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Asymptotic Safety meets Particle Physics and Friends

Based on [JH, Herzog, Kousvos, Roosmale Nepveu: 2507.12518], [JH, Kousvos, Roosmale Nepveu: 2511.16740]

“Effective Field Theory meets Conformal Field Theory”


http://arxiv.org/abs/2507.12518
http://arxiv.org/abs/2511.16740

Anomalous dimensions = spectrum

o Zy-odd = Zp-even
o o A e
e Anomalous dimensions vo () e SN,
determine the spectrum of a CFT
6 & 6
Ao = [O] +70().) e e EEENN
e The conformal bootstrap estimates -
the spectrum at finite coupling 4,:7-)L47k***w 7
e How well do perturbative results 3 3
match this? Need multiloop results
2 2
e Much recent activity by EFT /
experts: operator bases, Feynman IMI
diagram evaluation, etc.
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e The e-expansion by Wilson and Fisher finds RG fixed-points in 4 — &
dimensions

_Z 2, A 4 _ 2
L=3(00) +5;¢° = BO)=—-A+3N+...

e
A==+...

e (Most) fixed-points in 4 — ¢ dimensions are connected to 3d CFTs
e The conformal bootstrap studies CFTs non-perturbatively using CFT

axioms and consistency

e For some 3d CFTs, small “bootstrap islands”

[RIE S
T

D

Langg— Toe A= e

allow non-pertrubative precision study

= compare with perturbative spectrum!

141262 =

e For other 3d CFTs, we have no precision Lais]
bootstrap islands

T T T
[Chang et al: 2411.15300]
= perturbative spectrum will guide search
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http://arxiv.org/abs/2411.15300

Types of operators
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Applications

e A. Renormalisable part

e B. Large spin expansions, deep inelastic scattering
e C. Effective field theory

e ABCD. CFT
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Operators in QFT, EFT and CFT

Perturbative perspective
c=1tepp- 24 +3 co,
2 24 —
Anomalous dimension matrices

d
g C :;W(/\)Cj+~--

At RG fixed-point, theory is scale-invariant (no mass term)
O,‘()\X) = >\7A"O,'(X)

Scaling dimension A; = [O;] + vi(A+),  7i(A) eig of vi(A)
and A\, = e+ 2+ ...

€ 19
Eg Ap=2—c+=+ —e?+...
g #? €+3+162E+
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Operators in CFT

Axiomatic perspective

CFT = {Oi & (A}, £i); A}

No reference to Lagrangian!

CFT-data determines all (position-space) correlators of primary operators

ij Nijk

(0i(x)0;j(x)) = PREE (0i(x1)0;j(x2) Ok(xs)) = T2 B s 57 pega B

Anomalous dimensions are O(1) numbers

2

e &
R —  Ag|ss = 0.518148806(24)
1
Ap=2—c+ % + “%52 ... —  Ad|sg = 1.41262528(29)
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Types of operators

T=A—{
< o g8, 02065 | 93¢8,0%0¢8 | 9¢8,0'0¢0
¢°, %9 922 PrRpt 02t
6 ¢6 D 9%¢8, 9?0 93¢0 4¢8, 910
4 ¢4 32¢4 64¢4
2 o B i 60
0 1 2 3 4
Status:

e A. Impressive results O(g”) [Schnetz: 2212.03663]
e B. Impressive results O(g*) [Derkachov, Gracey, Manashov: hep-ph/9705268]

e C.(7)
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Types of operators

T=A—{
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Status:

e A. Impressive results O(g”) [Schnetz: 2212.03663]
e B. Impressive results O(g*) [Derkachov, Gracey, Manashov: hep-ph/9705268]
e C. (?) — Impressive results [Cao, Herzog, Melia, Roosmale Nepveu: 2105.12742]

e D. Some systematics at 1-loop [Kehrein, Wegner: hep-th/9405123]. For CFT, want
a) General field indices, b) spinning operators
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Applications

e A. Renormalisable part

e B. Large spin expansions, deep inelastic scattering
e C. Effective field theory

e ABCD. CFT
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Critical phenomena

Scaling of order parameter near critical point

\
22,100 :m,::,l‘;,.;
Water near critical point F o s | v
Elﬂ]
B ]
lp=pel o< |T = Tcl”,  B~032 : e
06 ‘Triple point.
Ising model near phase transition
0001 100 374

Temperature (“C)

HZ—JZS;Sj—hZS,', S,'=:|:1 - XHZU
(i) i

Spontaneous magnetization at h =0

IM| o< | T — T.|®, B ~0.3265

Ising CFT
Ay
= —— = 0.32641871(6 £
p d— A¢2 (©) H
[Chang et al: 2411.15300] I , L

L "
20 25 30 35 40 45 50 55 60
Temperature

Johan Henriksson


http://arxiv.org/abs/2411.15300

Perturbative results for the renormalisable part

7-loop results for O(n) symmetry ¢, ¢, (¢*)? [Schnetz: 1606.08598],

Dy =2 — ¢ +0.333333¢ + 0.11728395¢° — 0.12452741¢> + 0.30684954<*
—0.95124031¢” + 3.5725821<° — 15.286864:" + O(c?)

6-loops for general symmetry: ¢, $?¢°, ¢?p°¢°, P?PPP°d? [Bednyakov, Pikelner:
2102.12832]

Asymptotic series =

— 0(e)
resummation — 0
b q — O(e%)
e Padé approximant — o
— 0(e%)

, a +aie+...ame"

Padelm,n] = Z — O(e%)
1+ bie + bye” — ot

e Borel, Padé—Borel ... — Padépy
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e A. Renormalisable part

e B. Deep inelastic scattering, analyticity in spin
e C. Effective field theory

e AB,CD. CFT
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Local twist-2 operators

Operators of leading twist 7 = A — £
Ou(x) = ¢(x)0M - - 9" p(x) — traces,

Anomalous dimensions 7 = A — £ =2 — & + 7, [Derkachov et al 1997]

_ & 6 e3 (10964421863 +373¢% _384¢—324 _ 4325,(¢)
Ve =5 (1 - e(z+1)) + 53 ( 22(0+1)2 = e+ +
e 7, moments of splitting functions v, = — fol dx x"71P(x)

e Positive+bounded DIS cross-section = ~, convex function [Nachtmann 1973]

e Reciprocity: 7, expands in powers of [£1£ AH=21"1 (Gripov, Lipatov 1972; ...;

Alday, Bissi, tukowski 2015]

e Lorentzian inversion formula [Caron-Huot 2017] gives g, A2 [Alday, JH, van Loon
2017]

2

Nogo, = a5 (1 + ey (77 + S1(20) = S1(0)) + ... )
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Analytic continuation of twist-2 operators

Lightray operators connect the light transform of local spin-¢ operators
(“Conformal colliders/detectors” ) [Hofman, Maldacena: 0803.1467], [Kravchuk,

Simmons-Duffin: 1805.00098]

Energy (ANEC) operator £ = O, = L[T,.,] 4

;0
i

oo
E(A) = lim r2/ dt n' T%(t, ri)
r— oo — o0
e Free theory, Oy(n) counts particles in direction 7,

weighted by E*~*

e Interacting theory: soft (IR) divergences = l /
renormalise lightray operators i
Wilson—Fisher ¢* theory [Caron-Huot et al 2022] !
2 3
€ 6
l==—(1-—+———= )
s 54( E(£+1))Jr

o
i
5 6 7 s

3 4

Agrees with local expression but valid for ¢ € C!
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http://arxiv.org/abs/0803.1467
http://arxiv.org/abs/1805.00098

Lightray data is observable!

Energy—energy correlators [Basham et al 1978],
Hofman, Maldacena: 0803.1467 W abE)  EGpommomn
[Hofman, Maldacena: b ] o) <£1£2>
E£(O)E(0) ~ 0~ THE -0y (0) + ... 2 l s
I
In general Qg X O, ~ Qg 4¢,—1 [Hofman & o s 10
Maldacena 2008; Kologlu et al 2019] ST . . m’::mwm Gr:w
Ry,
Review [Moult, Zhu: 2506.09119]
In QCD:
Chew—Trasschiplor | 19 q ™~ 5(2'7)(2'8)571%
Z g ~ z“FaM(z.a)Zdzy Fv
—s 1 2
Yaall] = 3 Cr(45:1(¢) — 3 - z(z+1))
£2ye42
Yag[€] = —2N¢ TRW@
2442
Yeall] = —Cr #&41)
Yeell] = SNr Tr +2Ca(S1(¢) —

1
(e+0)(e+2) ~ 2(e—-1) ~ 12

[Lee, Mecaj, Moult 2022: 2205.03414]
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http://arxiv.org/abs/0803.1467
http://arxiv.org/abs/2506.09119
http://arxiv.org/abs/2205.03414

Lightray operators at leading and higher twist

Johan Henriksson

<— [Caron-Huot et al:
2209.00008]

<— [JH, Kravchuk, Oertel:
2312.09283]
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What is EFT?

TA Example
Weak interaction: A = My,

E<A
EFT=CLien. [¢]+ZA[O] X

Observables in terms of ¢; = —\/32GH (77 PLt) (870 PLe)
power-series in 1/A

e Low-energy physics determined in
terms of (a few) ¢; or

e ¢; # 0 sign of new physics beyond
£ren.
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What is EFT?

E
A
TA Example
Weak interaction: A = My,
E<A EZ>A
EFT=Len.[¢] + Z A[O] . ) v "
T—m F e w e
2 2
Observabl.es |-n terms of ¢; = —V32GE (D, Pups)(BvaPLve)
power-series in 1/A
. . o 2
e Low-energy physics determined in V32Gg = %/V

terms of (a few) ¢; or

e ¢; # 0 sign of new physics beyond
£I'eﬂ.

Johan Henriksson 16



EFTs are crucial in particle physics

NRQCD ChPT Hard Thermal Loops ™,
cTstates  pions finiteT
single finite

baryons \\ I // density

top quark «—__ QCD ———> energetic

N, sceT /

HDET

jets -
low energy - Huclean L
H weak interactions  bd states ¢ o SCET'._.»"
1 Electroweak HQET NNEFT
4 Hamilconian )

% Effective Field Theories
% of QCD

[lain Stewart]

Systematic techniques for

1. Counting operators (Hilbert series)

. ITRDIETONTD

THEGRY

C.RBURGESS

2. Computing anomalous dimensions (diagrammatic or on-shell methods)

Johan Henriksson
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Example: SMEFT

In searches for new physics at LHC: A > TeV scale

1
L= Lo+ Y 1y 3 PO
A i

A) . )
Of ) singlet scalar operators of e
. ) Qc Q Qe (@1o)(bere)
dimension A e 0 Q| Woaud
Quw “| Qe Qup (#'0)(@pdrp)
Nf’ =3 Nf =1 9w
VRRD
A=5 12 2 Qo Quw QW [ @Bt
Qa Qs QY | @iB o),
A =6 | 3045 84 Quu Qe Qe | (iBup)Ete
Qi Qun QW | @iBioara)
A =7 | 1542 30 on Qus Q% | (B oG a,
— Q5 Quc | @o"Td)0Gh, | Qo | (2D, o) @ ur
A =38 | 44807 993 Qs Qaw | @od ) oWl | Qu | (#iBLe)(dy
Qv Qup | (@0"d)¢Bu | Quua | i(@'Dygp)
H Table 2: Dimension-six operators other than the four-fermion ones.
How do we know list complete?
Hilbert series [Grzadkowski et al 2010]

"2, 84, 30, 993, 560, 15456, 11962, 261485, ... : Higher dimension operators in
the SM EFT” [Henning, Lu, Melia, Murayama (2015)] Counts conformal primaries!
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Primary operators in EFT and CFT

CFT: Spectrum at A = 6: ¢°, at A = 8: ¢2, 9*¢*, at A = 10: ¢'°, 9*¢°, 9%¢*
EFT: Two ways to see no operator 9¢* at A = 6:
1) Field redefinitions (see [Manohar 2018]) give redundancies in Lagrangian
1 > 1 50 A4 a3 G 6
L=3(0¢) - Sm’e* — =o'+ 58 0o+ 156"+ ..
Now replace ¢ — ¢ + %¢3

A
L—>L’:L+%¢3 (—D¢—m2¢—6¢6>+...

1 1 A C4!‘r12 Co C4/\
= =((8) 2 _ = 227(7 ) 4 (7777 6
S — S e )t v ms)? T

Redundant operator eliminated at the cost of shift in other constants

2) No independent term in scattering amplitude

6c 24c,m?
Aps—oolc = A+ /T;(Pf +P P ) =2+ A42
A cam?
=24 (g LY ) = App—g0lcr
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Primary operators in EFT and CFT

Counting independent terms in Agyp— ¢

Agorss = A+ c1o(s” + 2 + U°) + costu + coo(s” + £° + v°)?
+ c1(s? 4 7 + v?)stu + [c30(s* + £ + 1°)® + coa(stu)] + ...

So expect two ¢*-type scalar operators at A = 16

Hilbert series counting [Henning, Lu, Melia, Murayama 2017]

4

q 4 4 6 8 10 12
|y = = 1 2
lj=7=0,4¢ ) g(1+q +9g+g+qg +29°+...)

Summary: Conformal primary basis <> independent terms in scattering
amplitude

CFT EFT

Primary Defining objects Contribute to S-matrix

Descendant | Correlators fixed by primaries | Momentum cons. — 0

Redundant Only at coincident points Removed by field redefinitions
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Matching, running and mapping

U
1. Matching
uv 5
A model c,(|A)
2. Running
de,(u) 1
dlogu ; 1622771
1 O(0.1%) - O(1%)
— 5 Precision
e ci(my) observables
3. Mapping

[Henning, Lu, Murayama 2014]
Running with RG scale p

d
udjc(u) =76 (1) + kg (m) () + - .-
~ij anomalous dimension matrix

If no mixing c(x)O and one coupling as(11), we can integrate to get

c(p) _ (as(uz)

Johan Henriksson C(Ml) B as(lul)

—/2bg d o
h —as=—by— +...
) where ud'uas b027r + .



Active work in EFT

e Two-loop running in SMEFT
[Jenkins et al: 2310.19883] [Born et al:
2410.07320] [ Di Noi, Grober, Mandal:

2408.03252], [Duhr, Ventura, Vryonidou:

2508.04500], [Banik et al: 2510.08682]

e The most general EFT

[Aebischer, Bresciani, Selimovic:

2502.14030] [Fonseca, Olgoso, Santiago:
2501.13185] [Misiak, Natecz: 2501.17134]

my —

1. Matching
uv
model 2 c'(|A)
2. Running

de, (1) 1

S

dlog ;16»'z 2y

l 0O(0.1%) - 0(1%)
almr) observ;l';:;s

3. Mapping

[Henning, Lu, Murayama 2014]

1 1 — 1
Lo<a =— Z(GKF)ABF;‘VFB oy §(aK¢)abDu¢aD”¢b + (aky)iUilDy; — 3 [(mw)iy%TC%' + h-C-]

— S mB)ast — a2 [Vt Oy + hc]bu — "2 g6~ 2200000, (5)

Johan Henriksson
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Applications

e A. Renormalisable part

e B. Deep inelastic scattering, analyticity in spin
o C. Effective field theory

e A,B,C,D. CFT
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In [JH, Herzog, Kousvos, Roosmale Nepveu: 2507.12518], [JH, Kousvos, Roosmale Nepveu: 2511.16740],

we compute 4/5-loop anomalous dimensions for operators in
L= 30,8°0"6" = JX"G°00 60" + Lo+ wLf + v £ + wa Ll

(5,0

Lo =G0 grgborgdee + 3?;}’;' P o79%" — “’ €D 200, ¢ 0% ¢

(6.1

(@1
Lf = oD g0+ S g ghonge 4 i g ghseon g 4 S bt ptong,

L(ZMV) C((4b2)(¢a0uau¢ ) 8“(1)‘78”(]51’) +2 Casbi))(¢ ¢b6“6V¢C 2 ¢aau¢bau¢c)
(oo (97676701 0" ¢ — 26°¢%0" 60" ¢7)
L[#V] o —C[(:gf]l’l}) ¢aau¢bau¢c _ (61, 1})¢ ¢>”8“¢> 8"¢>

[11] a[bcd

Extractions for global symmetry groups: Z2, O(N), SU(2) x U(1) (singlets),
cubic Sy x ZQ’
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http://arxiv.org/abs/2507.12518
http://arxiv.org/abs/2511.16740

Conformal bootstrap

Goal: to classify, constrain and ultimately solve all conformal field theories

° <¢¢¢¢> ~ g(u, V) = Z Ai¢ong,go(U, V) &n,¢(u, v) conformal blocks
(@]

e Crossing symmetry G(u, v) ~ (E)A"S G(v, u) >—< = I

1) Determine rigorous bounds in space of leading parameters

Single correlator Mixed correlators
A,

3d Ising ?

1.0 A% 1 . . A,
050 052 054 056 058 0.60 0.62 0.64 ¢ 05 051 052 053 054 055 56 57 58

[El-Showk et al: 1203.6064] [Kos et al: 1406.4858]

2) If small island: estimate of spectrum using “extremal functional method”
[El-Showk, Paulos: 1211.2810]
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Ising spectroscopy

Spectrum of the 3d Ising CFT

operators in the o x o and exe OPEs

Perturbative vs

t;)é-" S non-perturbative spectra:
1 i o] |
1 ! . ’ * Zy-odd « Zy-even
) R I S S
N 1 O P
I 0 0 0 S
5’°°Z;u‘jf?:!"!q’i’,;ii‘
2::8 °8°$°‘i?i’9é 88 8¢ 1 8% ¢ 1
R FYeRY
ozoéosooisooosiésssoo .
10 20 30 40 50"
Extracted from tiny bootstrap island in
[Simmons-Duffin: 1612.08471] 3 3
2 T2
77{4/4/’57
147/. - 1
‘M
[JH, Kousvos, Reehorst: 2207.10118]; Boom S0 e aaasas

[JH et al: 2507.12518]
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http://arxiv.org/abs/1612.08471
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Results and extractions

e General results at https://github.com/jasperrn/EFT—RGE
65
[_‘/0 — abcde ¢a¢) (z) ¢d¢ + a;);r(l)ef ¢a¢) ¢ ¢d¢ ¢ ab (cd)) ¢ (z)ba ¢CB‘L¢
ag d (4,1) 5.1 6.1
ﬁ'f _ c[( 5 )¢ 8u¢b azb)c ¢a¢bau¢c + (agc)d ¢a¢b¢c8u¢d + ““z’f,‘”e d)a(z)b¢c¢daud)e7

L(Z#V) — (4-2)(¢326M6u¢b 2 8u¢aau¢b) +2¢ 5bi)>(¢a¢bdudu¢c 2 ¢a(f)u¢bav¢c)
i) (6706504 0" 87 — 247" ¢°0" ¢
l:[lw] _ _C[ab{l ,1}) ¢ au¢bau¢c _ a[ﬁbc{j 1}) ¢ b8“¢ 8V¢d

L

(Also dim.-8 scalars with O(n) couplings — Higgs sector dim.-8 at 2-loop)

e Extractions for CFTs at critical coupling Ai(g) = [Oi] + 7i(A+)

Collected results for O(n) symmetry at https://github.com/johhen1/ON-model, see
also Phys. Rept. [JH: 2201.09520]
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0O(3) spectroscopy
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Perturbative estimates [JH, Kousvos, Roosmale Nepveu: 2511.16740]

3d conformal bootstrap values [Chester et al: 2011.14647]

The good agreement was not guaranteed a priori! Bootstrap results are
essential for final verdict
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Use of perturbative estimates in the bootstrap

e Many experimentally relevant CFTs are

N-component ¢* theories with symmetry
G C O(N) [Pelissetto, Vicari: cond-mat/0012164]

SyxZy, O(m)x0(n), S,xO(m)",...

It is difficult to disentangle these with the
bootstrap, especially since the bootstrap
equations for G are also satisfied by O(N)

Recall the bootstrap workflow:

CFT-data — bootstrap — no/maybe

Input = data to test + assumptions

To zoom in on a theory, need a set of
assumptions that are compatible with the
target theory and no other theory!

The role of perturbative estimates is to
inform the choice of assumptions
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[JH, Stergiou: 2101.08788]

[Kousvos, Stergiou: 2507.05338]
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e Anomalous dimensions provide the

o Zy-odd « Zs-even
spectrum of a CFT, and are directly N -
observational quantities S, SN,

e “All" operators, including non-singlet,
6 &5 6

spinning, are essential to make the
CFT self-consistent (bootstrap) N
e EFT techiques for higher-dimensional
operators can be directly applied to e
CFT, by 3 3

— using the primary basis

2 2
— extending to non-singlet and /‘//'/J/
non-Lorentz-scalar operators 1 /Ml
B

e Studying complicated CFTs with the

conformal bootstrap benefits from d
multiloop perturbative estimates
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Diagrammatic techniques can be used to study many classes of CFTs
Applications in 4d (¢ = 0)
e Banks—Zaks fixed-point Ny = (& — §) Nc

e N =1 susy
e N =2 susy (e.g. conf. SQCD), N =4
SYM
Applications in 3d (¢ = 1)

e Gross—Neveu—Yukawa models d ,

e 3d conformal gauge theories ag
Multicritical models \¢* theory . == m——— E
d=dc—e, dc(qsk):%:ﬁ,m%,&... ‘////://A//Cﬁf

s
Tricritical Ising CFT (A@® theory) [H: 2501.18711] /////

<> EFT at finite T [Chala, Dashko, Guedes: 2510.26878]
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Thank you for your attention!
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