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EFT picture of particle physics
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EFT picture of particle physics
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Many particular applications of EFT

EFT of the SM particles (SMEFT): [Eur.Phys.J.C 83 (2023) 7, 656]

EFT for low-energy QCD (yPT): [1804.05664]
EFT for heavy mesons (HQEFT): [hep-ph/9411275]

EFT for nuclear forces: [1902.03141]

EFT for inflation: [0907.5424]

EFT for large scale structure: [2212.08488]
EFT for hydrodynamics: [1805.09331]

EFT for superconductors: [hep-th/9210046]
EFT for binary inspirals: [hep-ph/07101129]

EFT for neurons, etc.
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SMEFT

SMEFT is an effective theory for these degrees of freedom:

incorporating certain physical assumptions:

1. Usual relativistic QFT: locality, unitarity, Poincaré symmetry
2. Mass gap: absence of non-SM degrees of freedom
at or below the electroweak scale

3. Gauge symmetry: local SU(3)- X SU(2)y, X U(1)y symmetry
strictly respected by all interactions and spontaneously When this assumption
broken to SU(3),- X U(1),,, by a VEV of the Higgs field removed — HEFT
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SMEFT power counting

We can organize the SMEFT Lagrangian in a dimensional expansion:

Nan>

Zsmerr = Lp=2t ZLp3+ Lp_yt+ Lps+ Lp+ Lprt+Lpsgt ...

Each £, is a linear combination of SU(3)xSU(2)xU(1) invariant interaction terms (operators)
where D is the sum of canonical dimensions of all the fields entering the interaction

Since Lagrangian has mass dimension [£] = 4, by dimensional analysis the couplings
(Wilson coefficients) of interactions in £, have mass dimension [Cp] =4 — D

Cp

Standard SMEFT power counting: Cp, ~ 7 Where ¢p ~ 1,

and A is identified with the mass scale of the UV completion of the SMEFT,

In the spirit of EFT, each £, should include a complete and non-redundant set of interactions

E D—4
Dimensional analysis: M ~ CLEP™ ~ CD<X>



SMEFT at dimension 2

< SMEFT = ZLps3t+LpuytLps+tLpgetLpgtLpsgt ...

Only a single D=2 operator can be constructed from the SM fields:

Philosophy of EFT: py ~ N2 3 TeV

Experiment: py ~ 100 GeV

Unsolved mystery why ,u%] < A
which is called the hierarchy problem

From the point of view of EFT, the hierarchy problem is a breakdown of dimensional analysis

No D=3 operator can be constructed from the SM fields:

3D=3 —

However, D=3 exist in other EFTs , e.g. in YSMEFT



SMEFT at dimension 4
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Experiment: all these interactions at D=4 above have been observed (except for & angle)

Standard SMEFT power counting works OK for y,, 4, but the full Yukawa matrices
contain clear structures, hinting at additional selection rules.

For 0 the EFT power counting fails completely



SMEFT at dimension-5

Zsmerr = ZLp=2t+ ZLp=y ++ ZLpt+LpstLpsgt ...

Weinberg (1979) 0
Phys. Rev. Lett. 43, 1566 1 H —> <V/\/§>
Zpes = (LH)C(LH) +h.c. - — D VEClyvg) +h.c.

J,K=e,u,t

A huge success of the SMEFT paradigm:
corrections to the SM Lagrangian predicted at the next order in the EFT expansion,
are indeed the first physics beyond the SM observed in experiment!

It follows that the dimension-5 Wilson coefficient is of order C ~ X with A ~ 101° Gev

SMEFT paradigm points to an existence of a large scale in physics,
independent of the Planck scale !

1 1

But does is mean that £,_, ~ Vi L g ~ e and so on ???



SMEFT at dimension-6

Zsmerr = Lp=2 t Lp=4 + ZLp=s HLp=st Lp=7+ Lps t+ -..

Grzadkowski et al
. . yups, arXiv:1008.4884
At dimension-6 all hell breaks loose .

Pps = Cy(H'H) + Cy(H'H)(H'H) + Cpyp | H'D H|
+ChygH 6" HWX B+ CycH'H G G% + CpyyH'H WX WX + CpzsH'HB, B

U= pu UV uv uv''’ pu UV pv
kimyx/k [ m abcya b
+Cyy€ W,UVWVPWPM + Cof GﬂVGVPGPﬂ

~a a Wk wwk n k1 Wik
+C,zH'H G4,G%, + CyywH'H W, Wy, + CyzH'H B B, + CpiyH'6"H W B, ,

+Cye "Wy W, W + C [ G4,G).Gs,

+H'H(LHC,,E°) + H'H(QHC,,,U) + H'H(QHC ;;;D°)

+iH'D HLCDEL) + iH'o*D HLCD& 6 L) + iH' D H(EC,, 0" E)
l p u © ut'o"D, w00 l u HeO

R g ~ _ . < ~ _ R g _
+1HTDMH(QC;}Q>UP‘Q) + lHTakDMH(QCI%)G”GkQ) +iH'D H(U Cy,0"U°)
+iH'D H(DCyyyo" D) + {iHTDMH( U‘Cyy,q0"'D°)

+(Q6*HC,y,6" UYWy, + (QHC, 35" U)B,,, + (QHC, ;Tc" UG},
+(Q6*HC 46" DYWys, + (QHC 56" D)B,,, + (QHC 45 T*6"* D) G,

+(Lo*HC 6" EYW,, + (LHC 6**E)B,, +h .c. } + Sy fermion



SMEFT at dimension-6
4-fermion operators

& pyfermion — (Ls#L)C(L6,L) + (E°6,E°)C,(E0,E) + (L6"L)C,((E 0, E) %
+ { (LE)Cpq(D°Q) + e(ILFEONCY (Q'U°) + e’d(ikz;ﬂ”E“)C;j;u(Ql&WUC) +h.c. } %

+(E6,E)C,(Us,0°) + (E°6,E)C,(Dc,D°)

+(L&'L)C, (06,0) + (Le"sL)C; (06,6 0)
+(Lé*L)C,, (U, U°) + (L6*L)C (D 6,D) + (E6,E)C, (05,0)
lequ

+(06*Q)C.(06,0) + (06+6*Q)C (05,6 0)

+(U°6,0°)C,,(U’s,U°) + (D 6,D°)C (D 6,D) %
+(U caﬂ U°) Cb%)(D Caﬂl_)c) + (U CGM T4U°) Cb(fl)(D Caﬂ T¢D%)

+(Q°,09CL)(Us,U%) + (Q°6, T*Q)CE(Uco, TU)]

+(Q°0,09C. (D 6,D) + (Q°c,T*Q)C; (D, T*D°)

+ { (O TC,) (Q'D) + Q' T*U)CY)) (O'T*D) +h.c. }

+ { (DU)C QL) + (QQ)C 1 (TU°E€) + (QQ)C,, (QL) + (DU)C g, (UE®) + .. }
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SMEFT at higher dimensions

Zsmerr = Lp=2 t ZLp=at ZLpst+ Lpst+ Lp7+ Lpsgt ...

SMEFT at dimension-5:

7 Weinberg (1979)
Phys. Rev. Lett. 43, 1566

10000000000 +

1000000000 |-

. SMEFT at dimension-6:

] Grzadkowski et al
==® 5474170 arXiv: 1008.4884

SMEFT at dimension-7:

""" Lehman
- 1 arXiv: 1410.4193

1000 | . i SMEFT at dimenSiOn-S:

oS om L 7 Li et al
12 arXiv: 2005.00008
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Henning et al
T arXiv:1512.03433 - SMEFT at dimension-9:

5 é } é § 110 | 1.11 112 113 114 115 Li et al
Mass dimension arXiv: 2012.09188
Exponential growth of the number of SMEFT at dimension-10,11,12:

operators with the canonical dimension D Harlander, Kempkens, Schaaf
arXiv: 2305.06832
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Li et al
Code to generate a basis at arbitrary dimension in SMEFT:  arxiv:2201.04639



Meaning of SMEFT Wilson coefficients

Zsmerr = Lsmt ZLp=s+ Lp_¢+ Lpg+ ZLpg+ ...

Wilson coefficients of operators with D > 5 encode information about masses and
couplings and quantum numbers of heavy particles at the scale above the SMEFT cutoff

Y2
L s D —(LH)(LH)
MN

2
8 N d T
Zpeg 2 700, QLo"r, L)

w

o Criado et al
Complete dictionary at tree level arXiv: 1711.10391

Guedes, Olgoso

At one loop level arXiv: 2412.14253



From operators to observables

__{roughly) four kinds of effects New con’rrlbuhonsé
'SMEFT operators with D>4/’E to SM particles' :

_______________ masses
éNew Lorentz sfrucfuresé Correc’rlons’ro
for vertices present in . ~ strength of :
____SMLagrangian SM interactions

New vertices not present in SM Lagrangian
(often leading to breaking of
SM global and discrete symmetries)



Experimental contraints on SMEFT

1YeV: 110%%eV
1 ZeV; 110%%eV
1 EeV: 110"%eV
1 PeV; 110™eV
1 TeV' 10"%eV
1 GeV 10%V
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A[TeV]

A[TeV]

Experimental contraints on SMEFT

Beta decay
20+
10;
5_
2_
c® ¢, C®, Ceag Crue
AA. Gonzalez-Alonso, Naviliat-Cuncic
[arXiv:2010.13797]
Beta + meson decay
1000+
100"
10;
5_
2 1 IEl
1 .

C|(§) Cl(gc)w Cl(gc)w CIedq CHud

Cirigliano, Diaz-Calderon, AA, Gonzalez-Alonso, Rodriguez-Sanchez
[arXiv:2112.02087]

A[TeV]

20+

10

‘gSMEFT D) ng)HTO'aDMH(QGa}/ﬂQ) + CHIHTO'aD’uH(l_/O'a}/ﬂL)

+ CHudHTD’uH(ﬁR}/MdR)
+C, Qo y, Loy, L) + C) (2£0, L) (01, 0)

T Cl(elq)u(éRL)(ﬁRQ) + Cledq(l_’ eR)(JRQ)
+...

CMS Drell-Yan

3
c

Clodu Cloli Ciedq  Chiug

CMS HighPT
2103.02708 =



Frontiers for SMEFT

H H e.g. 65 Wilson coefficients
- Comprehens“le g|0ba| flts simultaneously fit in 2301.07036

e.g. neutrino observables in
- More observables 2301.07036 and 2411.00090

H e.g. MatchmakerEFT or Matchete
. AUtomatlon tOOIS for matching EFT to UV models

H e.g. two-loop running of
N RG runnlng beyond one Ioop Higgs-gluon coupling in 2510.14680

e.g. complete 1-loop dictionary

~ Matching beyond tree level in 2412.14253

: : e.g. impact on Drell-Yan in
- Phenomenology beyond dimension 6 D 17 14163

= g - - - e.g. impact of EFT truncation
- Validity, truncation, theory uncertainties 2 TP & = e o,

- Positivity relations for Wilson coefficients e.g. constraints on
dimension-8 running in 2309.16611


https://arxiv.org/abs/2309.16611

Part 3

Gravitational EFTs,

or quantum gmw’ty

for dummies




GREFT

Let’s build an EFT out of gy,v according to the usual rules

Z GREFT = \/—8{3D=2 + Zpst Lpt LpsgTt }

~ AZ ~ AO ~ A—Z ~ A_4

At the next-to-leading order the only possible invariant under GC transformations is

1 2

My, = (872G)™ 2 = 2.44 x 10'8 GeV

At this point we have recovered the Einstein-Hilbert Lagrangian for general relativity!



GREFT

Going to higher orders

1
Z GREFT = \/—8{ 2M R+%4

Lpoy =

+5£D=6+5£D=8+...}

~ A2 ~ A™*

~/

R o+ C3RuusRos o R

1
Zz D=6 — g C3R ﬁRaﬁpa POUL afipct pour

1
gDzS — g{ C4 1( uvaf vaﬁ)z + C4 2( yaﬁR,uyaﬁ)z + C4( uvaf yaﬁ)( uaﬁR,uya,B)}

We do not know what is the UV completion of GREFT

so we do not know the numerical value coefficients C5 and C3, Cy 15 Gy C4

At this point, they parametrize our ignorance about nature.
Maybe one day we will measure them experimentally,
and that will give us a hint about the underlying, more fundamental theory of gravity



GREFT

1
ZGREFT = /& EMI%IR +ZLpgt Lpsgt .-
NA_2 NA—4

We have built a consistent quantum theory of gravity (at least for small fluctuations
around flat spacetime) called GREFT

It is an EFT organized as an expansion in 1/A, where A < Mp,

GREFT contains general relativity (GR) as its leading term

The only price to pay is that we have to include an infinite series of higher order
interactions, suppressed by Mp, or a lower scale A (if we do not, they will need to be
added anyway as counterterms due to loop divergences). This is a problem if we want to
predict processes where momentum exchange is of order Mp, or larger. This is however
not a problem if we restrict to low-energy effects (basically all currently observable ones)

It is arguably the best EFT ever, because its validity range is the largest of known EFTs,
spanning from very low-energies all the way to the Planck scale, Hy < £ < Mp,



GREFT

The Wilson coefficient C5 and (g can be generated by string UV completions.
In that case, their magnitude is set by the string scale
Otherwise, for mass m, spin S and charge Q particle minimally coupled to gravity:

25+1
S) _ ( — ) (25 + 1) ~ O Bern, Kosmopoulos, Zhiboedov
_ ’ 3 = arXiv:2103.12728
3 1672 2520m2 [ :
CO — 1 I C112) _ 1 47 c) = 1 1 Gy _ 1 1217 cO _ 1 1009
41 1672 37800m4 4.1 1672 151200m* ' 1642 350m* 41 1672 75600m*  *! 1622 3780m*
O _ 1 1 1) _ 1 127 ) _ 1 13 G _ | 1297 @ 1 251
42 16x2 37800m* 4.2 1672 151200m* 42 1672 6300m* 4.2 1672 75600m* 42 16722 945m*
For non-minimally coupled particles see : Alviani, AA
[arXiv::2408.03439]
Positivity' C4 > 0 C4 ) > 0 Bellazzini, Cheung, Remmen

[arXiv:1509.00851]

Higher-order corrections to GR are not an abstract irrelevant concept

For example, integrating out the lightest neutrino will generate these operators
suppressed by the scale m, which can be very low for all we know.



GREFT

Application to classical gravitational processes

M2, So

m1, S+

Black holes can be represented by point particles, whose interactions are
those of a spin-S particle minimally coupled to gravity Arkani-Hamed, Huang, O'Connell

arXiv:1906.10100
1 1
In particular, L D./—g { EMI%IR + Eaﬂq)dﬂd)}

describes gravitational interactions of a Schwarzschild black hole



KMOC formalism
oy o i

R = oudW [ (0 [ W) i€

_ , — . Ty € -
[ Wou =S1W)in = B =iw[S WS W)€ |l,/>m=n,-=1,2[[ddxp,-)ﬁ(p,-)ewfbf]|p1p2>m

The radiation observables depends on an amplitude-like object

Py ~ [dd)k a (kye ™ +h.c = R, D (v|Sa (k)S|y), =Exp, "generalized amplitude"
distinct from ordinary S matrix elements
0ut<w/| W>in = in<l/j/| ST | l//>in

It can be related to usual S matrix elements for the 2-to-3 process 12 —> 12kh

1
in(l//|SJrain(k)S|l//>in = Jd®x in(l//|SJr |X>in in<X|ain(k)S|l//>in = Jd®X in(l//|SJr |X>in in(Xk|S|l//>in Exp, =


spires-search://a%20cristofoli,%20andrea
spires-search://a%20gonzo,%20riccardo
spires-search://a%20kosower,%20david%20a.
spires-search://a%20o'connell,%20donal

Scalar-tensor EFT

Application to another gravitational EFT featuring also a massless scalar ¢

Z>4\/-8 [—R + — ? <a§5 + &RR) + %dﬂqﬁﬁﬂgb]

R*"*°R,, .. —4R"R,+R*>  RMR,

Gauss Bonnet invariant Chern Simons invariant

0.001¢

Emitted power

a’P(/5 , 107
o T o 5 e
Q 10°° EC\]—<
R A
Q




Frontiers for GREFT

- Higher-loop (post-Minkowskian) corrections to
gravitational waves in classical limit State of art is 5PM or 4 loops: 2403.07781

- Higher-spin and tidal corrections to gravitational waves

In classical limit All-order spin corrections know at 2PM: 2304.13740
. = g= Much is known, but there remain
Scatterlng-to-bound dlCthnary open questions for waveforms: 2402.00124

- Observables in the ringdown phase of black hole

merger Love numbers from amplitudes: 2503.13593

- Positivity constraints In gravitational theories  Known UV completions
in small islands 2103.12728

- Soft theorems, memory, and asymptotic symmetries

Surprising interconnections
between all these: 1703.05448



Events / GeV

Fantastic Beasts and Where To Find Them
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