEFT operators.

“Warsaw” or GIMR basis: most commonly used

Grzadkowski, Iskrzynski,
Misiak, Rosiek, 1008.4884

With respect to the dim=5 case, the problem arises of
identifying a minimal set of independent operators.

(59 operators excluding L- and B-violating ones and
suppressing flavor indices).

Considering the flavor structure of the operators:
2499 couplings out of which 1350 are CP-even and
1149 are CP-odd.

X3 S06 and ()04D2 ¢2S03
Qe | fA8eaialeair || Q, (0'p)® Qe (o) (lpere)
& | PG GEGS | Qun (¥Te)Oele) Que (¥T0) (Gpur @)
Qw | eEWhrwewEr | Qup | (¢ Do) (¢'Dyup) | Qap (0'0) (qpdrp)
Qu | VKWW W s
XQQOQ Z/)2)(90 7/)2(,02D
— <> _
Qe | GG | Quv | (Loe ) oW, || QY | (¢'iD, ) By L)
~ _ <> _
Qua | ¢eGAGY™ | Qs | (Lo"e)pBu | QF | (pfiD] )G 1)
<>
Qew | loW LW 1 Qua | (4o T )@ Gy | Qe | (#TiD,¢)(E7 er)
—~ <>
Q¢W el W[{I/WI#U Quw | (G0 u) '@ Wp{u Eolq) (‘PTiD# ©)(@"q)
v —~ v ~ 3 ‘H —~
Qun o'o B, B Que | (qo" )¢ B, & | ('iD] o) (g v"q,)
~ <>
Q¢§ SDTQD BNVBIW Qac ((YpU’WTAdT)SO Gﬁu anu (‘PTi Du 90) (azﬂ/uur)
<> _
Qews | P WLB™ || Qaw | (Go"d )T W), || Qua | (91D, p)(dyy*d,)
anWB ‘PTTIQD WJVBW Qan ((jpa””dr)go B, Qyud Z(‘ETDMSO) (ﬂzﬁpdr)
hermitian non-hermitian
(LL)(LL) (RR)(RR) (LL)(RR) (LR)(LR) + h.c.
Qu ()T t) | Qe (Emue@nte) | Qe Go)ete) || Qg (@ur)ei(aidy)
W (@) @) | Quu (i Yyt ) (s Y™ 01 ) Qeu (o) (s ur) Q%) | (@T u e (ETAdy)
Q% @y a) @ ) | Qu (dpruds)(doyd) | Qo (Bl (daytd) || Q. (Bhen)e (@u)
Q) )@ a) | Qe Ee) @ ) | Qe @) @Ere) || Q, (Ehouwer)es (@o u)
QY Ty )@ T a) | Qea  (Eyues)(diydy) W (@) (@)
QW () datd) | QW (@ a) @ T )
QY (@ T u)(dTAde) | Q) (@uar) (i dy) (LR)(RL) + h.c
Q(S) (Qp’YuT ‘Ir)( 'YHTAdt) Qchq (Zier)(czsqtl)




Effects of SMEFT interactions - recap

= Effective operators at Agy, induce “direct” and “indirect” contributions of their
Wilson coefficients in physical observables.

_______________________________

EFT effects in Lagrangian EFT effectsin

Modify existent interactions
+

New EFT interactions

Shift fields and parameters from
the SM ones
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SMEFT predictions

________________________________________________
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Fields and parameters O(1/A°%)  O(1/A%)  O(1/A%)

_________________________________________________
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Physical observables | Osyerr = Osy + AOW + AO® 4+
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* Bottom-up: Global fits of collider observables

CO N St ra 1NN g (EW, Higgs, top), flavor observables, low energy

observables.

th e S M E FT * Top-down: Matching to UV models.



The full picture

Connecting far apart scales (from BSM to flavor) naturally lends itself to the EFT framework

p——="i;C; — Ci(p) = U(p, 110);C;(110)
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Global fits of the SMEFT

* Bottom-up approach: based on symmetry assumptions used in Lopprr-

» Effects of new physics can then be constrained using the broad spectrum of
precision measurement available from EW, Higgs, top, flavor physics and more.

* With increasing precision in both theory and experiments, constraints could
start to show intriguing patterns and guide future explorations.



Bottom-up: global fits of the SMEFT

Matchmakereft, 2112.10787
MATCH2FIT, 2309.04523

Connecting far apart scales naturally lends itself to the EFT framework
CSMEFT

AUV id  (Apy) (from matching to UV theory)

Will be constrained l
: Based on 1-loop SMEFT
SMEFT by the fit Evolved to C5YE7T (/)

anhomalous dimension

(| IH) using RGEsolver++ :
Jenkins, Manohar, and Trott,
Di Noi and Silvestrini, 2210.06838 1308.2627,1310.4838,1312.2014
v
. AEW All fit observables are calculated in terms of C;% “¥T (Agy)

(t,H,W,Z) ﬂ

LEFT
(t,H,\N,Z) Match to LEFT operators to Jenkins, Manohar, Stoffer,
calculate flavor observables | 1705.04486, 1711.05270
v Ab (B)
A (D) Notice that the LO (1-loop) evolution requires tree-level
c initial conditions at Ay and matrix elements at Agy,,
A (K) while 1-loop initial conditions and matrix elements
S require NLO (2-loop) evolution.




Need a framework

Statistical framework based on a Bayesian MCMC
analysis as implemented in

BAT (Bayesian Analysis Toolkit)

Caldwell et al., arXiv:0808.2552

Supports SM (fully implemented) and BSM models, in
particular the dim-6 SMEFT

Used for several global fit and future collider projections

New release will include EW, Higgs, top, and flavor
observables in the SM and the SMEFT with

1 SM predictions at NLO or higher

d SMEFT at tree level (dim-6 operators only)

O RGE running of the SMEFT Wilson coefficients

O Linear and quadratic effects from dim-6 operators

-
mflt home developers samples documentation

HEPfit: a Code for the Combination of Indirect and
Direct Constraints on High Energy Physics Models.

Higgs Physics Precision Electroweak Flavour Physics BSM Physics
HEP£1t can be used to study Electroweak precision observables The Flavour Physics menu in Dynamics beyond the Standard
Higgs couplings and analyze data are included in HEPL1t HEPL 1t includes both quark and Model can be studied by adding
on signal strengths, lopton flavour dynamics. models in HEP£it

http://hepfit.romal.infn.it

J. De Blas et al., 1910.14012

Other existing frameworks for SMEFT global fits:
SMEFiT, Celada et al. 2105.00006, 2302.06660, 2404.12809
Fitmaker, Ellis et al. 2012.02779

Allwicher et al, 2311.00020

Cirigliano et al. 2311.00021

Bartocci et al. 2311.04963



http://hepfit.roma1.infn.it/

Fit EW, Higgs, top, DY, di-boson, flavor observables

Constraining new physics through the spectrum of LHC measurements and beyond

 EW precision observables
e Z-pole observables (LEP I, LEP Il, SLD)

* My, Iy (Tevatron, LHC) =
. Set of collider
* Higgs boson observables / observablles .\
* Signal strengths. E . |
* Simplified Template Cross Sections (STXS) SME',:T Xperimenta
Predictions Measurements
\
* Top quark observables VoS
« pp o tt, ttZ, ttW, tty,tZq, tyq, tw, ... \ /
* Drell-Yan, Di-boson measurements |[=]Eif|t|
e ppoW,Z - fl]?] ‘
« pp o> WZ,WW,ZZ,Zy v" Constrain model parameters
v' Predictions within the model

Flavor observables
+ AF=2:AMp, , D° — DO, g
* Leptonicdecays: Bgs = utu~,B—->1,D = v, K= pv, m - pv
« Semi-leptonic decays: B - D™y, K — mvv, B - Kvv, B,K — mlv
* Radiative B decays (B — X ;)



SMEFT predictions

A given observable will be written as

OSMEFT — OSM + AO(l) + AO(z) + ...

—J v

SM: including SM ,‘,) (

higher-order corrections

SMEFT: tree level

Observables have been calculated either analytically and via parametrizations obtained
using various tools (MG5_aMC@NLO with SMEFTci2, a new UFO file developed for this
study, Feynart+Feyncalc for loop-induced Higgs decays, ...)

Including direct and indirect SMEFT effects from
dim-6 operators up to O(1/A”4) [by A. Goncalves]

See also, SmeftFR-v3, Dedes et al. 2302.01353




Example 1: EW precision observables

* Z-pole observables, W observables
* Fully analytic expressions
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e Z-pole observables: effective couplings L1 1 )
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e Z-pole observables: EFT expansion

For example,

> sin*lepp = sz’n%fﬁ + + Asz’nQHSC)f +...

] =

. 9 _ gv gv = g™ + + Mg 4.
siN“Ocff = 1 — =—

2
gA ga=ga" + +Ag' Y+

1 giM AQS) . g‘S}M Agg)

4 (93™M)?

A0 AglY 1g8M (Ag))? 1g5M AglY — g§M AgY

4 (g5M)? 4 (g3M)3 A (92M)?

And most generally,
Osyerr = Osy + AOW + AOP) 4

* W-pole observables:

_______________
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EW observables: adding quadratic terms

Typical effect: lifting degeneracies among contributing coefficients

Observable H IC’¢D | Cown | ng ‘ CLL ‘ CSL) ‘ Coe
I

1% | o | Coa | Con | Cow | Coua
|
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BrW
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degeneracy is (analytically) lifted

Constrain 8 independent relations
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EW observables: adding quadratic terms

* Preliminary Global Fit of EW observables at quadratic order in the d=6 SMEFT:

0(1/N?)
cHL1hat q
cHL3hat |
cHehat L |
cHQlhat —_-
cHQ3hat = |
cHuhat ~l—

cHanat | ——
cLLhat |

-1 -0.8 -06 -04 -02 0 0.2 0.4 0.6 0.8

Fit parameters  Analytically Numerically
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Example 2: Higgs observables

* Higgs-boson production cross-sections and branching ratios :

e aott, VB WH, ZH, it H— {Jf, 99, WW", 22", -, Z7,)
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£ 10F ol S0 !
g
°

g9 =
: 3 E
- 100002 = ; 8 ]
- pp 2 g L. ¢C o
1 (NNLO ooo + MOEY zz
15_ pp 2 W = TNOEW) — "3 102 =
: e 7 LO : : YY :
a 5 — —_——— _————
10—1 L e
E s p— E 10-3_-—’ —
: : E 2y E
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Higgs-boson Observables: exp. measurements

* Higgs-boson inclusive and fiducial i’'s measured by ATLAS and CMS:
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SMEFT Predictions: Higgs-boson Observables

* Higgs-boson production cross-sections and branching ratios

* Signal strength modifiers:

* Production cross-sections as inclusive or fiducial observables
through Simplified Template Cross-Sections (STXS)

e SMEFT predictions obtained differently depending on their [J. Alwall, et al,
complexity: Analytic vs. Numeric computations with Madgraph arXiv:1405.0301]

o; X B’I”j
//L" —
*J an X BrfM

With SMEFT expansion:

________________________________________________________________________________________________________________________________________________________________________________________________________
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Global fit: Higgs-boson Observables

Higgs-boson inclusive and fiducial u's measured by ATLAS and CMS

STXS improve constraining power

1
CW7 023,337

3
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Global fit EW + Higgs + Top + ...

* |Increasing constraining

|
. ||I|33fit| power when adding classes

of observables
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Adding flavor observables

M Flavor (down) M Flavor (up) m EW ® Collider
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Matching to UV models

* Top-down: quite powerful if guided by specific anomalies.

* Examples: (g — 2),,u — ey, flavor anomalies




A model with leptoquarks
Sharpen the relation between low energy measurements and UV theories

SM extension by a heavy colored scalar S (leptoquark)
Ls, = Lsn + (DyS1)T(D*S1) — M3ST Sy — M5 (d5elr) St + A (uSer) St + h.c.]

»CSMEFT

The tree-level matching projects on 4-fermion SMEFT operators’\ /
P ¥ H----

From Isidori and Wyler
arXiv:2303.16922

Ql(;73)7 Qeu, Ql(eléi) — C; = CZ()\ZI;ZR) v ) ‘ [ <
ool

The one-loop matching projects on dipole operators (among others)

[QeBlpr = (lpa“VeT)HBW and [Qew |pr = (I,0""e,)T

Which can be related to the photon dipole upon SSB

[Qe’y]m - %éﬁaw/efﬁ’uy ([Cev]pr> _ ( Co 89) <[C€B]PT
= o (\LR In(u2,/02))  NCAr

WU, matching scale
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A model with leptoquarks — cont’d

=

From RGE evolution in the SMEFT : u,,, » uw

Lo~
n _—
1672 Lbm

[Cxlpr () = [Cx]pr(pm) +

From RGE in the LEFT: pyy - m,

e

Bxlpr = [Cerlpr (hw)

Cerlpr(bw) = [Cerlpr(p < pw) e.g. p~my

Most sensitive probes: 4 — ey and (g — 2),,
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Notice: hidden in the RGE of C,, is a strong
dependence on the top Yukawa coupling y;
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Another model with leptoquarks
Connecting measurements at far apart scales

Model with one heavy vector (leptoquark) U;

Ly, :LSM——UT UM +MgUIU*+(U,J"+h.c.) where JH = \F[ (@ L)+ B (dyy ey )]

2 M

The tree level matching project on SMEFT 4-fermion operators I H ><

2
1
EW — LSM - gU {_ II;J ([Ql(;)]trps + [Q(3)]trps>

2MZ | 2 Uy Lsmerr = Lw
R QRx* R pLx
+ BprBsi | Qedltrps — (2 orBst (Qiedqltrps + h-C')} affects Drell-Yan production: pp — €1~
o In particular tail of m,, distribution (LHC)

These same operators contribute also to low-energy processes, such as b = cfv decays entering the Rp, Rp+ ratios

B(B — D™ rv,) Rp =0.356 £0.029, R} =0.298(4)
~ B(B— DOy, [HFLAV]
Ve Rp- =0.28440.013, R} = 0.254(5)




Another model with leptoquarks, cont’d

Described by the LEFT Lagrangian

3 0(3)] V-
AGR .\ _ SMEFT to LEFT co — 11 |Gy lmaVa
Ly e =— NG Vas [ (1+Crp) €ey*bor)(Tryuve) matching o V2Gr Mg = Vas |
3
_ _ s 1 1 1Cgo) 3338 Var
—2C7 b ] Cé = cddq :
b s
After running in the LEFT+SMEFT u;, — u,, (1, ~1TeV) perform BL—1, BE— 1, BL—2Vi

combined fit with DY measurements of m,, distribution tail

In combination only a fraction of the
parameter space is viable =

SMEFT enables complementarity of low- and high-energy measurements
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= The SM effective field theory can be a powerful tool to
explore the TeV scale whose knowledge is crucial and still
not complete.

= Effects of new physics can then be constrained using the
broad spectrum of precision measurements available
from EW, Higgs, top, flavor physics and more.

= The SMEFT (—LEFT) framework can be used to connect
unknown physics at the UV scale (> 1 TeV) to the EW scale
and below within a systematic framework that allows
some model independence.

Conclusions

= With increasing precision in both theory and experiments,
constraints could start to show intriguing patterns and
guide future explorations.

= |In the presence of anomalies, the SMEFT framework can
connect them to a much broader phenomenology and offer
a unique framework to their interpretation.
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