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EFT in particle physics: Mativation

LHC has not yet found conclusive evidence of any BSM physics

Two broad methodologies to search for new physics:

Model dependent: Study signatures of a (preferably UV-complete) model carefully
["Model independent”: Parametrise our ignorance as a low energy effective theory formalism ]

SM (or any BSM theory) —
. EFT — choosing a set of low-energy DOF,

Bigger theory assumed to supersede low-energy model above A

4 EFT effects can manifest as deformation in angular distributions, excess
i ——— N events in high-energy tails, etc. — Extreme precision in theoretical
understanding needed!!!

At perturbative level, heavy (> A) DOF decoupled from low-energy theory



Standard Model Effective Field Theory (SMEFT)

SMEFT is an EFT which is constructed about the electroweak preserving vacuum, out of the Higgs doublet @ which linearly
realises electroweak symmetry breaking

SMEFT written as Taylor expansion about @ = () in terms of operators increasing in mass dimensions
_ pd=4 Ci d
L=LG+>.2 A1

d>5 i
Operators invariant under SM gauge symmetry SU(3)q x SU(2), x U(1)yand suppressed by powers of new-physics scale, A

Expanding SMEFT operators show correlations (in broken phase) between different couplings, Higgs multiplicities

Example: (HTJaH)WﬁVB“‘V with }, — h + o gives the following Higgs deformations; A
hA AP A 71 W2, 7P, hW;,,W_W' Triple Gauge Couplings 2igcy, W, WJ(A/W — tf)WZ/W)’ S-parameter 11/, B/



EFT: The two broad philosophies

Bottom-Up approach Top-Down approach
1. Exact nature of new physics need not be 1.  WCs determined in terms of BSM
known parameters
2.  WCs are free parameters without origin 2. UV-complete Lagrangian must be known
-SMEFT M M ure NP processes
SM SM SM SM - UV theory il _> S el
¢’ M \, / BSM
ESM B Z ZAHQI'J) + + ‘ NP +(pure SM processes
J=5,. 0 M M
= el
SM\J /SM SM ‘ SM
SM SM L. G , SM
” SM + J;Z U L] ¥
Lg\[ + Low Energy SM/ \SM M SM
) Theory
SM ok ;




Higas Effective Field Theory (HEFT)

HEFT is the most general parametrisation of low-energy physics with only SM DOFs!!!

[HEFT D SMEFT O SM] Is there any scenario where only HEFT can describe low-energy effects of BSM?

Low-energy interactions only follow U(1)

The interactions can'’t tell us more about the properties of the microscopic theory

New non-decoupling strong dynamics — spontaneous EW symmetry breaking — Higgs-like scalar

SM not recovered when all BSM masses taken to infinity

Non-analyticity in Lagrangians can’t be removed by field redefinitions — arises when new states integrated
out acquire mass from EWSB — violates decoupling

oo =

Unlike in the SMEFT, h is considered a gauge singlet and the Goldstone bosons, w? as an SU(2), triplet. HEFT
treats these separately —>£Go|dstgnﬁs]:e(?)t;?ffgd(}qgggiz1r?§t2>)(2, U. .F(h) — 1+ 2@% + bg_; +
HEFT 2 5 - :
! : 2 V(h) = 2m2o?(1 + dgh + By 4

DU = 8,U +igWisU —igU% B,

Part of the Lagrangian:

v (=1 Ji yyuué_{
h ——UZ dl h ] +hC
V(h) \/§<LL>‘;() ?%131



https://arxiv.org/abs/1902.05936
https://arxiv.org/abs/2008.08597
https://arxiv.org/abs/1511.00724
https://arxiv.org/abs/1605.03602
https://arxiv.org/abs/1605.03602

SMEFT versus HEFT

SMEFT

Most general set of local operators invariant
under SU(3) X SU(2), X U(1),

Operators suppressed by powers of new-physics
scale, A

Low energy states modelled using fields
transforming linearly under aforementioned
symmetries

Observed Higgs, h, is a component of an
electroweak doublet scalar, H

More restrictive symmetry structure — less
number of correlated parameters

HEFT
Manifest gauge symmetry is su@3).xum),,,

Operators suppressed by electroweak breaking
scale, v

The SU(2), X U(1), symmetry is non-linearly
realised using a multiplet of Goldstone bosons

No relation between h and the Goldstone
bosons

Less restrictive symmetry structure — more
number of uncorrelated parameters



EFT-UV matching: Mativation

Effective field theories are essentially tools that guide us in understanding any
deviations from SM physics! EFTs aren’t the final answers!!!

Matching high-scale UV theories to low-energies is essential in capturing the
low-energy dynamics correctly — what we usually observe in the LHC experiments

Matching should ideally be performed beyond leading order as several observables
like the FCMC— Y7y, Z7, g¢ etc. occur at one loop in the SM and other models

Methods to perform matching: Integrating out heavy particles from UV theory using
path integral formalism, etc

Are RGEs important? [In backup slides.]



Why do we care about matching?

LHC to collect more than 20 times more data!!!
Maximum partonic centre of mass energy would be <10 TeV

If new physics just outside direct reach of LHC — resonance searches will not give us
hopeful results

Precise measurements/constraints on EFT WCs would shed a lot of light into the kind and
properties of new physics that we might be looking for — Here comes the importance and
relevance of EFT-UV matching

Precision is the key as deviations in certain WCs of the level of a few per-mille (after
carefully accounting for all uncertainties) can also indicate the presence of new physics

LHC has a lot more to achieve in terms of precision and work is already underway in full
forcel!l


https://arxiv.org/abs/2012.03839
https://arxiv.org/abs/2207.13714

Does EFT-UV matching always work?

In principle, yes! SMEFT-matching only works in the decoupling regime.

In parts of the parameter space, matching might fail to reproduce exact
model results at low-energies with the first or second order expansion of
the SMEFT or the HEFT

It will then be necessary to include even higher-order operators

Example: Even with the inclusion of D8 operators, matching fails for
SMEFT-2HDM for the hh — hh scattering process


https://arxiv.org/abs/2305.07689

Example 1: Matching issues: SMEFT/HEFT-ZHDM

Lian = (D, Hy)' (D! Hy)+(D, Hy)' (D" Hy)
;{Mass parameter]

2HDM Lagrangian: Lomy 3 Liin — V
V = YiH| H1+@H§H2+<1@,HIH2 + h.c.)

+4 (H1H1)2+% (H;HQ)QMS (HjHl) (H§H2)+
7, (HIH2> (H§H1> n {% (HIHQ)2 7 (H{Lhﬁ) (HIHZ) \ 7 (HQTHQ) (HIHZ) + h.c}

(%)(%SQ(%) Vevs of &y, by = 11 //2, vy/v/2

—Sp € CI)Q
—_ A2 2 _ A2 2
In the decoupling limit of 2HDM, Yo=A y T = A+ AmHv
m?% = A + Am?%, m7,, = A* + Am?,

For degenerate mass scenario my = 1my = mpg+ = A+ AA

10


https://arxiv.org/abs/2305.07689

Example 1: Matching issues SMEFT/HEFT-ZHDM

(Inhlqahh _ ’Infrh—duh

WW—shh WW—hh hhh h
dogpr orery — Aoy (( El m'i/f‘/.a;.;. DM |
'/“-E‘n‘]‘)‘ﬁm' / doyiipyi
10 b
Qllj
V5 = 260GeV, fy=7/8 / V5 = 260GeV, fy =7/8
/s = 260GeV, fy = /¢ ! 5,
08F tan 3 =12 10} tan § =12
! [
of T T T T T e — A = 750GV, AA = 125GeV
06 — A=T50GeV, AA = 125GV ‘ 006 008 010 012 A =T750GeV, AA =125 Ge
Allg 3
A=T750GeV, AN = 75GeV _10} A =T750GeV, AN = 75GeV
— A=1TeV. AA = 100 GeV [ = A =1TeV, A\ = 100 GeV
N — A=1TeV, AA = 50GeV =20 — A=1TeV. AN =50GeV
-30f
0.2 ‘
-0}
0= ; = = ' Ch-a 50t
0.00 002 004 006 008 010 012

Relative differential cross-section between 2HDM and EFT
matching. Need higher order operators for latter!!!
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https://arxiv.org/abs/2305.07689

Example 2: LO versus NLO SMEFT matching

106 0perator: O = by (E1y6,)(E7"ey)| Lo mating et
: - C
Scalar: L2 —(9,0)(0"¢")=my | [+ ymnd(emes)+) D111 = yHQ S
* * [ =C 2m/ 2mA
ymn¢ <€m6n) P

Vector: £ D —iF2 — %miAQ + Cpn A" (Emyuen) | No heavy fermionic UV completions
S at LO!M! Possible at NLO!!

NLO Matching (one of the possibilities):
LD Xali0—M)xa—(0,0)(0"0") = M?|¢]

NLO matching results (| = —

Geometric interpretations o
LO versus NLO matching,

maximising CPV, etc. — =,



https://arxiv.org/abs/1711.10391
https://arxiv.org/abs/2010.04723
https://arxiv.org/abs/1908.09845
https://arxiv.org/abs/2206.13524

Example 3: bs — ufp”

Relevant operator at D6: Ocqg = —c&2, 0 (Emypen) (dpytdy)

Relevant coefficient: 2232

Tree-level UV-completions: Vector (1,1,0), Vector (3,1,2/3), Scalar (3,1,-4/3)
C22pq is a positive or negative definite matrix requiring c5,,c5%55 > |52, |2
Size effects of ps — pu*p~cannot be larger than product of b — p* -
and §s — ", which control the decay of the Upsilon (1S) and ¢> mesons

See Remenn and Rodd (2022)
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Exa m p |e _7) : I_)S _>, “‘{'“_ SB, Renner, Rodd (in final stages)

Tree-level completion: Vector (1,1,0), Vector (3,1,2/3), Scalar (3,1,-4/3) mediate
the process respectively via s, t, and u channels. Let’s take the first case

L=—3F?—1m?%A* + AFla(exyuez) + b(dsyuds) + b (d2ymuds)]
We need 3 operators to match on to this and get O., O4, Oq4

2 e d 2
GIVING US €5992C5533 = [€53351% and 5pp¢5035 < €593

Loop-level completion (example) - Two Higgs Doublet Model

A
Lo, = LI 4 DMy — md, | - '“2

SM

Hal* — (| H|? + mp,[Ha ) (B Ho + HLH)
— Mgy | FP[Ha)? = gy o HH|* — AHz,g [(HTH2)2 + (H;ﬁ)ﬂ

— ~ B d B .
— {Y'}_([Z),m’n l L,m %2 eR,n + Y'}_(;:,)m’nqL,m H2 ’UIR,n + Yz}_(h?m,nqL,m Hz dR’n + h.C.}. 1



Exa m p |e 3 : 68 _>, “‘{'“_ SB, Renner, Rodd (in final stages)

bty () We have 3 types of loop diagrams: box, penguin,
olmm— and self-energy correction. Last two diagrams
e e T come from E.O.M.
2 T : Li D"B,, = gy (%QL%QL Sl + HT%D vH + 2agy,ur — 5drvvdr — éR'Yz/eR)
s < \ - ,:‘;\ 4 ¥
| B o 5w s 5
Sd s = VAL —g%” 11+ 6log (12
When BSM Yukawas go to 0, o2 = Yatomal” = G | 11+ 6108 | 20
8 2 2
0532203333 - 72995; ) |02232|2 =0 - 275;%2 - 18?7}1,;{2 Yy al” <7+610g <£52>>
2 2 2
=> > | |2 ed @ 2__9% K
C5522C5933 C2232 ihes = Yatumal” = g | 11+ 6log | 0

ed ed __ 2 _ 2 5 2 7
gy = 0,05005C5%53 = Ty ” Y, Hz, n2| 5335 -y 9 IY (0 al? 7+ 6log | LZ
2Tmy2 18my Haym,2 My




SMEFT global fit: An aside

/—Di-boson
Cw

(7Di-Higgs
Cro (Cr

Cen
Cre

EWPO
Cowp Cup Cu

CHe Cgl) CSZ)

C) C) Cru Caa

CTH CuH

Cn G

-

kCtG Ce Cup Cuw

See Anisha, Das Bakshi, SB, Biekotter, Chakrabortty, Patra, Spannowsky (2021)

single Higgs

Operators considered in the fit

Data considered in the fit ¢ ——

s i+ o

Observables no. of measurements References 2020
Electroweak Precision Observables (EWPO)
Tz, Ofes RY. Ar, A(SLD), ALy, sin®6),(Tev). 15 tab. 1 of ref. [168] v
RO A Ajy. R, Ay Ay iy, Ty correlations in ref. [1] o
LEP-2 WW data 7 tabs. 12-15 of ref. [2 v
Higgs Data
ATLAS & CMS combination 20 tab. 8 of ref. [3] v
7 and 8 TeV ATLAS & CMS combination u(h — jue) 1 tab. 13 of ref. [3] v
Run-I data ATLAS u(h — Z4) 1 fig. 1 of ref. [4] v
uih — Zv) at 139 ! 1 ] v
sl — pp) at 139 b° 1 6] v
13 TeV ATLAS
Run-11 data ulh— 77) at 139 ' 4 fig. 14 of ref. [7]
(ke — tb) in VBF and ttH at 139 " 141 ®9
STXS Higgs combination 25 figs. 20/21 of ref. [169] v
STXS h — 47/ZZ/bh at 139 B~ 42 figs. 1 and 2 of ref. [10]
STXS h — WW in ggF. VBF at 130 " 1 figs. 12 and 14 of ref. [11]
CMS combination at up to 137 fb~" 2 tab. 4 of ref. [12 v
p(h — bb) in Vh at 359/41.5 b~ 2 entries from tab. 4 of ref. [12]
p(h — WW) in ggF at 137 1 13}
13 TeV CMS i — ppe) at 137 B 4 fig. 11 of ref. [14]
Run-IT data ik — 77 /WW) in tih at 137 B 3 fig. 14 of ref. [15]
STXS h— WW at 137 " in Vi 4 tab. 9 of ref. [16]
STXS h — 77 at 137 b~ n figs. 11/12 of ref. [17]
STXS h — 4y at 137 b~ 27 tab. 13 and fig. 21 of ref. [18]
STXS h — ZZ at 137 b~ 18 tab. 6 and fig. 15 of ref. [19]
ATLAS WZ 13 TeV m{Z at 36.1 " 6 bins fig. 4(c) of ref. [20] ./
ATLAS Zjj 13 TeV Ad;; at 139 ! 12 bins fig. 7(d) of ref. [21] v
ATLAS WW 13 TeV 4! at 36.1 " 7 bins bins §-14 of fig. 7(a) of ref. [22] |
Di-Higgs signal strengths ATLAS & CMS 13 TeV data . 3-29)
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https://arxiv.org/abs/2111.05876

SMEFT global fit: An aside

L-95% Credible fntervals- -
t Individual Fits .
o1 One-parameter fit |
‘\-S 0.0 “ I 1 H I I ” H 1 II H || ” || | Il ||
= [
a1 e e L e R EEE | EEEEEE SRR BES £ EE
— 2020 Data
w02 This Analysi
- o Anatysis EWPO Bosonic Yukawa
LA O N o SRNORS Cg\b o c® o° RS & o e o o o> o o O©
\QO% ¢ ¢ ¢ ¢ ¢ N Q_\C' R ERN AN IO S
0.6
95 % Credible Intervals
lobal Fit. H H H
ogl....Global Fits _, Marginalised globalfit | [
. 02r
<
2 |
D
e o I B B O o L L L L B B
S
=
—0.2F----- . - sase - o = = . S oo st =
D T O IOV N
—— This Analysis .
, ‘ o Analyss EwPO ‘ ) . Bosonic ) ‘ Yukawa ‘

o N

<& oY SN N {x DNN ONN *& ™ o &© L & oW o > o O(,k\ @
(2 & C ¢ ¢ C ¢ ¢ ¢ ¢ G ° G C ¢ Q.Q\ O ¢ N > Q,Q\ N

See Anisha, Das Bakshi, SB, Biekétter, Chakrabortty, Patra, Spa.nnowskv Also see Ellis, Madigan, Mimasu, Sanz, You
(2021) (2020)
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https://arxiv.org/abs/2111.05876
https://arxiv.org/abs/2012.02779
https://arxiv.org/abs/2012.02779

Example 4: SMEFT-L0O matching

We extend SM by a colour-triplet
isospin-doublet scalar ©, with hypercharge Y=1/6

Lo, = LG +(D,01)" (D'O1)—mp, 616,
WG HH 610 -] (HTo'H) (6]’ )
2 ] 2 —Q .
_)‘81) (61@1) _)‘gl) <@I‘71@1) +{yel@‘f‘deQlL +h.c.}

Functions of SM parameters

Do not contribute to
present observables

' Que

Dim-6 Ops. Wilson coefficients Dim-6 Ops. Wilson coefficients
Qus Q!
Qun Qqd
Qup Qaq
Quc Qaqu'
Quw Qua
Quwe Quq
Quu Qqq*®
Qan Qaa
Qen Qea
Qu Qe
Qu Qu ) _ ‘—C‘—
Qu'Y Q.
QuqV —“-—M:’.’mf Qu
Qu'® 74;10,(11\:...;_‘J Qe
Quq™® -Qilﬂ;-"unil Qau
Qc r,“,'_liT“'._)—‘ Qe
Quu 7‘“—‘“‘?‘:75: Qu
Qua Q,
(h):¢\l
Qw
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xample 4:

SMEFT-L0Q matching

2D posteriors among relevant WCs

ﬂj} EWPO Data 0.0020 00 =
— 2 o 3 A
] 00001 — \\ /
30-| W Higgs Data ool 4 i >
.- Z 00002 -6 4 g
ol
......... 0 5 10152025 /*I 0 1 2 X u k
' i Py : o
oo ||} 4l Dara Soomn 2 oom [ 7\
-0.0002 o 4 6 8 10
0.0005 . et
10
~00004
0.0000 / @ ‘@I -04 @
&\ o~ 00000 00005 00010 00015 00020 0.0025 00030 0.0035 400 -200 0 200 400 -6 4 -3 1 0
<= 0 Can Cu Cu
(a) Cam - Cen (b) Cu - Cup (¢c) Cuo - Cup
. 020
! I
-10¢ 1 0.0006 ~
zs
00004 os.
ol
-20| 0.0002 0 5 10152025
g =
S & ) <9 ———— 959% CI|
-30¢ i i &' EWPO Data
i i Il —0.0004 0.05
— — Higgs Data
40 20 0 20 40 oo 68% Cl g
,](1) (@) o ———— (] @) [
6 ~00i5 -0010 -0005 0000 0005 0010 0015 00000 00005 00010 0.00I5 00020 00025 00030 00035 : |E’ AII Data
Crw Can L —
(d) Cuw -Cuwnp (e) Camr - Cun (f) Legend

2D marginalised posteriors among BSM parameters.
H: 19


https://arxiv.org/abs/2111.05876

Example 5: Contact operator in pp — Zh

How do we estimate the scale of new physics in an EFT for a given size of

. h -
the coupllngs, *_gi ) g‘f}f couplings — current-current operators
ALg D Z (59?ZMf’YMf + 59%<W+”L_LL’YM61L + h.C.) — integrating out at tree-level a heavy
: SU(2), triplet (singlet) vector W'%(Z")coupled to
/ SM-fermion currents, fo“vuf (fyuf)with g, —
h + PR — 1 I ZMZH — —
+ gyy h |WTHW -+ ——Z ZM 7 To the Higgs mass current, iH 16" D ,H (iH''D ,H)

p 2c§w

with g,
n 9HYIY U
9zf ~ A2

h h Assuming Uni I li to SM fermi

I w et - T g Universal couplings to ermions (g

+ ’%ZW’UA Z/W + Kww UW pr +kzz 21}Z (v |combination of gy = g/2 and gp = g/Yf) and g,,is d
weakly coupled and equals 1.

SB 20


https://arxiv.org/abs/1807.01796

Example 3: Contact operator in pp —

Neve nts

Cut-off B Zh (EFT) ]

B Zh (SM)
N Zbb 1
[ Z+jets

— CUt'Off_
accordi

EFT-mo

computed
ng to the
del mapping

Mz (GeV)

1050

See Franceschini et al. for WZ <

See SB, Englert, Gupta, Spannowsky (2018)

<

o
i
>
S

-0.05

=010

Zh

0.10
0.05

0.00
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https://arxiv.org/abs/1712.01310
https://arxiv.org/abs/1807.01796

Matching codes: an incomprehensive review

CoDEXx (see Das Bakshi et al.): Uses functional method; Covariant Derivative
Expansion! Matches up to D6

Matchete (see Fuentes-Martin et al.): Uses functional method; Covariant
Derivative Expansion! Can match some cases up to D8

Matchmakereft (see Carmona et al.): Uses diagrammatic method

There are many other matching codes including SuperTracer, MatchingTools,

STrEAM
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https://arxiv.org/abs/1808.04403
https://arxiv.org/abs/2212.04510
https://arxiv.org/abs/2112.10787

Advertisement: LHC Effective Field Theory WG

LHC Effective Field Theory WG

To subscribe to the general WG mailing list, used to distribute announcements about WG meetings and available
documents, go to

http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-eftwg

The working group twiki page is available at https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCEFT

Mandate:

The LHC effective field theory working group (LHC EFT WG) gathers members of the LHC experiments and the theory
community to provide a framework for the interpretation of LHC data in the context of effective field theories (EFTs). The
LHC EFT WG studies the physics requirements needed to facilitate an interpretation commensurate with the available
measurements performed in a wide range of different processes, including Higgs bosons, top quarks, and electroweak
bosons. It provides recommendations for the use of EFT by the experiments to interpret their data, and a forum for
theoretical discussions of EFT issues. This includes recommendations on the theory setup as well as Monte Carlo
simulation and other tools needed for EFT analyses. Further theoretical issues cover, for example, theoretical constraints,
higher-order corrections, BSM interpretations. The LHC EFT WG also discusses common uncertainties and combination
procedures used by the experiments. It focuses on recommendations, developments, and combinations that require
coordination between the existing WGs (Higgs, Top, Electroweak), in order to allow global EFT analyses inside and
outside experimental collaborations. EFT-related activities in these working groups will continue if they pertain only to that
group, in close contact with the LHC EFT WG.

Please subscribe here and check
out the Twiki page for exciting
news on EFT activities. There are
regular topical meetings that
many of you might find
interesting!!!
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http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-eftwg
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCEFT

Conclusions and outlook

e EFTs are fascinating tools to exploit LHC data and get a first idea of possible new physics

e SMEFT and HEFT are different ways of approximating the underlying BSM physics
Given the prowess and potential of LHC as a precision machine, matching EFT with the
UV-model is imperative especially if the new physics is lurking outside the LHC reach

e Matching mismatch sometimes require the introduction of higher order operators

e LO and NLO matching of EFT-UV are potentially different
From a practical point of view, important to assume features of new physics to apply
cut-off on event generation

Thank youl



Backup slides
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Light-heavy mixing in NLO matching

Only those BSMs generate heavy-light mixed WCs when heavy field couples to
SM fields linearly

This can be visualised by considering one-particle-irreducible 1-loop diagrams
where loop propagators are both heavy and light (SM) fields, but external legs
are only light (SM) fields
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Integrating out heavy fields

E(c)’ (I)) :(I)ki*n — C‘[‘)ki‘” -+ (I)S'i + d)sz + (Q) * (I))i‘nt
@ - Heavy field ¢ -Light field

(6 % @)ine =B(8) % ® + U(9) + &* + O(@?)

9 0
Dy L($, ®) == L(¢, @ _ .
; O(DMCD)L((‘D‘ ) (‘)cpﬁ(a’ ) Euler - Lagrange equation

Example - Scalar heavy field

2 2 rr(4 — B4 2 _ 1 y T
(D*4+m*—U(¢)® =B(p)+ O(®*) =o.= D7 T m? = U((D))B(@) (leading order)

! ; R, ‘
%mb’((i)) o m(/)' —U(¢))B(o)

; RO RT (D2 =U(9)) Dependent only
B($) %@ = B(g) m2 B(¢) - B(Q)TB(Q) } on light fields
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Integrating out heavy fields

E((f) (I)) :(I)];ir”. + Cj;)l\:i-n + (I)si + Osz + (d) * (I))im‘,
@ - Heavy field g’) - Light field

(¢ % ®)int =B(¢) * ® + U(¢) * ©* + O(®?)

0
D L£(q§, D) =53 (¢, @) Euler - Lagrange equation

Lsmesr = Lsm + Z —
¢ ]

A : cut-off scale

Wilson Effective
coefficients operators

28



Inclusion of RGES

The WCs at M z,C;(Mz), are computed using the matching scale WCs, C;(A)
and SMEFT anomalous dimension matrix,”ij, in the leading-log
approximation,

dcz'(ﬂ) _ 1 el
dlogp Ej 6.2 ViiC;

and at LO Ci(Mz) = Ci(A) + 32; 7527i5C5(A) log [%}

For the 2HDM, 51 operators are generated with the RGEs, 14 of which are
exclusively generated owing to RG running
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Inclusion of RGES: Examp

»(i7]

“ With RGE “ With RGE
20 10
10 5 5
10 -5 -5
=20 -10 -10
50 All Data b All Data g All Data
=30 =20 -10 0 10 20 30 =30 =20 -10 0 10 20 30 =30 =20 -10 0 10 20 30
A, A, An,
(a) Mz,1 - Arz 2 (b) Arz,2 = Maay.3 (€) Arz,1 = M 3
3TeV 3TeV 3 TeV:
31ev] “ i o Witk RGE
50
20 20
& & " i 5
§ 0 ¥ 0 N ¥ o0
~ < <
- 20 20
-50
40
All Data
-100 -50 0 50 ~100 -50 0 -50 0
A, Ay Az,
(d) Aaz,1 - Aaty 2 (€) M2 = App 3 (£) Az - Mo

002
0.0005 001
0.00
= Bl
S 2
S S 001
002
~0.0005 003
All Data, A =1 TeV -0.04
20 ) 0 0 2 06
Ch
(a) Cu - Cun
0.002
0.001
s
S 0.000
~0.001

092 (All Data, A =3 TeV|

-150 -100 -50 0 50 100 150
Cu
(d) Cu - Cum

See Anisha, Das Bakshi, SB, Biekotter, Chakrabortty, Patra, Spannowsky (2021)

All Data, A =1TeV

04 -02 00 02 04

Ch .
(b) Cuo - Cup

All Data, A =3 TeV

-2 0
C

(e) Cuo - Cup

& With RGE

W/ORGE

M With RGE

2 4

Cuws

Cuws

00015

0.0010

0.0005

0.0000

~0.0005

=00010

-0.0015

0002

0002

0004

All Data, A
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The analysis flowchart
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What more should be done (an incomplete review)?

1.

In order to make precise predictions with EFTs, it is imperative to have a
robust understanding of the theoretical calculations, the
multifarious sources of uncertainties, and more

It is extremely important to study higher-order corrections to the EFT
calculations, including EW corrections, which often become very
important, especially in high-energy tails

Exploit as many processes as possible to break blind WC directions —
A true global analysis

Understand and apply the relevant symmetries and identities
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A brief history of particle physics

Standard Model of particle physics - a grand success!!! All particles
Y- _% B, F™ observed and all parameters measured. -
- //% P Still to be measured: A s Annins b — 27, h = fi(2)f1(2) More datal!!

+ i OY +he Still to be confirmed: possible (tiny) deviations from SM expectations (CP,
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5 resonances, etc.) Multiple experimental talks on such searches!!!
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Current signal strengths: An aside

Can new physics hide within such deviations? Too early to say.
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SMEFT: Operators at dimension-6

Assuming Baryon number conservation, we have 59 (15 bosonic, 19 single-fermionic current and
25 B-conserving four-fermion) dimension-6 operators Grzadkowski et al. (Warsaw basis). Similarly,

we have the SILH basis (Giudice et al.)

Warsaw basis is renormalised at one-loop (self
Banerjee et al. consistent) Grojean et al., Jenkins et al., Jenkins et
al., Alonso et al.

All possible dimension 6
operators

New physics effects also expressed via the BSM
primary basis (more suited for bottom-up
approach), formulated in terms of mass
eigenstates; Gupta et al.

(1) (TLYR)D* @ = co (¥, YR ®) (T ®) + 1 (1 YR) (YR VL)

(2) (D X1)? = c3 (T 7, U) (T " B) + c5 (@1 i D, 8)(@ i DY @) + ¢4 (T, )@ i D @)

(3) (D X¥)? = ¢5 (T 7, ¥)(D, X*) + ¢ (01 i'D , ®)(D, X*)

() (@D, ®) D, X1 = ¢7 (T, ©)(@' i D @) + cs (@1 i'D, 3) (@i D @) 16
(5) (Dp X" )(YL,r Y YL R) = Co U} /W] U5 + c10 ¥V U &2 D

(6) X" (¥1,rYu Do Vi,r) = c11 X" (¥, RO YR,L) D
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