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Vast Range of BSM Scenarios

e Deficits of the Standard Model:

- Not accounting for several cosmological observations
(dark matter, baryon asymmetry, dark energy, gravity, ...)

- Theoretical shortcomings:
> No protection of Higgs mass (hierarchy problem)
> No explanation of neutrino masses

»  No explanation for flavor structure
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Vast Range of BSM Scenarios

e Deficits of the Standard Model: EnerEy My ~ 101 GeV

- Not accounting for several cosmological observations My, - Gravity

(dark matter, baryon asymmetry, dark energy, gravity, ...)

- Theoretical shortcomings:
: . : 7?7
> No protection of Higgs mass (hierarchy problem) E

> No explanation of neutrino masses

»  No explanation for flavor structure @
mW-

my, ~ 80 GeV

e Resolved by NP beyond the SM at higher energies? — out of reach of current experiments
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Vast Range of BSM Scenarios

e Deficits of the Standard Model: EnerEy My ~ 101 GeV

- Not accounting for several cosmological observations My, - Gravity
(dark matter, baryon asymmetry, dark energy, gravity, ...)

- Theoretical shortcomings:
> No protection of Higgs mass (hierarchy problem)

»  No explanation of neutrino masses Ay NP,

»  No explanation for flavor structure

:

my, ~ 80 GeV

e Resolved by NP beyond the SM at higher energies? — out of reach of current experiments
e Wide range of possible BSM theories (SUSY, composite Higgs, Pati-Salam,...)
e Not all SM shortcomings necessarily solved in single theory — multi-layer structure

= Determining the next layer is the principal challenge of HEP
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Collider Limits on the New Physics Scale

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2023 [£dt=(3.6-139) b Vs = 13 TeV
Model {,y Jetst EI™ [Ldi[] Limit Reference
L] L] L] L] I L] L] L] L] L] L] LI L] L] L] L] L] L] L] L] L] L] L] L]
. ADD Gkk +g/q Oe,pu,t,y  1-4j  Yes 139 | Mp 11.2TdlV n=2 2102.10874
&  ADD non-resonant yy 2y - - 36.7 | Ms 86TeV [ n=3HLZNLO 1707.04147
& ADDQBH - 2] - 139 | Mw 9.4TeV | n=6 1910.08447
S ADD BH multijet - >3 - 3.6 M 9.55TeV | n=6, Mp =3 TeV,rot BH 1512.02586
© RS1 Gk — yy 2y - - 139 Gk mass 4.5 TeV k/Mp; = 0.1 2102.13405
g Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gy mass 2.3 TeV k/Mp; =1.0 1808.02380
w Bulk RS gkx — tt 1e,u 21b,21J/2] Yes 36.1 gKkk mass 3.8 TeV r/m=15% 1804.10823
2UED/ RPP 1eu >2Db, >3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(ALD - ¢t) =1 1803.09678
SSM Z" — t¢ 2eu - - 139 Z' mass 5.1 TeV 1903.06248
@ SSM Z' — 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
c Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
8 Leptophobic Z" — tt Oe, u >1b,>2J Yes 139 Z’ mass 4.1 TeV r/m=12% 2005.05138
8 SSMW ¢y Tewu - Yes 139 | W’ mass 6.0 TeV 1906.05609
[0y SSMW’ - 1v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
S SSMW - tb - >1b,21J - 139 W’ mass 4.4 TeV ATLAS-CONF-2021-043
[\ HVT W’ — WZ model B 0-2e,u 2j/1d Yes 139 W’ mass 4.3 TeV gv=3 2004.14636
V) HVT W’ — WZ — ¢v £¢’ modelC 3 e u 2j(VBF) Yes 139 W’ mass 340 GeV gven=1,g=0 2207.03925
HVT Z’ - WW model B leu 2j/1J  Yes 139 Z’ mass 3.9 Tev gv =3 2004.14636
LRSM Wg — puNg 2 1J - 80 | Wr mass 5.0 TeV m(Ng) = 0.5TeV, g = gr 1904.12679
Cl qqqq - 2j - 37.0 A 21.8 TeV 7, 1703.09127
- Cl ttqq 2e,u - - 139 A 358TeV. 2006.12946
O Cleebs 2e 1b - 139 | A 1.8 TeV g =1 2105.13847
Cl uubs 2u 1b - 139 | A 2.0 TeV g =1 2105.13847
Cl tttt >1eu >1b,21j Yes 36.1 A 2.57 TeV [Catl = 4n 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 Mmed 3.8 TeV 84=0.25, g,=1, m(y)=10 TeV ATL-PHYS-PUB-2022-036
= Pseudo-scalar med. (Dirac DM) Oe,u, 7,y 1-4j Yes 139 Mmed 376 GeV gq=1, g=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 mz: 3.0 Tev tanp=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 m, 800 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass 1.8 TeV p=1 2006.05872
Scalar LQ 2" gen 2u >2j Yes 139 LQ mass 1.7 TeV B=1 2006.05872
Scalar LQ 3" gen 17 2b Yes 139 LQS mass 1.89 TeV B(LQs - br) =1 2303.01294
QG | Scalar LQ 3 gen Oe,u 22j,22b  Yes 139 | LQS mass 1.24 feV B(LQ§ » tv) =1 2004.14060
~ Scalar LQ 39 gen >2e,pu,21721j,21b - 139 LQS mass 1.48 TeV BLQY — tr) =1 2101.11582
Scalar LQ 3" gen Oeu,2170-2j,2b Yes 139 LQ; mass 1.26 feV B(LQY - by) =1 2101.12527
Vector LQ mix gen multi-channel =21j, 21 b Yes 139 LQY mass 2.0 TeV B(Uy — tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3" gen 2e,u,7 >1b Yes 139 LQ; mass 1.96 TeV B(LQY — br) = 1, Y-M coupl. 2303.01294
o VIQTT >zt + X 2el2u/>3eq >1b,>1] - 139 [T mass 1.16 TeV SU(2) doublet 2210.15413
X< @ VLQBB - Wt/Zb+ X multi-channel 36.1 B mass 1.34TeV SU(2) doublet 1808.02343
- (S VLQ Ts5;3Ts3|Ts;3 = Wt + X 2(SS)/>3 eu >1b,>21j  Yes 36.1 Ts/3 mass .64 TeV B(Ts3 = Wt)=1, c(TssWit)=1 1807.11883
S E VLQT - Ht/Zt leu >1b,>3j Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
@ © VLQY - Wb le,u  21b>1] Yes 361 | Ymass 1.85 TeV B(Y - Wh)=1, cg(Wh)=1 1812.07343
== VLQB - Hb Oeu 22b 21,21 - 139 | Bmass 2.0 TeV SU(2) doublet, k5= 0.3 ATLAS-CONF-2021-018
VLL7 — Zt/Ht multi-channel ~ >1j Yes 139 | 7/ mass 898 GeV SU(2) doublet 2303.05441
o . Excitedquark g — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
1S g Excited quark ¢* — gy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
ﬁ O Excited quark b* — bg - 1b, 1] - 139 b* mass 3.2 TeV 1910.08447
Excited lepton 7* 27 >2j - 139 T* mass 4.6 TeV A=46TeV 2303.09444
Type Il Seesaw 234 e,u >2] Yes 139 N° mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, g, = gr 1809.11105
oy Higgs triplet H** — W*W?* 2,34 e,u (SS) various  Yes 139 ** mass 350 GeV DY production 2101.11961
£ Higgs triplet H** — ¢¢ 23,4e,u(SS) - - 139 | H** mass 1.08 Te DY production 2211.07505
O Multi-charged particles - - - 139 multi-charged particle mass 1459 TeV DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - — — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v_=13TeV ,‘/-=13Tev 1 L1 1 | 1 1 1 1 1 L1 1 1 1 1 1 L1 1 1 1 1 1
partial data full data 1071 10

*Only a selection of the available mass limits on new states or phenomena is shown.

+Small-radius (large-radius) jets are denoted by the letter j (J).
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https://cds.cern.ch/record/2853754/

Benefits of Effective Field Theory

e Heavy BSM particles not directly produced in experiments

® Probe heavy states indirectly through imprints on low-energy observables O, ~ Og\ + §0p

Energy
A
Ay = NP,
A= NP,
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Benefits of Effective Field Theory

e Heavy BSM particles not directly produced in experiments

® Probe heavy states indirectly through imprints on low-energy observables O, ~ Og\ + §0p

o Effective Field Theory (EFT):

- Consider L\p(1y, ;) with fields 1 and 1, with masses Ay ~ my > m; ~ my,
- Construct effective description Zgpr(7;) containing only SM particles #;

- Effects n; incorporated through new small interactions Q.

o 1 Energy
Lot = Loyl + dz; = 2 COQD) A
- Only finite number of operators Q; allowed (for fixed d) A, - NP,
= Model independent
A= NP,
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https://doi.org/10.1016/0550-3213(86)90262-2

Benefits of Effective Field Theory

e Heavy BSM particles not directly produced in experiments

® Probe heavy states indirectly through imprints on low-energy observables O, ~ Og\ + §0p

o Effective Field Theory (EFT):

- Consider L\p(1y, ;) with fields 1 and 1, with masses Ay ~ my > m; ~ my,
- Construct effective description Zgpr(7;) containing only SM particles #;

- Effects n; incorporated through new small interactions Q.

© 1 Energy
A
Lerrn) = Lamai) + ) p—_— Y CDoDq,)

d=5 i
- Only finite number of operators Q. allowed (for fixed d) A, - NP,
= Model independent

A4l NP,
e No particles with masses above the validity scale of the EFT

= Resummation of large logarithmic corrections my,<| SM—-SMEFT
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Benefits of Effective Field Theory

e Heavy BSM particles not directly produced in experiments

® Probe heavy states indirectly through imprints on low-energy observables O, ~ Og\ + §0p

o Effective Field Theory (EFT):

- Consider L\p(1y, ;) with fields 1 and 1, with masses Ay ~ my > m; ~ my,
- Construct effective description Zgpr(7;) containing only SM particles #;

- Effects n; incorporated through new small interactions Q.

© 1 Energy
A
Lerrn) = Lamai) + ) p—_— Y CDoDq,)

d=5 i
- Only finite number of operators Q. allowed (for fixed d) A, - NP,
= Model independent

Al NP,
e No particles with masses above the validity scale of the EFT

= Resummation of large logarithmic corrections my,<| SM—-SMEFT
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Benefits of Effective Field Theory

e Heavy BSM particles not directly produced in experiments

® Probe heavy states indirectly through imprints on low-energy observables O, ~ Og\ + §0p

o Effective Field Theory (EFT):
- Consider L\p(1y, ;) with fields 1 and 1, with masses Ay ~ my > m; ~ my,
- Construct effective description Zgpr(7;) containing only SM particles #;

- Effects n; incorporated through new small interactions Q.

© 1 Energy
A
Lerrn) = Lamai) + ) p—_— Y CDoDq,)

d=5 i
- Only finite number of operators Q. allowed (for fixed d) A, - NP,
= Model independent

Al NP,
e No particles with masses above the validity scale of the EFT

= Resummation of large logarithmic corrections my,<| SM—-SMEFT

e (hallenge:

- Relate Wilson coefficients C; to parameters of explicit BSM theories
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The Standard Model EFT Ladder

e Physics described by tower of EFTs valid at different energy scales (every QFT is an EFT)

e Matching: connect different EFTs to each other
e Renormalization Group (RG): evolve from high to low energy scale within an EFT

e Proper analysis requires combination of EFTs — computationally challenging — automation

Energy scale
A

Very heavy UV theory

Apen H Matching —
BSM theory [
Apsm —( Matching )_
SMEFT [ (SMEFT RGE)

mw EWSB & Matching —
LEFT [

my Matching —
LEFT' (without b quark) [

me Matching —

RGE

€«

AQCD —( Non-perturbative matching

|

Chiral perturbation theory
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https://arxiv.org/abs/2303.16922

The Standard Model EFT Ladder

e Physics described by tower of EFTs valid at different energy scales (every QFT is an EFT)

e Matching: connect different EFTs to each other
e Renormalization Group (RG): evolve from high to low energy scale within an EFT

e Proper analysis requires combination of EFTs — computationally challenging — automation

Energy scale

A
Very heavy UV theory
A?BSM —( Matching )—
BSM theory [ BSM RGE
Theory work: Agsm —( Matching .
SMEFT-to-LEFT matching:
SMEFT l (SMEFT RGE)
SMEFT RGE: mw EWSB & Matching )
LEFT (BT RGD)
LEFT RGE: [
my —( Matching )—
Automatic computer programs:
DsixTools: LEFT (without b quark)
Me —( Matching )—
Wilson: T RGE
J , _ ]
Agcp —( Non-perturbative matching )—
Chiral perturbation theory
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The Standard Model EFT Ladder

Physics described by tower of EFTs valid at different energy scales (every QFT is an EFT)

Matching: connect different EFTs to each other

Renormalization Group (RG): evolve from high to low energy scale within an EFT

Proper analysis requires combination of EFTs — computationally challenging — automation

Energy scale

Theory work:
SMEFT-to-LEFT matching:

SMEFT RGE:

LEFT RGE:

Automatic computer programs:
DsixTools:

Wilson:

A

\

Very heavy UV theory

Automatic computer programs:
FIATCHETE (functional matching)

ABsu _( Matching )— MatchMakerEFT (diagrammatic matching)
BSM theory [ CoDEx (UOLEA)
Agsm —( Matching )—
SMEFT (SMEFT RGE)

mw EWSB & Matching ]L
LEFT [

my —( Matching )—
LEFT' (without b quark) [

me

’

>

—( Matching

RGE
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Aqep

—( Non-perturbative matching

|

Chiral perturbation theory
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The Standard Model EFT Ladder

e Physics described by tower of EFTs valid at different energy scales (every QFT is an EFT)

e Matching: connect different EFTs to each other
e Renormalization Group (RG): evolve from high to low energy scale within an EFT

e Proper analysis requires combination of EFTs — computationally challenging — automation

Energy scale

A
Automatic computer programs:
Very heavy UV theory FIATCHETE (functional matching)
ABsu _( Matching )— MatchMakerEFT (diagrammatic matching)
BSM theory [ BSM RGE CoDEx (UOLEA)
Theory work: Apsm —( Matching )—
SMEFT-to-LEFT matching:
SMEFT (SMEFT RGE)
Y
SMEFT RGE: mw EWSB & Matching )
Nlonco, Jr LBFT [ ; A
- Experimental

my —( Matching )—
Automatic computer programs:
LEFT (without b quark) Data

Me —( Matching )—
Wilson: T RGE

J , _ ]
Agcp —( Non-perturbative matching )—
Chiral perturbation theory
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Scale Evolution in EFTs

Running and Matching in SMEFT and LEFT



Renormalization Group Evolution in SMEFT and LEFT

ABswm —( Matching )—

e RG evolution from one particle threshold to the next

<>

SMEFT (SMEFT RGE)
e Resummation of large logarithmic corrections: mw ({ EWSB & Matching  }—
A2 m2 LEFT ' (LEFT RGE)
_ BSM _ Mw
- SMEFT: log ) LEFT: log ) my | Notching |

LEFT’ (without b quark) (LEFT’ RGE)

<«

- All log(A%SM/,ngp) contributions to low-energy

% —( Matching

|

—_—
=
@
=

observables are resummed (pq,, < my)
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Renormalization Group Evolution in SMEFT and LEFT

ABsm —( Matching )—
e RG evolution from one particle threshold to the next
SMEFT (SMEFT RGE)
e Resummation of large logarithmic corrections: mw ({ EWSB & Matching  }—
A2 m2 LEFT ' (LEFT RGE)
_ BSM _ My
- SMEFT: log ) LEFT: log " . iy | Niotehing (A
LEFT’ (without b quark) [(LEFT’ RGE)
- All log(A%SM/,ngp) contributions to low-energy me YR i
observables are resummed (pq,, < my) T
RGE
e One-loop RGE available for:{SMEFT J {LEFT J
- Implemented in tools like: | bsixTools ]
Wilson }

. . . . MatchMakerEFT
- Automatic derivation for generic EFTs: garciers (e vason

Felix Wilsch '|'|‘K | meoe%ﬁv Running and Matching in the SMEFT | ZPW2025 | Zurich



https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1711.05270
https://arxiv.org/abs/1704.04504
https://arxiv.org/abs/2010.16341
https://arxiv.org/abs/1804.05033
https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/2212.04510

Renormalization Group Evolution in SMEFT and LEFT

- SMEFT: log(

RG evolution from one particle threshold to the next

Resummation of large logarithmic corrections:

A3 ma
B§M> LEFT: log <—V2V>
Miy ny;

- All log(A%SM/,ngp) contributions to low-energy

observables are resummed (pq,, < my)

Apsm H Matching —
SMEFT | (SMEFT RGE)

mw | EWSB & Matching —
LEFT ' (LEFT RGE)

my Matching —
LEFT' (without b quark) [(LEFT’ RGE

me | Matching —

|

e One-loop RGE available for:[SMEFT

—

Implemented in tools like:

Automatic derivation for generic EFTs: jarcizre

7

DsixTools
\_

7

Wilson

.

MatchMakerEFT

e Two-loop RGE: significant progress
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RG Evolution Across Particle Thresholds: Matching

. . E
e RGE across the mass threshold: particle becomes non-dynamical nirgy

Full Theory

e The particle should be integrated out of the spectrum
N particles

- Obtaining new EFT with fewer particles M —

e Matching: determining the operators and coefficient of this EFT

N — 1 particles

CLEN Running and Matching in the SMEFT | ZPW2025 | Zurich
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RG Evolution Across Particle Thresholds: Matching

. . E
e RGE across the mass threshold: particle becomes non-dynamical nirgy

Full Theory

e The particle should be integrated out of the spectrum
N particles

- Obtaining new EFT with fewer particles M —

e Matching: determining the operators and coefficient of this EFT

N — 1 particles

e EFT Matching two options:

- On-shell: Equating S-matrix elements in both theories: (1, | Sgpr| 1) ={n: | Suv | 7;)

- Off-shell: Equating the effective action of both theories: Igpr[#;] =Lgvlne, ny(n)]

= Expand UV contribution in powers of mfll

= Solve system of equations for EFT coefficients: matching conditions
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RG Evolution Across Particle Thresholds: Matching

e RGE across the mass threshold: particle becomes non-dynamical Enirgy
e The particle should be integrated out of the spectrum Al ey RGE
N particles -
- Obtaining new EFT with fewer particles M — )}3
Q]
S
e Matching: determining the operators and coefficient of this EFT EFT RGE
N — 1 particles
e EFT Matching two options:
- On-shell: Equating S-matrix elements in both theories: (1, | Sgpr| 1) ={n: | Suv | 7;)
- Off-shell: Equating the effective action of both theories: Igerln; ] — ={Iyvlng, n5(n;)]

= Expand UV contribution in powers of mfll

= Solve system of equations for EFT coefficients: matching conditions

e Matching conditions can be seen as RG equations when decoupling a particle while crossing
its mass threshold

- Log terms of matching conditions provide difference between RGE of UV and IR theory
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Diagrammatic Matching: off-shell vs. on-shell

¢ Diagrammatic on-shell matching:

- Compute all Feynman diagrams contributing to S-matrix, i.e.,
> Calculate all on-shell amplitudes in the UV and EFT and equate the results

- Guarantees that all physical observables of UV and EFT agree
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Diagrammatic Matching: off-shell vs. on-shell

¢ Diagrammatic on-shell matching:

- Compute all Feynman diagrams contributing to S-matrix, i.e.,
> Calculate all on-shell amplitudes in the UV and EFT and equate the results

- Guarantees that all physical observables of UV and EFT agree

e Diagrammatic off-shell matching:

- Compute all 1ILPI Feynman diagrams contributing to effective action I, i.e.,
> Calculate corresponding off-shell amplitudes in the UV and EFT and equate results

- More restrictive: guarantees that physical of UV and EFT agrees also off-shell
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Diagrammatic Matching: off-shell vs. on-shell

¢ Diagrammatic on-shell matching:

- Compute all Feynman diagrams contributing to S-matrix, i.e.,
> Calculate all on-shell amplitudes in the UV and EFT and equate the results

- Guarantees that all physical observables of UV and EFT agree

e Diagrammatic off-shell matching:

- Compute all 1ILPI Feynman diagrams contributing to effective action I, i.e.,
> Calculate corresponding off-shell amplitudes in the UV and EFT and equate results

- More restrictive: guarantees that physical of UV and EFT agrees also off-shell

e Example: matching the SM to Fermi's theory

H e H e S —» e — S e
E B
W~ L <1 <1
_ \4 A >
_ W+ _

Ty Ve v 2 b—<— —— b wt

[] 2 []

Tree-level matching GF=%% One-loop matching
W
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Diagrammatic Matching: off-shell vs. on-shell

¢ Diagrammatic on-shell matching:

- Compute all Feynman diagrams contributing to S-matrix, i.e.,
> Calculate all on-shell amplitudes in the UV and EFT and equate the results

- Guarantees that all physical observables of UV and EFT agree

e Diagrammatic off-shell matching:

- Compute all 1ILPI Feynman diagrams contributing to effective action I, i.e.,
> Calculate corresponding off-shell amplitudes in the UV and EFT and equate results

- More restrictive: guarantees that physical of UV and EFT agrees also off-shell

e Example: matching the SM to Fermi's theory [Note: need to know EFT operators in advance]

H e H e S —» e — S e
E B
W~ L <1 <1
_ \4 A >
_ W+ _

Ty Ve v 2 b—<— —— b wt

[] 2 []

Tree-level matching GF=%% One-loop matching
W
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Functional Matching

® Lagrangian: & y(n) with fields n = (nH, nL)T and
hierarchy my > m;

¢ Background field method: shift all fields n — 77 + 7
/1: background fields (satisfy classical EOM)
1. pure quantum fluctuation

e Path integral representation of effective quantum action:

exp (ilCyy(®) = J@n exp (i[de ZLuvn + ﬁ))

- Perform path integral over 5y
(“integrating out” the heavy states)

- Expand in powers of mg,l

® Produces effective quantum action of EFT:

- I'gpr containing all higher-dimensional operators and coefficients

Felix Wilsch '|'|‘K | "‘"ﬁf\’}e&gﬁv Running and Matching in the SMEFT | ZPW2025 | Zurich



https://arxiv.org/abs/hep-ph/9501285
https://arxiv.org/abs/hep-ph/9505266
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Functional Matching at Tree-Level and One-Loop

e Saddle point approximation of the action:

R X _ 5°Syy
Suv(®) = Syv(@ +1) = Syv(®) + =1, —
2 on 5’7]'
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Functional Matching at Tree-Level and One-Loop

e Saddle point approximation of the action:

Suv) = Suv(t +n) = | Suv(p) |+ =1i; 7+ 0(n)

® Tree-level matching: 3,(EOFET = Zuv (ﬁL, ﬁH[ﬁLD

- Substitute #y by its EOM and expand in m{,l
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Functional Matching at Tree-Level and One-Loop

e Saddle point approximation of the action: fluctuation operator @,
Yy

) - 1_| 8Syy ;
Suv() = Sy +n) = [Suv(’?) J"‘ S| n;+ O0n°)
n=1|
* Tree-level matching: 2V = Zyy (i, Axlh))
- Substitute #y by its EOM and expand in m{,l
® One-l tching: exp (i) ) = | Dnex le'CQ
ne-loop matching: exp (il ) = N eXp X 217i il

- Gaussian path integral:

sy (log @[7]) = + i[ e (k|tr (log @) | k)
2 2} QmP

. AN\ 172
rg; = — ilog (SDet Q[7])

- Expressed through a superdeterminant (SDet) or supertrace (STr)

- Supertraces directly provide EFT Lagrangian: Jde ESEIET = FS%,
hard
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Functional Matching at Tree-Level and One-Loop

e Saddle point approximation of the action: fluctuation operator @,
Yy

) - 1_ | 8*Syy ;
Suv() = Sy +n) = [Suv(’?) J"‘ S| n;+ O0n°)
2 | onon; |
n=i
® Tree-level matching: QSEOFET = ZLyy (ﬁL, ﬁH[ﬁL])
- Substitute #y by its EOM and expand in m;ll
Evaluation using:
1 - Method of regions
® One-loop matching: exp (zFS%,) = [@n exp <[de Eﬁi Q; 17j>
- Wilson lines — covariance
- Gaussian path integral:

—iSTr(lo @[A])—+i[ 47 (kltTr(lo @)Ik)
~ 7 S = =5 2P s

. AN\ 172
rg; = — ilog (SDet Q[7])

- Expressed through a superdeterminant (SDet) or supertrace (STr)

- Supertraces directly provide EFT Lagrangian: Jde ESEIET = FS%,
hard
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Functional Matching at Tree-Level and One-Loop

e Saddle point approximation of the action: fluctuation operator @,
Yy

) - 1| 8%Syy ;
Suv() = Sy +n) = [Suv(’?) J"‘ S| n;+ O0n°)
2 | omon |
n=i \
: higher loop orders |
® Tree-level matching: QSEOFET = ZLyy (ﬁL, ﬁH[ﬁL])
_ _J
- Substitute #y by its EOM and expand in m;ll
Evaluation using:
1 - Method of regions
® One-loop matching: exp (zFS%,) = [@n exp <[de Eﬁi Q; 17j>
- Wilson lines — covariance
- Gaussian path integral:

t

sy (log @[7]) = + i[ e (k|tr (log @) | k)
2 2} QmP

. AN\ 172
rg; = — ilog (SDet Q[7])

- Expressed through a superdeterminant (SDet) or supertrace (STr)

- Supertraces directly provide EFT Lagrangian: Jde ESEIET = FS%,
hard
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Tools for Automatic One-Loop Matching

e Matching UV models onto their corresponding low-energy EFTs is an arduous task
- Matching has to be performed on a model-by-model basis (vast range of theories)
- Matching requires computation of substantial number of diagrams

e But: purely algebraic problem — well suited for automation
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Tools for Automatic One-Loop Matching

e Matching UV models onto their corresponding low-energy EFTs is an arduous task
- Matching has to be performed on a model-by-model basis (vast range of theories)
- Matching requires computation of substantial number of diagrams

e But: purely algebraic problem — well suited for automation

e Automatic tools for matching EFTs:
- Tree-level matching: MatchingTools
- Diagrammatic one-loop matching:
- Functional one-loop matching: GEILEZ-=NW

- Universal One-Loop Effective Action: CoDEx
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Tools for Automatic One-Loop Matching

e Matching UV models onto their corresponding low-energy EFTs is an arduous task
- Matching has to be performed on a model-by-model basis (vast range of theories)
- Matching requires computation of substantial number of diagrams

e But: purely algebraic problem — well suited for automation

e Automatic tools for matching EFTs:
Also allow RGE

- Tree-level matching: MatchingTools computation
- Diagrammatic one-loop matching: / T
- Functional one-loop matching: GEILEZ-=NW

- Universal One-Loop Effective Action: CoDEx
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Tools for Automatic One-Loop Matching

e Matching UV models onto their corresponding low-energy EFTs is an arduous task
- Matching has to be performed on a model-by-model basis (vast range of theories)
- Matching requires computation of substantial number of diagrams

e But: purely algebraic problem — well suited for automation

e Automatic tools for matching EFTs:
Also allow RGE

- Tree-level matching: MatchingTools computation
- Diagrammatic one-loop matching: / T
- Functional one-loop matching: GEILEZ-=NW

- Universal One-Loop Effective Action: CoDEx

e Missing pieces:

- Integrating out vector bosons

- Linking to the phenomenological EFT toolchain
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Eliminating Redundant Operators (when matching off-shell)

— Jde SZSET directly provides EFT operators & coefficients,
hard

but £y contains redundancies among the operators and is in a D-dimensional space

= N\eed to reduce redundancies and projection on a 4-dimensional basis
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Eliminating Redundant Operators (when matching off-shell)

— Jde SZSET directly provides EFT operators & coefficients,
hard

but £y contains redundancies among the operators and is in a D-dimensional space

= N\eed to reduce redundancies and projection on a 4-dimensional basis

® Goal: bring ZLgpr to minimal form by using:
- Integration by parts identities
- Diagonalize kinetic & mass mixing
- Field redefinitions | equations of motion
- Reduction of Dirac algebra

- Fierz identities

= Z e in minimal basis (e.g. Warsaw basis for the SMEFT)
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Eliminating Redundant Operators (when matching off-shell)

— Jde SZSET directly provides EFT operators & coefficients,
hard

but £y contains redundancies among the operators and is in a D-dimensional space

= N\eed to reduce redundancies and projection on a 4-dimensional basis

® Goal: bring ZLgpr to minimal form by using:
- Integration by parts identities
- Diagonalize kinetic & mass mixing

- Field redefinitions | equations of motion

- Reduction of Dirac algebra
— evanescent operators

- Fierz identities

= Z e in minimal basis (e.g. Warsaw basis for the SMEFT)
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Evanescent Operators

\

] L . Required for:
e Some identities for the reduction of redundant operator structures are

C e . . : _ . _ matching & running
intrinsically 4-dimensional and do not hold in D =4 — 2¢ dimensions: \ )

- Projections onto 4-dimensional Dirac basis {I'y} = {P;, Pg, y*P;, y"Pg, 6/}

> Dirac reduction X®Y= 2 b (X, V)IMQT,

1 ~ o~
> Fierz identities Q) @ Y] =X, YT, T @ 1)

- Contractions of Levi-Civita tensors onlyinD =4

e Applying these identities in combination with a matching performed using dimensional

regularization in D = 4 — 2¢ dimensions introduces order O(€) mistake
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Evanescent Operators

\

] L . Required for:
e Some identities for the reduction of redundant operator structures are

C e . . : _ . _ matching & running
intrinsically 4-dimensional and do not hold in D =4 — 2¢ dimensions: \ )

- Projections onto 4-dimensional Dirac basis {I'y} = {P;, Pg, y*P;, y"Pg, 6/}

> Dirac reduction X®Y= 2 b (X, V)IMQT,

1 ~ o~
> Fierz identities O @ 1¥] =X, YT, A7 @ L)

- Contractions of Levi-Civita tensors onlyinD =4

e Applying these identities in combination with a matching performed using dimensional

regularization in D = 4 — 2¢ dimensions introduces order O(€) mistake

e Introducing evanescent operators E allows us to keep using the 4-dimensional identities

D=4 identities

2%

T
D = 4 basis

R

Felix Wilsch '|'|‘K | "‘"ﬁf\’}e&gﬁv Running and Matching in the SMEFT | ZPW2025 | Zurich




Evanescent Operators

\

] L . Required for:
e Some identities for the reduction of redundant operator structures are

C e . . : , . _ matching & running
intrinsically 4-dimensional and do not hold in D =4 — 2¢ dimensions: \ )

- Projections onto 4-dimensional Dirac basis {I'y} = {P;, Pg, y*P;, y"Pg, 6/}

> Dirac reduction X®Y= Z b (X, V)IMQT,

1 ~ o~
> Fierz identities O @ 1¥] =X, YT, A7 @ L)

- Contractions of Levi-Civita tensors

e Applying these identities in combination with a matching performed using dimensional
regularization in D = 4 — 2¢ dimensions introduces order O(€) mistake

e Introducing evanescent operators E allows us to keep using the 4-dimensional identities
D=4 identities
> 0 E=R—-0 ~ O(e)

T
D = 4 basis

R
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Physical Contributions by Evanescent Operators

e FEvanescent operators E = R — Q formally of rank €
- Tree level: no physical contributions

- One loop: contributions from (local) UV poles = finite contribution to matrix elements

o Effect of evanescent operators can be absorbed by a finite renormalization
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Physical Contributions by Evanescent Operators

e FEvanescent operators E = R — Q formally of rank €
- Tree level: no physical contributions

- One loop: contributions from (local) UV poles = finite contribution to matrix elements

o Effect of evanescent operators can be absorbed by a finite renormalization

f

e Can drop all evanescent operators for the computation of one-loop matrix elements if:
- Projecting redundant operators R onto the physical basis O with D = 4 identities

- Shifting coefficients of O by the appropriate finite renormalization constants
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Physical Contributions by Evanescent Operators

e FEvanescent operators E = R — Q formally of rank €
- Tree level: no physical contributions

- One loop: contributions from (local) UV poles = finite contribution to matrix elements

o Effect of evanescent operators can be absorbed by a finite renormalization

f

e Can drop all evanescent operators for the computation of one-loop matrix elements if:
- Projecting redundant operators R onto the physical basis O with D = 4 identities

- Shifting coefficients of O by the appropriate finite renormalization constants

e For one-loop EFT action S we find (2 projection R — Q using D = 4 identities)

() — (1) (1) (D = rH _ 7
[@SQ = 250+ ASD,  where  AS® =g (TP -TY )]

- T§§>: sum of one-loop diagrams with vertices from X contributing to effective action

- ASW: sum of one-loop diagrams with insertions of evanescent operators E =R — Q

e Resulting renormalization scheme is an evanescent-free version of MS
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e Example term from tree-level EFT Lagrangian requiring Fierzing to map onto Warsaw basis

o o 1 _ _ _ _
® Fierz Identlty: (unr)(usql‘) — g(quMQt)(usyﬂur) — (q])yﬂTAql‘)(usyﬂTAur)

e Insert evanescent operator in all possible UV-divergent one-loop diagrams
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Example

e Example term from tree-level EFT Lagrangian requiring Fierzing to map onto Warsaw basis

o o 1 _ _ _ _
® Fierz Identlty: (unr)(usql‘) — g(quMQt)(usyﬂur) T (q])yﬂTAql‘)(usyﬂTAur)

e Insert evanescent operator in all possible UV-divergent one-loop diagrams

7 T 1 1 u, Us vrpu
(q].)'l.l.7~)("ll.'sqt) — (2 (L)ptsr 2(8)])(57 __( yt y (2(1) 1

qu qu 1672 \ 12 d Ju quqgd
+ 1 uv a(z Ypuvr + 1 —7 pr lll Q(l)utal + 1 tu s(z 8)vrpu
4 “Yu qu 4 “Yu qu 2 S Yd /u quqd
U o (l Justu 8vstu  ~ Ytsvu
+ Ya Yu ( ‘2 quqd (t) quqd ('2 quqd

Q 3 ) LULS
+Qun<3uu” Y Y — —A‘y;,") + SV Q™

3 3 3 ,
uv, ts ~(L)uvpr T (8)puvr pro . uv ) (8)utsv
+ SYe Yu (2 lequ SYu l/ U Qqu SYu Yy Qqu

2 2 2
| | R
Tpu —or " 'S vipu 'S 3)vtpu
+ 3y U v Qe — U Y Quy "™ — SV Y Qg
11— S P 1—;
pu (l)% TUv tv ],)pus-u pu 'S vtur
o 6-/(1 jd (Jud o llelu Yu (Jqu o 1J“ Ju (2qu
3 — 3 1
- 2 PT Nts ts tu, vs ~(1)prou
o égl,yu cuW gJL Yu (Qll” l/d Yu Qquq(l
: = 5
- 1 pu tvC ursv 3 B opr ts . scgpl
21/ u Yy Wy 89} Yu Wup g} Yu “uB
3—
“pu STUV uv . pr ~(Dtsuv —pr
— Y4 Ud (Qud 21/(1 Yu Qquqd )\7/ uII
3 3 ; 3
207 Mis uv . ts ~(1)pruv ts Aypr
o —/L Yu G ysu. 9 5Yd Yu (2(111(1(1 2/1 Yu (JJU
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Example

e Example term from tree-level EFT Lagrangian requiring Fierzing to map onto Warsaw basis

o o 1 _ _ _ _
) Flerz Identlty: (unr)(usql‘) — g(qP}/MQt)(usyﬂur) T (q])yﬂTAQt)(us}ﬁuTAur)

e Insert evanescent operator in all possible UV-divergent one-loop diagrams

— - . e 1 1 w, vs vrpu
(q])ur)(u’S(It) —> 2qt)pt - 25]?1)” F( 12 (tl Yu (2((11)(1(11
]‘ ts uvr ]‘ T uv utsv 1 uw, vs 8)?7 u - - - -
+ 4J1L1n Yu Q(lp + —IJ{I Yu Q(([]it) t + 213 ju (Jquqdl - Flnlte renormallzatlon tO Compensate
4 ——e + ( QU —Qquq'(;'“ - _qu;(;‘" ) for evanescent operator
' ; —Duvis (loop suppressed — only relevant for

1S s 3 7]
+(2u[[<3yu“ Uftl 1/111 o _/\‘2/1.;) 22/:’“ Z/], (g[rqu

—)l 3 3
uv, ts Juvpr uv (8)puvr pr o uv ) (8)utsv
Ye Yu Q(( qu 2 Ul (/u Qqu 2 SYu Yy Qqu

L g Ly g - Renormalization scheme:

tree-level EFT Lagrangian)

+0|

+ 3yl7“ y:/ UUU(JUH 8 8 qq
- ]- ST sruv 1 tv usv 1 U US vtur - .
7 ST QU — ST QU — T Qe evanescent-free version of MS
H e 3 —5F T~ 3 rUU
EH - ggbyﬁ ZSH* - gJL Ulb(gu!\ l/(tlu l/:LbQEIizrj(l .. . .
. : - - All finite renormalization constants
7 — QU — Sy Qi — z;c - -
1 u ¥ b P tf’ W Qs — 5o Qs required for SMEFT computed in
g u — Qi = SV W Qf,f,.)qté‘“ /\2/”' b
3 T 3 uv_ ts DT UV 3 ts M\pr
- 5/12 (/{l 2 f;u - Ud Yu (2 ((111)(5(1 - 2/1 Yu (2 {/u)
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Phenomenology

From High to Low Energies



Combining Data at Different Energies with EFTs

e Low-energy BSM analyses often performed directly in EFT setup (LEFT)
- EFT validity E < Ayp V'
- Pheno tools with large sets of experimental observables available

» e.g. flavio , EOS

e High-energy BSM searches at LHC mostly performed for explicit BSM theories
- EFT validity E S Ayp ? — has to be assessed case by case
- Have to be recast/reinterpreted in EFT framework

- Some tools for certain observables

» e.g. SMEFiT , HEPfit , HighPT

e Some results now directly provided in EFT framework

- More hopefully in the future

= Advantageous for EFT program
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Example:
Importance of RG Mixing for

(g —2), and SB(u — ey)

Flavor Patterns of the Anomalous Magnetic Moment of the Muon



Measurements of (g — 2), and B(u — ey)

e We work in the SMEFT/LEFT with the hypothesis of heavy NP:  Ayp>v

® Electromagnetic dipole operator in LEFT: [Q, ],5 = (V/\/_)< ao'e R)

4 Y

(g —2),

> >
Hr [Cey]22 HR

Aa, = a;"® —a™ = (251 £59) x 107"

Hints at non-vanishing dipole operator [C,,]5;

[Cln =1.0%x 107> TeV >
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Measurements of (g — 2), and B(u — ey)

e We work in the SMEFT /LEFT with the hypothesis of heavy NP:

Anp >V

® Electromagnetic dipole operator in LEFT: [Q, ],5 = (V/\/_)<e o'e R>

7~

(g —2),
Y
> >
HL [C,, 102 HR
Aa, = a;"® —a™ = (251 £59) x 107"

[Cln =1.0%x 107> TeV >

Hints at non-vanishing dipole operator [Cé},]zz

N

~

H — ey

> >

Ho [C, )y, R

Non-observation of radiative LFV decays
But = eTy) <4.2x 10713 (90% C.L.)

Implies strongly suppressed off-diagonal

Celineony K 1Cy )

1[C. )10 | £2.1%x10710TeV—2

couplings [

J L
r D
Misalignment: €L(R) ‘ [C'y]lz(zl)/[C;},]zz‘ <2x107
- )

K | PIHOaREY
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Renormalization Group Mixing of the Dipole Operators

Energy
BSM theory
Matching g ANP
RG mixing SMEFT
(unbroken phase)
EWSB (
v
SMEFT
(broken phase)
~ LEFT
exp.
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Renormalization Group Mixing of the Dipole Operators

The broken phase

Felix Wilsch

Energy
BSM theory
Matching g ANP
RG mixing SMEFT
(unbroken phase)
yo_ 92 _ ¢ > EWSB
Vai+g 9 v
P T SMEFT
SR (broken phase)
~ LEFT
exp.

Running and Matching in the SMEFT | ZPW2025 | Zurich


https://arxiv.org/abs/1312.2014

Renormalization Group Mixing of the Dipole Operators

SMEFT operators with (faI’eﬂ) structure: Energy
[Q(l) losii = (de )Gnm(qylu)
l(zq)u & . ’ ! BSM theory
= ("o, epe, (g7 " u,;
[Qlequ]aﬂl] ( a-uv ﬂ) nm(ql J) Matching g ANP
[Qledq]aﬂij — (f Zzeﬁ)(diq]n)

[0.8las = (Eaaﬂveﬂ)HBW

[Qewlap = (£40" e HW,, > RG mixing e
[Q,1)p = (H'H)(C ye5H) (unbroken phase)
The broken phase
C?Z Y Cep o 92 _ € > EWSB
Cez —s9 —cg) \Cew Vai+gs 9 %
) \ S = ——s = — SMEFT
[ye]rs _ 1 ) [Ye]rs gl+92 g2 (broken phase)
[yeh]rs 1 _% 'UzceH
_ ~ LEFT
exp.
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Renormalization Group Mixing of the Dipole Operators

SMEFT operators with (faI’eﬂ) structure:

(3)
[Qlequ]aﬂlJ

[Qeplap =
[QeW] aff —
[QeH] aff —

[Qledq] afij —

= (/"o . Weﬂ)enm(c_]?la’”uj)

(Caep)(dig))
(£,0"es)HB,,

= (£, 0" et HW,,
= (H'H)(¢ ,¢5H)

Cery
C’eZ N

[ye]rs _
[yeh]rs

The broken phase

co —so) [Cep
—8p —cCp Cew
1 — [Yelrs
1 — ’UzceH

NI N

y, and y, Yukawa enhanced running:

Cey (ur) =
aB

[ye]aﬂ (ur) =

Felix Wilsch

2

v 3
Yelog (ka) = 5 elg(.UH) +6v°L ! Cl(igu Yo Cledq + Z(yf + yg)CiIg

Energy
BSM theory
Matching g ANP
» RG mixing SMEFT
(unbroken phase)
g2 _ e » EWSB
Voi+g 9 v
n___° SMEFT
SR (broken phase)
~ LEFT
exp.

[1 — 3L (yi? + yg)] 67 (NH) - [16Lyte] Cleq'u, (NH)

a333

B33
a333 o LH

Running and Matching in the SMEFT | ZPW2025 | Zurich


https://arxiv.org/abs/1312.2014

Renormalization Group Mixing of the Dipole Operators

Energy
BSM theory
Matching g ANP
RG mixing SMEFT
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mass basis LEET
y, and y, Yukawa enhanced running: exp.

CEZ(HL) = [1 — 3L (yi? + yg)] 67 (NH) - [16Lyt€] Clequ (NH)
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Matching to a BSM Model

Defining the S| ~ (3,1)1,3 leptoquark model:

Loy = Ly + (D,SHDHS,) — M2S1S, - [ iL (GCet,) S, + AR (i) S, +h.c ]

r
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Matching to a BSM Model

Defining the S| ~ (3,1)1,3 leptoquark model:

Ly = Lsu+ D) DHS) = M2S]S, = | 2L @5et,) $,+ A% (e s, +h.c. |

Matching at tree level & one loop:
— B % 7 v I I
oy = @Cr)artey - Y = Ak [Qewlpr = (0" e, )T HW,,
2 — * — (). MV

0 = (@Cyityarde) - CP = —gaLik [QeBlpr = (U™ er)HB,,, 2

Qeu = (ép}/ﬂer)(ﬁs}/ﬂut) — Ceq = %ﬂ’{;ﬂg [CeW]pT' = m?g{)‘sp )‘st [Y;]tr - 3)‘sp [Yu ]St)‘tr 5 + log ﬁg

O pi 7 () _ 1R
I B Conlor = —— 910 1y 2BAR 4 Ly R [19 4 510 (M

3) 2l -7 3) R 1 L* [ eB]pr _ 16 2 8 [ 6]pt st S7‘+ .Sp[ u]St tr 2 + og M2
Qlequ = (Z’ﬂjl)aﬂyer)gij(qgaﬂyut) - Clequ = - 2/1pr)“ts 7!' S
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Matching to a BSM Model

Defining the S| ~ (3,1)1,3 leptoquark model:

Loy = Ly + (D,SHDHS,) — M2S1S, - [ iL (GCet,) S, + AR (i) S, +h.c ]

Matching at tree level

oy = @Culaare - CP = Ak
0P = @Cydt)artde) - CP = -kl
O = @re)agu) - C, = &
Qe = (Che)ey(@luy) = Gl = T
O, = (Goue)e@o™un) - CO, = =28

Results:

Aa, = (251 £59) x 107"
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= Peculiar flavor structure implied:

Felix Wilsch K | PIHOaREY

& one loop:
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Example:
Complementarity of

Low- and High-Energy Data

Linking High-p; Drell-Yan Tails to R, Anomalies in a Leptoquark Model




New Physics in b — ¢ v Transitions?

Hints for NP in b — ¢ T v transitions: £ 04 S ML S B 7 e v
EZ Moriond 2024 Belle® BaBar -
[ N - A 0.35 LHCb* —:
% (B —> D( )TI/> b ~ o llell .
R ®) — S v Belld /. ]
fin . R E
% (B — DO¢) ™~ :

L y LHCb®

025 LHCb

World average: SM prediction:

World Average -

0.2 4 HFLAV SM Prediction R(D)=0.344 =0.026,,, —

R(D) = 0298 =0.004 R<_D_’*(‘)>3=90-285 +0.012,, .

® RD — 0344 + 0026 °® RZS)M — 0298 + 0004 IR(D*)=O.254 a_eo.oosI | g(;z);zg% ]
0.2 0.3 04 0.5

® Rp:=0.285=%=0.012 o RM=0.254%0.005 R(D)
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New Physics in b — ¢ v Transitions?

Hints for NP in b — ¢ T v transitions: £ 04 ; . G5 E oo

EZ - Moriond 2024 Belle* BaBar E

[ ) 035 LHCb —

* N ]

B (B — D! )TI/> ) " L ot :

R *) — S v B Balld [ 7

D® N \ 03[ < \ =

% (B — DM¢v) N\ : -

\ y 005 - LHCb® L(:ba}
World average: SM prediction: B World Average

0.2 — 4 HFLAV SM Prediction R(D)=0.344 +0.026,,,

e R,=0.344+0.026
¢ R, =0.285+0.012

Probing semileptonic operators at different scales:

o R3M=0.298+0.004

R(D)=0.298 +0.004
R(D*)=0.254 =0.005

R(D¥)=0.285 0012,

p=-0.39

P(y2) = 29%
1 1 1

o RSM=0.254+0.005

Felix Wilsch

low-energy
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New Physics in b — ¢ v Transitions?

Hints for NP in b — ¢ T v transitions: £ 04 ; . G5 E oo

EZ : Moriond 2024 Belle® BaBar E

[ (*) - ) 035~ LHCb —

RD(*) _ % (B —> D Ty> b _(\~s “““““““ v 0.35_ lleHBelleb </j\ | _E

% (B — DM¢v) \C : :

\ J 005 - LHCb® L(:ba}

World average: SM prediction: 02: : World Averzss -

B N R(DY 0265 200150,

° RD = 0.344 + 0.026 ° RZS)M = 0.298 + 0.004 - | RED1)=O.254 a_eo.oosI | g&;)ofgg% | g

0.2 0.3 04 0.5

® Rp:=0.285=%=0.012 o RM=0.254%0.005 R(D)

Probing semileptonic operators at different scales: E NP?

TeV=— pp — Zafﬁ

mb M%gafﬂ
M- M?¢,¢,

bb - tvt~,bs > vt ,bC > TV
9 9

= Possible NP explanations: S, U;, R, leptoquarks
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New Physics in b — ¢ v Transitions?

Hints for NP in b — ¢ T v transitions:

g A ' 68% CL tontours -
EZ : Moriond 2024 Belle® BaBar E
é ( *) - ) 035~ LHCb ]
B (B - D TI/) ; ~ . il ]
RD(*) — » Sea e 03 :_ Belleb< \ _:
% (B — DM¢v) N\ : -
\ y 005 - LHCb® L(:ba}
World average: SM prediction: B World Average -
02—  +HFLAV SM Prediction RED))=0(~)34§; 0(‘)0(%6mm] -
B R(D) =0.298 =0.004 R(D*)=0.285 =0.012,, .
PY RD = (0.344 + 0026 ° RZS)M = 0.298 + 0.004 - | R(D*) = 0.254 a_eo.oosI | g&;)ofgg% | g
0.2 0.3 04 0.5
® R,.=0.285+0.012 o RM=0.254%0.005 R(D)
do pb) )
p " !
drmiee rent scales: E NP
] TeV pp = €€ 5
0.100

high-energy

0.001
10~ N oM

107 \ my, M — Ea fﬂ

107 — bb - 7=, b5s > ¥, b —> TV K
1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 N 1 | % ,
100 200 300 400 500 600 M— MY,

= Possible NP explanations: $,, U;, R, leptoquarks
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Example: Matching the U; Vector Leptoquark onto SMEFT

]' v
Ly, = Lsw = JULUM + MGUJU* + (UpJ* + hec.)

e The U, vector leptoquark (3, 1),/ 5
Tt = 2L\ Gy 6 + Brdprielh+ Y eq Tin" 5%]

U
V2 —y
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Example: Matching the U; Vector Leptoquark onto SMEFT

Ly —LSM——UT UM + MGUIU* + (U, J* +h.c.)

e The U, vector leptoquark (3,1),,3
Jh = 9 [qL’y“E + Br dR’Y“eR+ Z €qx 9L £3]

\/5 k=1,2
ZLJg'B = (QL’YME%)(EL’Y qL)
ijaf _ a
‘CEFT — LSM — _JTJ.u l.}?R (qL’Y,U«f )(eR’YNdJ))
i Mg, QP = (diyyuel) (@ntdl) -
e Integrating out the U, )

— Len — v_[ ClioB gios | cijap giep | ( ciiad gijas +h.c.)]

2
1
_ _ LerT = LM — 2?\2]2 {2 ,I;“ L ([Q(l)] 33pr + [Ql(s)]ggpr)
e Mapping onto Warsaw basis U

+ |Br|* [Qedlssss — (2Brey* [Qiedql3ssp + h.c.)}

|—>[b — ¢tV transitions at low energiesJ
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Example: Matching the U; Vector Leptoquark onto SMEFT

Ly _LSM——UT UM + MGUIU* + (U, J* +h.c.)

e The U, vector leptoquark (3,1),,3
Jh = 9 [qm“ﬁ + Br dR’Y“eR‘F Z €qx 9L 53]

V2 =y

le,gﬁ = (qL'Y,u L)(EL'Y qL)

% = (@ut?)(Err"dp)
£ _ E B _JTJ,U LR LTy R ?
EFT SM M2 QU = (diyyue}) (@ytdl) .

2

e Integrating out the U,
— Lo — . [ ZJOfﬁ szaﬂ Cﬂjaﬁ QZJOIB ( zgaﬂ QUQB + h.C.) ]

2
1 *
. . LEFT = ESM B 2‘19\52 {2 5 ; ([Ql(l)] 33pr + [Ql(s)]BBpr)
e Mapping onto Warsaw basis U

+ |Brl” [Qedl3333 — (28RN [Qiedql333p + h.c.)}

|—>[b — ¢tV transitions at low energiesJ

Collider signatures:

b b - N

b b b T
g b
U ] U ) . -
g b b b = focus on Drell-Yan here
g U g T T T g T )

(can be analyzed in full model or EFT)
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Drell-Yan in Light of the R, Anomalies: U, Leptoquark

[Xf'] ip [xf]]?x;

LQ with my, = 2TeV: Zy, = [x{1,U@p, 7o) + {1,V dy,e,) + H.c. = [C)

e C I
apii = 1Coq g = >

o Electroweak and flavor limits run up to 2 TeV using SMEFT/LEFT RGE
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Drell-Yan in Light of the R, Anomalies: U, Leptoquark

[x1 ]zﬂ[xl | f‘&
apij = o)

LQ with my; =2TeV: £y = [x[1,,UlGy, L) + [x{1,,U"(dy,e) + H.c. - [C(l)]a g [Cl§>]
o Electroweak and flavor limits run up to 2 TeV using SMEFT/LEFT RGE
SMEFT fit

EW: W - v HighPT
SMEFT mode

Flavor: R;, and R;,.

A=2TeV |

EW

Combined \

Flavor !

—0.5
[(2(1)

lq ]3323

_ [C(S)

lq ]3323
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Drell-Yan in Light of the R, Anomalies: U, Leptoquark

[x1 ]zﬂ[xl | f‘&
apij = o)

LQ with my; =2TeV: £y = [x[1,,UlGy, L) + [x{1,,U"(dy,e) + H.c. - [c<1>]a g [Cl(;)]
e Electroweak and flavor limits run up to 2 TeV using SMEFT /LEFT RGE
SMEFT fit LQ mediator fit

EW: W — v HighPT HighPT

Flavor: RD and RD* SMEFT mode mediator mode

A=2TeV |

EW

Combmed

Flavor

—0.5

[Cl(q1 )] 3323 l(; )} 3323
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Drell-Yan in Light of the R, Anomalies: U, Leptoquark

[Xf‘] ip [xf]]?x;

2

la~1

LQ with my, = 2TeV: Ly, = [ 1;Ul @, ) + {1ioUl (diye) + Hoco = [C 0 op =[G g = —

o Electroweak and flavor limits run up to 2 TeV using SMEFT/LEFT RGE

SNEFT validity )

d_ashed ||.ne:.EFT (d = 6) my = 2 TeV

EW: W = 11 filled region: U,
.50

Flavor: R;, and R;,.
T T
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Conclusions and Future Directions

e Plethora of BSM theories w/o clear preferences Bnergy scale
e Wide range of complementary measurements from: Very heavy UV theory
high-py tails at LHC, EWPO, Higgs decays, flavor, ... | Mgy Matching }—
. . . BSM theor BSM RGE
e Complicated analyses involving many energy scales Y '
ABsm —( Matching )—
e EFTs are ideal tool:
SMEFT (SMEFT RGE)
- Model independent mw | EWSB & Matabing )
- Separates problems by involved energy scales LEFT |(LEFT RGE)
my —( Matching )—

- Linking of EFTs by running and matching

LEFT’ (without b quark) (LEFT’ RGE)

D SE—

- Reduction of parameters by matching onto BSM

me —( Matching )—
- Most steps automatized in various tool ' —
e Future: Aqep —( Non-perturbative matching )—

- Linking of various EFT tools for Chiral perturbation theory

matching, running, and obtaining the likelihoods

- Investigating more complex NP scenarios (e.g. MSSM) Thank you!
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