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Data rich era spanning multiple scales

Tensor-to-scalar ratio (o)

T T T T T T I T T 1 ]
0160 —
& - ATLAS i
- C i is=13TeV =
2140} Preliminary =
P - . Delivered: 156 fb ' ]
£120 C I:J LHC Delivered Recorded: 147 fb’ -
E C D ATLAS Recorded ]
=100 B
> s 3
o - 3
T 80 E
=2 ]
£ 50 E
©
3 40 ]
=
20} B
L | 1 ]
R T R L ML
Month in Year
15 ~ r T P B T
Y
1.0 Amd & Amg
- sin 28
0.5 Amd

0.10

005

(]

Primordial tilt ()

o
[ |Vub| o .
-0.5 - ‘l
€ ]
1.0 Y K 1
+ 7 ' 1
excl. at CL 35) -
15 SRR B i 1 1| J
-1.0 0.5 0.0 0.5 1.0 15 20
\ Plank TT ~lowP
\
\ I Plank TT ~lowP +BKP
\ Plank TT +lowP +BKP +BAO
7| Natural inflation
Hilltop quartic model
o attractors
J]- - - Power-law inflation
Low scale SB SUSY
£ inflation
i I ocd”
— s
p — ¢t
C \
- ] [N}
® — g™
N o V=30
\ V=60
@ =) " hd
094 0.96 098 100

Events / 2 GeV

~~ [ ' T T T T | T T T T | T T T T I T T T T I ]
* [ ——— BaBar, PRL109,101802(2012) 5 - Atoms
a 0.5 - —— Belle, PRDY2,072014(2015) Ay~ = 1.0 contours B 4.6% Dark
M - LHCb, PRL115,111803(2015) i - .
0.45 Belle, PRD94,072007(2016) — SM Predictions = Energy
’ C e Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) ] 7].4()0
- ——— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) Dark
0.4 [ ) Average R(D*)=0.252(3) S. Fajfer etal. (2012) ]
= 3 Matter
035F PR 24%
03F l 20 3
0.25F l .
0.2 :—I
0.2 0.3 Credit: NASA/WMAP Science Team
CMS 359" (13 Tev)
70T T ° o °
u ] . 5
r ® Data 1 : o 3
60 | H(125) ] . < .o
r . | qg-22, 2y* 1 H ] . 1
5ol W 9922,z ] H L p ' :
- I z+x ] ! " SRS &
r 1 ! A : ! : ® ! @
. T ] 2 ! 4 o " ) ‘ e
. K -~ @ ! .
40+ . R R 1 $ B :; 3
- [ ] E | °
L 4 o ! . . ! .
C | 1 . Se | T &
301 ] - * $ s H ¢
i f ] * 8 Y
20F il =
L . Ll B —
r T o ] CMS Integrated Luminosity, pp, v's = 7, 8, 13 TeV
1F o . e
[ L I “ Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
Es 200 T T T T 200
_— 0 . . . 1
70 80 90 100 110 120 130 140 150 160 170 - @S ~ | == LHC Delivered: 192.32 fb
MC_ P/ , m,, (GeV) ) / CMS Recorded: 177.67 b '
2
= 150/ 150
o
£
£
=
= 100 1100
T
Q
el
m©
-
o
g 50 150
®
L
[}
[ )
o L L 1 L L L L 0
RN RN NS - IR SN - TN " N
\@“ \@‘\ \6“ \a“ \a“ \@“ \6‘\ \0“




Motivation

EFT in a nutshell

A QFT which describes a low energy limit of a ‘more
fundamental’ theory (can also be an EFT)

Allows calculation of experimental quantities with
expansion to finite order in small parameter

EFT = fields + symmetries at energy scale of interest
constructed as a self-consistent theory

Benefits

Simplifies calculations by dealing with one scale at a time
Make symmetries in limits of full theory manifest

Only deal with relevant interactions at scale of interest

Can resum large logs with RG systematically
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Philosophy

Idea: Appropriate theory for each scale - you don’t need SUSY to catch a
ball (at all!)

Near (L ~ R): needs position of each charge to describe E-field in her
proximity

Far (r > R): E-field described by multipole expansion, V(r) = g + O(R/7?)
r
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Lagrangian-level: Take QFT with large energy scale A and we are interested
in momenta p < A

EFT is then same QFT in an expansion in p//A = fields of mass A are
‘integrated out'



Formalism

EFT Lagrangian written generally as expansion in inverse powers of
large scale M

_ cprem | "l &
gEFT_gfu” +M@1 | M2@2+...

with invariant operators O, (forming a complete basis), matching
coefficients ¢. and 1/M ~ Compton wavelength of particles of mass

~M

Note: EFT is a theory like any QFT and Feynman rules are obtainable
to study processes as in FT

Accuracy improved by going to higher powers in p/M as well as
higher powers in couplings (as in FT)



Matching and running

Matching: define ¢. to ensure that at each perturbative order, EFT and FT predictions
iIdentical <> Match scattering amplitudes for corresponding operators

Toy example: Scalar field theory with light field ¢
and heavy field H

At scales p2 <K mé propagation of H
indistinguishable from a contact interaction

Processes probing energy (distance) scales my
(1/my;) cannot resolve H propagation

Running: beyond tree-level and one

matches EFT to FT at UV scale 4 = M = can use
RGE’s to run coefficients down to scale of interest




Classes of EFT

Top-down: Full theory known - e.g. UV BSM model, SM, QCD/QED
- Interested in physics at specific lower energies, higher mass scales
integrated out

Bottom-up: Full theory at high energy scale unknown, but must
match to SM at measured energies

Key examples:

Pre-QFT: Hydrogen atom, multipole expansion, nuclear physics
Precision/low-energy EFTs: HQET/(p)NRQCD, ChPT, NR DM, SCET
High energy EFTs: SMEFT, HEFT

Many more: WEFT, ALP-SMEFT, DM EFTs, NR gravity etc.

| et’s examine a few now...



HQET and (p)NRQCD

[ o

Heavy quarks and their bound states call for l

multi-scale treatment by NRQCD
Q

Expansion at the Lagrangian level in l oNRQCD

mgy > v ~ a, = Top-down perturbative E ~ mgy’

EFT description

HQET/NR QCD(QED): Operators and matching known to D = 8, NNLO and above
fOr SpeCifiC applications [Gerlach et al. ’19; Gunawardana et al. ’17; BA, Soto, Kniehl ’20 ]

pNRQCD(QED): Static 1/r potentials known to N°LO and finite mass + spin-
dependent terms to m?NNLQ [Review: Pineda 11]

Applications: ¢, b, c, B, Mper Y(18),J/y, ... mass, decay, splitting, cross-sections etc.

[Bodwin, Braaten, Brambilla, Caswell, Eichten, Georgi, Kniehl, LePage, Manohar, Paz, Pineda, Soto, Wise,...;1987-2024]



HQET and (p)NRQCD

HQET: describes heavy quarks from QCD with T QCD
momentum separated

m
Q
p”=mV”+k”3kNAQCDa vov=1, p-p=m’ l NRQCD
p ~/ mQV
light dof's (light quarks and gluons) = LO Lagrangian
PNRQCD
- . 1 E ~ mQV2
Puger = hyiv- Dh,+ ) Giy"D,q — GG +0(1/m)
| Aqep

(P)NRQCD: Describes quark/anti-quark pair (quarkonium) <> 3 well separated scales

hard: m soft: my ultrasoft: mv2




Composite EFTs

Very light quarks: Predictions from ChPT sensitive to poorly constrained low-
energy constants (LECs) and choice of power counting

Berengut et al. PRD 87 (2013), Beane and Savage, Nucl. Phys. A717 (2003)

Medium-mass quarks: Chiral EFT poorly describe quark-mass dependence of the

nucleon mass for m_ > m}?hys = lattice QCD needed to provide a first principles
description of the quark-mass dependence of hadron interactions (hard/inefficient)

Walker-Loud, PoS LATTICE2013 (2014)

15
o - — LO NLO NNLO
For sufficiently Ial_’ge qyark masses, 5 L0 (B ol
problem can be simplified -
> 10 -
<
Non-relativistic <4
mqg > Aqcp # EFT applicable § 7
51800 MeV + Mg .
Can we understand (multi-)hadron j x\?,
systems of heavy quarks beyond O_// sMag ]
quarkonia with pNRQCD? o 2 4 6 8 10
Myg [GeV]

BA and Wagman: PRD 108 (2023), 2311.01498



Dark Hadrons

Composite dark matter attractive candidate since implicit stability
due to global flavour symmetry

1

1 _. _

New SU(N,) gauge sector confines at

27

Poy

AdQCD ~ €XP

DM stability is maintained beyond Gyrs ~ proton stability in SM

SM-DM interactions suppressed in the EFT above confinement

[Review: arXiv:1604.04627]



https://arxiv.org/abs/1604.04627

Dark quark masses

Standard model fermions exist over a wide range of masses

Dark matter candidates span an even wider range of scales

Ty

~ 800
Aqcp

1000

Can we understand what nuclear interactions look like for

dark nuclei comprised of quarks across this mass range?

BA and Wagman: PRD 108 (2023)



Chiral perturbation theory

Low-energy regime: of QCD dof.’s are hadrons due to confinement, parity-
invariant theory of Goldstone bosons

; puy \/5 Tt

Ux)=exp<{ —

F \/En_ — 7"
F = A)(/4JZ' = 93 MeV < z-decay constant, A)( ~ 1 GeV < CSB scale

For SU(2) theory the Lagrangian

2
%, = g (9,U0U") + gV (9,U00°U" ) +gPur (9,U0U" ) tr (0,U04U) + ...

LECs g; encode high mass states
integrated out

] ¥ /TE T
N.B. can describe Kaons as well with > P, . - + ..
U(x) as SU(3) matrix ) AN )




SCET

LHC-Like scales: COM energy/jet
momentum orders of magnitude above
mass of heaviest SM particles

Processes involves physics from large
scale, (J, down to low scale ~ proton
mass

SCET describes interactions of S & C dof’s in presence of hard scale, Q > p. ¢
and Q > Agcp (pert) or Q ~ Agcp (non-pert).

Power counting
n-collinear: Q(1%,1,4) = p? = Q?*1?
fi-collinear: Q(1,A%, 1) = p? = Q*A?

soft: QA(1,1,1) = p? = 0?4 and ultrasoft pyg ~ 04%(1,1,1) < pyg



Soft-Collinear EFT (SCET)

Derive S & C SCET Lagrangian from FT, e.q.
QCD: \.
,,,,,,,,, soft emissions
. p 1 " virtual corrections
g B wl}/,uD Vj_ ZG G’uy collinear emssions/
by splitting quarks and gluons of different S
modes:

Wy +y, A AN+ AL

Factorization at Lagrangian-level in SCET, splitting collinear into
large and small components (as in HQET) y. = n + & gives

1 1 1
mn - D —I_ZJDCJ_’IZFL D ZJDCJ_ f— Z (F,ziz’/a)Q o Z (F/j’,/a)2

7

2

£SCET — @Esilpsws + g

Second collinear sector obtained by takingn — n



SMEFT

Goal: EFT that systematically classifies “all” BSM physics without
requiring knowledge of UV theory

Assumptions: new nearly physics decoupled = A ~ few TeV > v
and at the accessible scale only SM fields + symmetries

Ny = 3: 12 2499 948 36971 # params known to all ©®

L= ISZ 152 ISZ 152 . P = O9¢=n
= SM+X 5+F 6+F 7+F gt ... ”_Zcii

[ =

Leading SM deviations

Majorana  masses Leung,Love,Rao Z.Ph.C31(1986)433

- Buchmiiller, Wyler Nucl.Phys.B268(1986)621
Weinberg PRL43(1979)1566 Grzadkowski et al 1008.4884
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SMEFT

10000000000

1000000000

100000000

10000000

1000000

100000

10000

No. of independent ops

1000

100

10

Number of operators grows quickly with increasing mass dimension

T

T

T

T

T

7557 369962

5474170

| | | | 1 | | | |

5 6 7 8 9 10 11 12 13 14 15

Mass dimension

[Henning et al. 1512.03433]




SMEFT

And what do these operators do?

[Martin '22]
l'\ L] untversal Feww operators
Change field strength e —— — - -
normalization/inputs
W
Modify existing vertices -~~~
W
(_\_ W
A
New multi-particle P
interactions <~ [\
l'J specific many operators

For 2- and 3-point interactions # of contributing SMEFT operators is small and constant
with operator dimension = pheno can be done with small set of operators



Warsaw basisatd = 6
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Warsaw basisatd = 6
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SMEFT

Z% has 2499 parameters in the most general case
@(100) with flavor symmetries and CP

typically each process is corrected by
O(10) parameters:
constrains a direction in param. space

\ w/z iW/Z ,

each parameter enters
multiple processes

F > X X
> X X

[Brivio '20]

/

/
pe

Analyses combining several measurements necessary to avoid bias in interpretation



SMEFT

Large # of operators = many operators
can contribute to same observable

Ideal: global SMEFT fit to very precise
measurement, all C; free parameters

Reality: only partial fits are feasible since
too many operators to constrain

Aim: come up with set of observables
sensitive to a close manageable set of
operators

Dominant effect: the tree-level
interference e.g. | g’ | ~ C,/\?

N
RN

E.g. Four-fermion operator in Drell-Yan via Z-resonance



SMEFT

Extensive studies done for £
1) Complete RGEs and various 1-loop results
2) Tools for matching and numerical analysis

3) Many tree-level calculations of EW, Higgs, & flavour observables

Similarly but to lesser extent for Z; ¢ (RGEs and tree-level)

What more is needed for successful program?

1) Improving EFT uncertainties: H.O. in loops and EFT, MC simulation

2) Understanding corrections beyond ME: PDF, PS, acceptances
[Carrazza et al 1905.05215, Greljo et al. 2104.02723, Iranipour,Ubiali 2201.07240 Goldouzian et al 2012.06872]

3) Handling & understanding large-dimensional likelihoods

4) More refined process treatment: differential info, target CPV, flavor...



SMEFT-Adjacent EFTs to account for

HEFT O SMEFT < fusion of ChPT in scalar sector and SMEFT in gauge/
fermion sector = SMEFT + no assumptions about Higgs being scalar doublet

ALP-SMEFT includes dynamics of light/heavy axion or axion-like particles
which are not present in SMEFT or HEFT

Below EW scale low energy effective theory (LEFT) with quark and lepton
fields with only QCD and QED gauge fields

Energy | —
atc

A+  Lyy — LsMmEFT
Combining EFTs: If scales widely RGE
separated can match and run pet LSMEFT
between EFTs systematically RGE|
T Lsvprr — LwerT

s

b T LWET



Summary

Explored the main EFTs, current status and associated challenges
Introduced the process of matching and running in various contexts
Enormous improvements made but many technical challenges remain

SMEFT alternatives are also important candidates for BSM interpretation

Some references

(P)NRQCD/QED reviews: Bodwin, Brambilla, Georgi, LePage, Manohar, Pineda, Soto, Wise.
tools: FeynOnium,...

ChPT reviews: Pich, Scherer, Schindler. tools: CHIRON,...

SCET reviews: Becher, Beringer, Cohen, Manohar, Neumann, Rothstein, Stewart. tools:
SoftSERVE, MCFM-CuTe,...

SMEFT/HEFT, LEFT reviews: Bauer, Brivio, Cohen, Dawson, Jenkins, Manohar, Neubert, Trott.
tools: SMEFTsim, SMEFTfit, WCxf, flavio, matchete,... [hep-ph/1910.11003]



